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Editor's Prefa
eThe Report of the Ameri
an Physi
al So
iety Study Group on Boost-Phase Inter
ept (BPI)Systems for National Missile Defense, appearing in this spe
ial issue of Reviews of ModernPhysi
s, represents an e�ort of the APS that is both normal and extraordinary. The APShas periodi
ally produ
ed reports on matters of publi
 interest that require te
hni
al un-derstanding, and for whi
h an impartial and authoritative analysis would be of parti
ularuse to the publi
 and to poli
y makers. The BPI Study, as it is informally 
alled, representsthe latest in this series of te
hni
al studies.The extraordinary part of the e�ort is the extended 
ommitment of time and energy thatthe Study Group applied to its work. Considerable original resear
h was required to exploresome aspe
ts of the issue. Great 
are was taken to make the study broadly 
omprehensibleto an audien
e of non-experts.In view of the pro
edures for review and approval of an APS Study, the report hasnot been subje
ted to the usual review pro
ess employed for RMP. Instead the Study wasexamined by a Review Committee 
haired by James Langer, University of California, SantaBarbara (Chair), and in
luding Thomas Appelquist, Yale University; Will Happer, Prin
e-ton University; Claire Max, Lawren
e Livermore National Laboratory; Burton Ri
hter,Stanford Linear A

elerator Center; and James Tsang, IBM T.J. Watson Resear
h Center.We thank the members of the Review Committee for their helpful and timely 
ritiques.The APS released an earlier version of this report to the press in 2003. That versionappeared on the APS web site and in a limited number of printed 
opies. This Reviews ofModern Physi
s version, supported �nan
ially by the Ameri
an Physi
al So
iety, 
ontains
orre
tions and revisions for 
larity with respe
t to the July 2003 version. There are nomajor 
hanges.The a
knowledgments se
tion 
ontains thanks to many individuals and institutions thathave 
ontributed substantially to the report and I add my thanks to them here.Martin BlumeEditor in Chief
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Exe
utive SummaryBoost-phase inter
ept systems for defending the United States against ballisti
 missile atta
kare being a
tively 
onsidered as a major part of a national missile defense strategy. Spendingon su
h systems by the U.S. Department of Defense is growing, and there is a prospe
tof mu
h larger expenditures in the future. Boost-phase inter
ept weapons would seek todisable atta
king missiles during the �rst few minutes of 
ight, while the missiles' boostersare still burning and before they have released nu
lear, 
hemi
al, or biologi
al munitions.The te
hni
al aspe
ts and feasibility of su
h weapons are the subje
t of this report.In spite of the growing interest in boost-phase inter
ept systems and the in
reasing resour
esbeing 
ommitted to developing them, little quantitative information about their te
hni
alfeasibility, required performan
e, and potential advantages and disadvantages is availableto the publi
. Consequently, the Ameri
an Physi
al So
iety (APS) 
onvened a study groupof physi
ists and engineers, in
luding individuals with expertise in sensors, missiles, ro
ketinter
eptors, guidan
e and 
ontrol, high-powered lasers, and missile-defense-related systems,to assess the te
hni
al feasibility of boost-phase inter
ept systems.The Study Group has based its assessments solely on information found in the open liter-ature about ballisti
 missiles and missile defense. We have supplemented this informationby our expertise in s
ien
e and engineering and have 
on�ned the assessments reportedhere to those that 
an be made with 
on�den
e by applying the fundamental prin
iples ofro
ket propulsion, signal dete
tion and pro
essing, guidan
e and 
ontrol, and laser beampropagation. In many instan
es, as do
umented throughout this report, we have performedour own analyses to address important issues and to assure ourselves of the validity of our
on
lusions.Our main 
on
lusions are the following:1. Boost-phase defense against inter
ontinental ballisti
 missiles (ICBMs) hinges onthe burn time of the atta
king missile and the speed of the defending inter
eptorro
ket. Defense of the entire United States against liquid-propellant ICBMs, su
h asthose deployed early by the Soviet Union and the People's Republi
 of China (China),laun
hed from 
ountries su
h as the Demo
rati
 People's Republi
 of Korea (NorthKorea) and Iran, may be te
hni
ally feasible using terrestrial (land-, sea-, or air-based) inter
eptors. However, the inter
eptor ro
kets would have to be substantiallyfaster (and therefore ne
essarily larger) than those usually proposed in order to rea
hthe ICBMs in time from international waters or neighboring 
ountries willing to hostthe inter
eptors. The system would also require the 
apability to 
ope with at leastthe simplest of 
ountermeasures.2. Boost-phase defense of the entire United States against solid-propellant ICBMs,whi
h have shorter burn times than liquid-propellant ICBMs, is unlikely to be pra
ti
alxxi



xxii Exe
utive Summarywhen all fa
tors are 
onsidered, no matter where or how inter
eptors are based.Even with optimisti
 assumptions, a terrestrial-based system would require very largeinter
eptors with extremely high speeds and a

elerations to defeat a solid-propellantICBM laun
hed from even a small 
ountry su
h as North Korea. Even su
h high-performan
e inter
eptors 
ould not defend against solid-propellant ICBMs laun
hedfrom Iran, be
ause they 
ould not be based 
lose enough to disable the missilesbefore they deployed their munitions.3. If inter
eptor ro
kets were based in spa
e, their 
overage would not be 
onstrainedby geography, but they would 
onfront the same time 
onstraints and engagementun
ertainties as terrestrial-based inter
eptors. Consequently, their kill vehi
les (the�nal homing stage of the inter
eptors) would have to be similar in size to those ofterrestrial-based inter
eptors. With the te
hnology we judge 
ould be
ome availablewithin the next 15 years, defending against a single ICBM would require a thousandor more inter
eptors for a system having the lowest possible mass and providingrealisti
 de
ision time. Deploying su
h a system would require at least a �ve- totenfold in
rease over 
urrent U.S. spa
e-laun
h rates.4. The Airborne Laser now under development 
ould have some 
apability against liquid-propellant missiles, but it would be ine�e
tive against solid-propellant ICBMs, whi
hare more heat-resistant.5. The existing U.S. Navy Aegis system, using an inter
eptor ro
ket similar to theStandard Missile 2, should be 
apable of defending against short- or medium-rangemissiles laun
hed from ships, barges, or other platforms o� U.S. 
oasts. However,inter
eptor ro
kets would have to be positioned within a few tens of kilometers ofthe laun
h lo
ation of the atta
king missile.6. A key problem inherent in boost-phase defense is munitions shortfall: although asu

essful inter
ept would prevent munitions from rea
hing their target, it 
ould
ause live nu
lear, 
hemi
al, or biologi
al munitions to fall on populated areas shortof the target, in the United States or other 
ountries. Timing inter
epts a

uratelyenough to avoid this problem would be diÆ
ult.The ChargeBoost-phase missile defense systems would disable atta
king missiles while their ro
ket mo-tors are burning by hitting them with an inter
eptor ro
ket or a laser beam. For ICBMs,this phase of 
ight typi
ally lasts 3 or 4 minutes. Boost-phase defense has been proposedas a way to avoid the problems fa
ed by mid
ourse defense systems, whi
h are intended todisable the atta
king missile's warheads after they have been deployed. The mid
ourse ap-proa
h is 
ompli
ated by the need to 
ounter multiple warheads, submunitions (\bomblets"),lightweight de
oys, and other 
ountermeasures.The Study Group was asked to evaluate boost-phase inter
ept systems that would de-fend the United States using land-, sea-, air-, or spa
e-based inter
eptor ro
kets or anairborne laser now being developed. Spa
e-based laser systems were not in
luded be
ausethe te
hnology needed for su
h systems would not be ready within the 10- to 15-year period
onsidered. The Study did not 
onsider the feasibility of the 
ommuni
ations, 
ommand,
ontrol, and battle management that would be required. Nor did it 
onsider poli
y issues,
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h as the arms 
ontrol, strategi
 stability, or foreign poli
y impli
ations of testing ordeploying a boost-phase defense.The Fo
usDeveloping and deploying a reliable boost-phase missile defense would be a major under-taking likely to require a de
ade or more to 
omplete. We therefore 
onsidered missilesthat might be developed or a
quired by North Korea and Iran during the next 10 to 15years. These 
ountries were the fo
us of the Study be
ause the U.S. government has ex-pressed 
on
ern spe
i�
ally about them. A

ording to U.S. intelligen
e estimates, neither ofthem 
urrently has a 
redible ICBM 
apability but they are proje
ted to develop or a
quireICBMs within the next 10 to 15 years. The Study Group also 
onsidered defense againstICBMs laun
hed from Iraq. With the 
hanged politi
al situation arising from the events ofthe Spring of 2003, an ICBM threat from Iraq appears unlikely for the foreseeable future.We have nevertheless retained the analysis of the Iraq threat in the body of our report, toillustrate the requirements for defending against ICBMs from a 
ountry that is intermediatein size between North Korea and Iran.We began by identifying boost-phase inter
ept systems that 
ould work in prin
iple andthen determined the system performan
e that would be required to defend the entire UnitedStates, the 
ontiguous 48 states, or only the largest U.S. 
ities. The atta
king missiles wereassumed to be similar to the �rst ICBMs developed 30 to 40 years ago by the United States,the Soviet Union, and China. Both liquid- and solid-propellant missiles were 
onsidered,be
ause either type might be developed or a
quired within 10 to 15 years and the StudyGroup therefore 
on
luded that it would be imprudent not to 
onsider both in evaluatingthe feasibility of boost-phase defense.Key IssuesHitting the Missile. An important question in boost-phase defense is whether the killvehi
le 
arried by the inter
eptor 
ould a
tually hit a long-range missile, given the inherentlyunpredi
table a

eleration that is normal for an ICBM in powered 
ight and the possibilityof programmed traje
tory-shaping or evasive maneuvers. Assuming inter
eptors 
an rea
hthe missile during its boost phase, we �nd no fundamental obsta
le to homing on the missilea

urately enough to hit it. To do so, however, the kill vehi
le would have to be very agileand would need to 
arry enough fuel to 
ontinue adjusting to the missile's a

elerationuntil the moment of impa
t. We determined that kill vehi
les 
apable of meeting theserequirements would be substantially heavier than those that some have suggested for boost-phase inter
ept. Our analysis of this agility requirement and its impli
ations for the weightof the inter
eptor are key new aspe
ts of this study.Time. Time is short for boost-phase defense be
ause ICBMs burn out qui
kly: inroughly 3 minutes for solid-propellant missiles and 4 minutes for liquid-propellant missiles.But the time a
tually available is substantially shorter than the duration of the burn. Evensystems with state-of-the-art tra
king sensors would require 45 to 65 se
onds or longer todete
t the laun
h of a potentially threatening ro
ket and determine its dire
tion of 
ightwell enough to �re an inter
eptor (that is, obtain a �ring solution).Additional time must also be allowed for the de
ision to �re. We have analyzed thede
ision times that would be provided by various boost-phase defenses. \De
ision time"as used here also in
ludes any additional time required for 
ommuni
ation between system



xxiv Exe
utive Summaryelements, estimating the performan
e 
hara
teristi
s of the atta
king missile and its traje
-tory, resolving un
ertainties in the performan
e of the defense system, and other operationalfa
tors.To be su

essful, the inter
ept would have to o

ur before the missile gives its munitionsthe velo
ity needed to rea
h the United States. This velo
ity 
ould be attained as early as40 se
onds before the missile would normally burn out.Due to the potentially similar 
ight pro�les of ICBMs and spa
e laun
hers, in many
ases the defense system would not be able to distinguish a pea
eful spa
e laun
h from anICBM atta
k. In these 
ases, the defense would have to shoot at every ro
ket, unless it hadbeen established as nonthreatening before it was laun
hed.Extending the time for inter
ept beyond the boost phase into the as
ent phase (de�nedhere as the period after the missile's �nal stage has burned out or its thrust has beenterminated but before it has deployed all its munitions and de
oys) would not in
rease theavailable time signi�
antly. The reason is that on
e the missile's thrust has been terminated,it 
ould deploy its munitions and any de
oys or 
ountermeasures qui
kly, possibly in lessthan a se
ond.With so little time available, inter
eptors would need to rea
h high speeds very qui
kly.Taken together, the short time available for inter
ept and the size of the kill vehi
le neededto hit an unpredi
tably a

elerating ICBM would require large inter
eptors. In some 
ases,they would have to be larger and faster than the ICBMs themselves and would have toa

elerate four times more qui
kly. Su
h inter
eptors have never been built and would pushthe state of the art.Range. The useful range of inter
eptor ro
kets is restri
ted by pra
ti
al limits on ro
ketspeeds and by the short time available for inter
epting the atta
king missile. The range ofthe Airborne Laser is also limited, both by 
onstraints on its power and by the distan
eits beam 
an propagate through the atmosphere and remain fo
used. Consequently, boost-phase defense would be possible using inter
eptor ro
kets only if they 
ould be positioned
lose enough to the required inter
ept lo
ations, generally within 400 to 1000 kilometers.Defense would be possible using the Airborne Laser only if it 
ould be stationed within300 to 600 kilometers of the inter
ept points. The required inter
ept lo
ations are typi
allyhundreds of kilometers downrange from the missile laun
h site, whi
h would further restri
tinter
eptor basing options.In general, boost-phase defense using terrestrial (land-, sea-, or air-based) ro
ket inter-
eptors or the Airborne Laser requires that the missile's 
ight path during its boost phasebe a

essible from international waters or from neighboring 
ountries willing to host U.S.inter
eptors. The feasibility of boost-phase defense therefore depends not only on the per-forman
e of the atta
king missile and the speed of the inter
eptor, but also on the size ofthe 
ountry that laun
hes the missile, the dire
tion of the missile's 
ight, the distan
e toits target, and the lo
al physi
al and politi
al geography.Shortfall. If a missile were hit during its boost phase by an inter
eptor, it wouldprobably lose thrust qui
kly, but the missile (perhaps in fragments) and its munitions wouldnot fall straight down. Instead they would 
ontinue on ballisti
 traje
tories, falling to Earthshort of their target but possibly on populated areas. Thus, unless the missile's munitionswere disabled by the 
ollision|whi
h 
annot be assumed be
ause they are loosely 
oupled tothe missile and hardened to withstand re-entry at hypersoni
 speeds|a su

essful inter
ept
ould 
ause live munitions to fall on populated areas. These areas would not be in theatta
king 
ountry but might well be in 
ountries friendly to the United States or in theUnited States itself.



Exe
utive Summary xxvThis problem is inherent in boost-phase inter
ept. Our analysis indi
ates that it wouldbe extremely diÆ
ult to time inter
epts to avoid 
ausing live munitions or debris to hitpopulated areas. This problem would be eliminated if the inter
eptor 
ould reliably destroythe missile's munitions, but doing so would be mu
h more diÆ
ult than simply disablingthe missile's booster ro
ket.Spa
e-Based Inter
eptor Requirements. Boost-phase inter
eptors �red from orbit-ing satellites 
ould in prin
iple defend the United States against ICBMs laun
hed fromanywhere on Earth. While their 
overage would not be 
onstrained by geography, spa
e-based inter
eptors would have the same time 
onstraints and engagement un
ertainties asterrestrial-based inter
eptors. As a result, their kill vehi
les would have to be at least asmassive as the kill vehi
les of terrestrial-based inter
eptors. Be
ause a satellite orbiting atlow altitude spends so little time over a single spot on Earth, many inter
eptor-
arryingsatellites would be needed to defend against even a single missile. The pre
ise number ofsatellites and the total mass that would have to be pla
ed into orbit would depend on thetype of ICBM as well as the speeds, a

elerations, and masses of the inter
eptors and theirkill vehi
les, whi
h would in turn depend on the te
hnology available. Based on the te
hnol-ogy that 
ould, in our judgment, be developed within the next 10 to 15 years, we �nd thata thousand or more inter
eptors would be needed for a system having the lowest possiblemass and providing a realisti
 de
ision time. Even so, the total mass that would have tobe orbited would require at least a �ve- to tenfold in
rease over 
urrent U.S. spa
e-laun
hrates, making su
h a system impra
ti
al.The Airborne Laser's Performan
e. A laser weapon now in development has alsobeen proposed for boost-phase defense. The Airborne Laser is being developed to disableshort- or medium-range ballisti
 missiles by illuminating them with a powerful laser beamfrom distan
es of several hundred kilometers, heating them suÆ
iently to 
ause the stru
-ture of the missiles to fail. In prin
iple, this weapon 
ould also disable long-range missilesduring their boost phase. Be
ause the laser beam 
ould rea
h an ICBM within a fra
tionof a se
ond, its speed is not an issue. However, the range of the Airborne Laser is limitedby the distan
e its beam 
an propagate through the atmosphere and remain fo
used. As-suming that it works as planned, its useful range would be about 600 kilometers againsta typi
al liquid-propellant ICBM. This range would be suÆ
ient to defend the UnitedStates against su
h ICBMs laun
hed from North Korea but insuÆ
ient to defend againstsu
h missiles laun
hed from Iran, unless the laser 
ould be stationed over the Caspian Seaor Turkmenistan. Be
ause solid-propellant ICBMs are more heat-resistant, the AirborneLaser's ground range against them would be only about 300 kilometers, too short to defendagainst solid-propellant ICBMs from either Iran or North Korea.Countermeasures. While boost-phase inter
ept would not be sus
eptible to some ofthe 
ountermeasures to mid
ourse inter
ept that have been proposed, there is no reasonto think it would not fa
e any 
ountermeasures. E�e
tive 
ountermeasures to boost-phaseinter
ept by inter
eptor ro
kets 
ould in
lude laun
hing several ICBMs at nearly the sametime or deploying ro
ket-propelled de
oys and jammers. Furthermore, ICBMs 
ould beprogrammed to 
y evasive maneuvers that might overwhelm the agility and guidan
e and
ontrol 
apabilities of the inter
eptor or exhaust its propellant. Shortening the boost phasewould also be an e�e
tive 
ountermeasure: it would be pra
ti
ally impossible for any in-ter
eptor ro
ket to rea
h an ICBM with a boost phase of 2 minutes or less, even if it werelaun
hed from a very small 
ountry. Countermeasures against the Airborne Laser 
ouldin
lude applying ablative 
oatings or rotating the ICBM to redu
e the amount of heat themissile absorbs, laun
hing multiple missiles to overwhelm the Airborne Laser's 
apabilities,
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utive Summaryor atta
king the air
raft 
arrying the laser.Defending the United StatesWe 
onsidered the e�e
tiveness of boost-phase inter
ept for defending the United Statesagainst ICBMs from the two spe
i�
 
ountries of 
on
ern, North Korea and Iran, usingappropriate physi
al laws and engineering prin
iples to 
ompute the feasibility of parti
ularinter
epts. The results summarized here are based on a series of generally optimisti
, spe
i�
assumptions. For example, we have made optimisti
 assumptions about the missile dete
tionand tra
king 
apabilities available to the defense. Moreover, we did not a

ount for manyof the real world fa
tors that would have to be 
onsidered to make a realisti
 assessmentof the 
apability of su
h a system. This in
ludes un
ertainties about the performan
e ofthe atta
king missile and its traje
tory, ignoran
e of the missile's target, the unpredi
tablenature of variations in any missile's 
ight, and un
ertainties in how qui
kly an inter
eptwould terminate an ICBM's thrust. Nor did we a

ount for possible operational delaysin pro
essing and transmitting information. All of these fa
tors would make boost-phaseinter
ept more diÆ
ult than our simulations suggest. Consequently, our results re
e
t thetheoreti
al possibility of an inter
ept, but this 
annot be equated with 
ertainty.We found that terrestrial-based inter
eptors that burn out in 40 to 50 se
onds and rea
hspeeds of 6.5 to 10 km/s would generally be required to defend against ICBMs laun
hedfrom North Korea or Iran depending on the type of ICBM. In many 
ases, inter
eptors withsigni�
antly longer burn times are likely to be ine�e
tive. As noted above, su
h inter
eptorswould have to be substantially larger and 
apable of higher performan
e than any that haveyet been built or deployed. In a few situations, a 5-km/s inter
eptor would work againstslow-burning liquid-propellant ICBMs. The time available would be signi�
antly greaterfor very slowly burning liquid-propellant ICBMs having burn times of 5 minutes or longer,but a defense that would work only against su
h missiles, whi
h would be as slow as theslowest-burning missiles ever built, would risk being ine�e
tive.North Korea. Defense of all 50 states against typi
al liquid-propellant ICBMs laun
hedfrom North Korea would require inter
eptors with speeds of 6.5 km/s (almost as fast asICBMs) based in Russia or the Sea of Japan and �red within about 40 se
onds of obtaininga �ring solution. The inter
ept lo
ations for most ICBM traje
tories from North Koreawould be over China, hundreds of kilometers inside its border. Su
h inter
eptors wouldhave ranges as long as ICBMs. Consequently, �ring them toward China to inter
ept aNorth Korean missile 
ould be mistaken for an atta
k on China, Russia, or other 
ountries.The Airborne Laser might provide an alternative defense against liquid-propellant ICBMs.To defend against typi
al solid-propellant ICBMs and provide more than a few se
ondsof de
ision time would require inter
eptors that 
ould rea
h speeds of about 10 km/s,50 per
ent faster than a typi
al ICBM, in one-quarter of the time it would take an ICBMto rea
h its maximum speed. Su
h inter
eptors would push the limits of what would bepra
ti
al and should be 
onsidered a bounding 
ase. The inter
eptors would have to bebased in Russia or the Sea of Japan and �red within 30 to 40 se
onds after a �ring solutionwas obtained. Su
h inter
eptors 
ould be mistaken for o�ensive weapons.Iran. To defend the entire United States against liquid-propellant ICBMs laun
hedfrom Iran using inter
eptors based in 
onventional lo
ations would require basing 10-km/sinter
eptors in the Persian Gulf, and even this deployment would provide only about 15 se
-onds of de
ision time. More de
ision time would be possible only if inter
eptors 
ould bebased in un
onventional lo
ations, su
h as Turkmenistan or the land-lo
ked Caspian Sea. A



Exe
utive Summary xxviisystem with 6.5-km/s inter
eptors based in either of these lo
ations 
ould provide a de
isiontime of about 30 se
onds.Defense of the entire United States against solid-propellant ICBMs laun
hed from Iranappears impra
ti
al; even a system with 10-km/s inter
eptors based both in the CaspianSea and in Turkmenistan or Afghanistan would provide less than 10 se
onds of de
isiontime, whi
h is unlikely to be adequate for an operational system.Defending Only a Portion of the United States. We also 
onsidered the feasibilityof defending only the 
ontiguous 48 states or only the largest U.S. 
ities against ICBMslaun
hed from North Korea or Iran. In most 
ases, this would be no easier than defendingall 50 states. If, however, a boost-phase defense were not solely responsible for inter
eptingall missiles from these 
ountries, the required system performan
e would be less demanding.Inter
eptors 
ould hit liquid- or solid-propellant missiles laun
hed from these 
ountriestoward some U.S. targets. Su
h a system 
ould provide a partial defense; for instan
e, forone U.S. 
oast but not the other. Coupled with an e�e
tive mid
ourse system, a partiallye�e
tive boost-phase defense 
ould improve prote
tion of some targets by hitting missilesbefore they deploy de
oys that 
ould overwhelm the mid
ourse layer. This possibility,however, depends on the mid
ourse system's being able to handle the unpredi
table debrisgenerated by a boost-phase inter
ept while engaging the warheads, whi
h most likely wouldsurvive the inter
ept. Su
h a 
apability would be diÆ
ult to a
hieve.Defending Against Short- or Medium-Range Missiles Laun
hed from O�shore. Mis-siles that 
ould be used for a sea-based atta
k probably are already available to nations of
on
ern to the United States. The Aegis radar system is adequate for tra
king su
h missilesprovided it is within a few tens of kilometers of the missile laun
h lo
ation, and a mis-sile similar to the Navy's Standard Missile 2 is adequate for su
h an engagement withoutsigni�
ant modi�
ation.





FindingsThe Study Group analyzed boost-phase defense against liquid-propellant ICBMs, whi
hthe United States may fa
e initially, and against solid-propellant ICBMs, whi
h the nationmay fa
e later. The basi
 parameters of systems that 
ould 
ounter these threats in avariety of geographi
al situations were identi�ed. In the 
ourse of analyzing these systems,the Study Group identi�ed many signi�
ant limitations to boost-phase inter
ept, espe
iallywhen 
onfronting solid-propellant ICBMs. However, it made no judgment as to whetherany or all of these limitations would rule out deployment of su
h systems on operational,politi
al, or e
onomi
 grounds. The analysis in the main body of this report supports thefollowing �ndings. A number (or letter) in parentheses indi
ates the relevant 
hapter (orappendix), se
tion, or subse
tion of the supporting material.1. Inter
epting missiles during their boost phase presents major 
hallenges not fa
edby mid
ourse-inter
ept systems.� Mid
ourse systems have 20 to 25 minutes to observe and inter
ept threateningwarheads (A.2); boost-phase inter
ept systems 
ould have 4 minutes or less todete
t, tra
k, and inter
ept potentially threatening missiles (4.4, 5.4{5.6, 10.4, 15).� In mid
ourse 
ight, the traje
tory of a warhead is ballisti
 and highly predi
table(B); in powered 
ight, the traje
tory of a missile is inherently unpredi
table. Thisunpredi
tability results from un
ertainty about the intended target, the e�e
ts of themissile's maneuvers to manage its energy, shape its traje
tory, or evade inter
ept,and its unpredi
table thrust variations (4, 12.4, 15.2).2. The e�e
tive ranges of boost-phase hit-to-kill inter
eptors, whether land-, sea-, air-,or spa
e-based, are limited by the short duration of ICBM boost phases and pra
ti
allimits on inter
eptor 
y-out velo
ities. The range of the Airborne Laser is limitedprimarily by the distan
e its beam 
an propagate through the atmosphere whileremaining fo
used, and to a lesser extent on its power.These limitations have the following 
onsequen
es:� In a hit-to-kill boost-phase defense, the time remaining after an inter
eptor is �redis so short|less than 170 se
onds for a liquid-propellant threat missile and less than120 se
onds for a solid-propellant threat missile|that the defense 
ould �re onlyon
e, either a single inter
eptor or a salvo of inter
eptors �red virtually simulta-neously. There would be no opportunity to re
over from a mis�re or failure of aninter
ept attempt (5.4{5.6).� Boost-phase defense with inter
eptor ro
kets would be possible only if the ro
kets
ould be positioned 
lose to the intended inter
ept point. The inter
ept point isxxix



xxx Findingstypi
ally 400 to 500 kilometers from the missile laun
h point. The inter
eptorstypi
ally must travel at least 500 kilometers from the inter
eptor base to rea
h theinter
ept point (5.4{5.6).� Terrestrial-based boost-phase defense|both by inter
eptors and airborne lasers|also depends on the size of the 
ountry that laun
hes the missile, the dire
tion ofthe missile's 
ight, the distan
e to its target, and a

ess to areas adja
ent to that
ountry, determined by lo
al physi
al and politi
al geography (5).� Boost-phase defense using terrestrial-based inter
eptors 
ould not defend the UnitedStates against a

idental or unauthorized laun
hes of ICBMs from the interiors oflarge 
ountries su
h as Russia or China (5).3. The large and unpredi
table variations of ICBM boost-phase traje
tories and theshort time available for engaging them drive the requirements for any boost-phasekineti
 kill inter
eptor.Fa
tors 
ontributing to un
ertainties in the inter
ept point in
lude:� Random and systemati
 errors in the defense dete
tion and tra
king system's mea-surement of position and velo
ity and estimate of a

eleration of the atta
kingmissile (10.1.4, 12.3.1).� La
k of knowledge of the missile's target (15.2).� Normal or indu
ed thrust-time variations of the threat booster (15.2).� Intentional traje
tory shaping, in
luding lofting or depressing the traje
tory andmaneuvering to manage energy (15.2).� Intentional evasive maneuvers, su
h as dog-legs or other maneuvers (12.4).� La
k of knowledge of the potential type or 
hara
teristi
s of the threat (3.3).� Un
ertainties in the method and times at whi
h the missiles' warheads or submu-nitions would be deployed (15.2, A.2.2).These un
ertainties redu
e the time available for the engagement and require kill-vehi
lemaneuver velo
ity and a

eleration substantially greater than is generally re
ognized.These e�e
ts are dis
ussed in Chapters 5 and 12.4. The only way a boost-phase defense 
an assure that lethal warheads will not strikea defended area is to disable the atta
king missile before the earliest time it 
ana
hieve the velo
ity needed to 
arry its munitions to that area, be
ause the defensedoes not know the parti
ular target. This time is un
ertain be
ause the missile may
y various traje
tories and exe
ute a variety of maneuvers to manage its energy orevade the defense (4.1, 5.1.3, 5.2.1, A.2).5. A robust boost-phase defense against ICBMs would require modern spa
e-basedsensors to dete
t laun
hes and provide initial tra
king information needed to laun
hinter
eptors. Even so, it would take at least 45 to 65 se
onds to dete
t the laun
h ofan ICBM and establish a tra
k of its traje
tory a

urate enough to laun
h an inter-
eptor. Su
h sensors would also be needed to provide 
ontinually updated tra
kinginformation to the inter
eptors as they 
y to the target. A system su
h as thehigh-altitude Spa
e-Based Infrared System (SBIRS-High) now under development
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ould perform these fun
tions if the boost-phase defense requirement is in
luded inits design (10.4).� While radars with suÆ
ient sensitivity exist, for early dete
tion and initial tra
k-ing, horizon limitations, 
lutter problems, and geographi
 
onstraints that requirestand-o� distan
es greater than 300 km would pre
lude their use. Consequently,a modern spa
e-based missile warning and tra
king system, su
h as the plannedSBIRS-High system, would be needed in order to a
hieve the earliest dete
tion andinitial tra
king (10.4). The existing Defense Support Program (DSP) system 
ouldprovide laun
h dete
tion and initial tra
king, but it would take 30 se
onds longerto obtain a �ring solution than a system su
h as SBIRS-High (10.4). ConsequentlyDSP would be useful only against slow missiles, and only if the fastest inter
eptorswere used (5.9.2).� Additional time margin would be required to allow for the de
ision to �re and anyother intentional or system delays. We use the term \de
ision time" to en
ompassany time required beyond the zero de
ision time 
ase (5.1.3).6. While boost-phase defense against slow-burning liquid-propellant ICBMs not em-ploying 
ountermeasures appears te
hni
ally feasible in prin
iple for some geographi
s
enarios, the mu
h shorter burn times typi
al of solid-propellant ICBMs using even40-year-old te
hnology 
all into question the fundamental feasibility of boost-phaseinter
ept of su
h threats at useful ranges|no matter where or how the inter
eptorsare based|even with very optimisti
 assumptions about dete
tion and tra
k times(5.3, 6.11).� While liquid-propellant ICBMs typi
ally have powered 
ight times of 4 minutes ormore, solid-propellant missiles typi
ally have three boost stages that burn a totalof 3 minutes or less (3.4). This di�eren
e is 
ru
ial.� No matter where or how they are based, inter
eptors would typi
ally have to travel500 kilometers or more in about two minutes to rea
h solid-propellant ICBMs be-fore they have a
hieved the velo
ity required to deliver their payloads to the UnitedStates (5.3{5.6). This would require inter
eptors with extremely high 
yout velo
-ities (in ex
ess of orbital velo
ities and as high as 10 km/s) and very high a

eler-ations. Su
h inter
eptors would push the state of the art and may not be feasible.� By 
omparison, against liquid-propellant ICBMs, small two-stage terrestrial-basedinter
eptors having modest burnout velo
ities of only about 5 km/s, su
h as thelargest-sized inter
eptor that 
ould meet the 
onstraints of the Aegis 
ruiser verti
allaun
hers or deployment by bombers, 
ould marginally engage threats at about 500kilometers (5.3). Inter
eptors having velo
ities similar to those of ICBMs wouldprovide greater de
ision time and range for this 
ase but still 
ould not engagesolid-propellant ICBMs.7. Based on un
lassi�ed summaries of U.S. intelligen
e estimates, the Study Group
on
luded that 
ountries of 
on
ern might a
quire or develop solid-propellant ICBMswithin the next 10{15 years and that it would be imprudent not to 
onsider them inevaluating the feasibility of boost-phase defense systems (3.4).� Proliferation of solid-propellant te
hnology has been rapid (3.3).



xxxii Findings� A boost-phase defense would 
reate in
entives to develop or a
quire solid-propellantICBMs (3.4).� Boost-phase defenses not able to defend against solid-propellant ICBMs risk beingobsolete when deployed.8. The time 
onstraints imposed on any boost-phase defense system by the short du-ration of ICBM boost phases would pose signi�
ant real-time de
ision issues.� In most situations, inter
eptors would have to be �red within a few se
onds after
on�rmation of the laun
h of a large ro
ket to inter
ept it in time to defend theUnited States (5.3). The de
ision to �re inter
eptors would have to be almostautomati
 (5.3{5.6).� Be
ause of the potentially similar 
ight pro�les of ICBMs and spa
e laun
hers, inmany 
ases the defense system would have diÆ
ulty distinguishing a spa
e laun
hfrom an ICBM atta
k. In these 
ases, the defense would have to shoot at everyro
ket, unless it had been identi�ed as non-threatening before it was laun
hed (10.4).9. Despite the variations and un
ertainties inherent in the boost-phase traje
tories ofICBMs, our analysis indi
ates that a kill vehi
le in
orporating 
urrent sensor andguidan
e te
hnology 
ould home on ICBMs in powered 
ight with a pre
ision 
om-patible with dire
t hit-to-kill requirements, assuming the kill vehi
le's booster 
ouldpla
e it on a traje
tory that would take it within homing range of the ICBM. Thekill vehi
le would also have to meet 
ertain 
riti
al performan
e requirements.Criti
al kill-vehi
le performan
e requirements in
lude:� Capa
ity to shift from guiding on the ro
ket's exhaust plume to guiding on thero
ket body. The Study Group believes this requirement in parti
ular requiresmore investigation (10.4).� Ability to a
quire and tra
k the ro
ket body within the plume at ranges of at least200 kilometers and with suÆ
ient pre
ision, using sensors on board the kill vehi
le(12.3).� SuÆ
ient kill-vehi
le a

eleration (7{8 g initially and 15 g in the end game), velo
ityfor maneuvering (2 km/s for terrestrial-based and 2.5 km/s for spa
e-based killvehi
les), and guidan
e system response (0.1 se
ond or less) (12.5).These requirements would result in kill vehi
les with masses substantially greater thanis generally appre
iated. In our judgment, kill vehi
les using te
hnology that wouldbe available in the next few years would have masses on the order of 90 kilograms to140 kilograms: 90 kilograms for the total divert velo
ities of 2 km/s that would berequired for most ground- and air-based inter
eptors and roughly 140 kilograms for 2.5-km/s divert velo
ities that would be appropriate for spa
e-based inter
eptors and thefastest ground-based inter
eptors (14.4).10. Although a su

essful inter
ept would prevent munitions from rea
hing their target,live nu
lear, 
hemi
al, or biologi
al munitions 
ould fall on populated areas shortof the target, in the United States or other 
ountries. This problem of shortfall isinherent in boost-phase missile defense.



Findings xxxiii� Warheads and submunitions are loosely 
oupled to the �nal stage of the ICBM and
annot be assumed to be destroyed by an inter
ept that destroys or disables theICBM booster, as borne out by numerous destru
t events during 
ight tests (13.1).� After an inter
ept, the munitions and debris will 
ontinue on a ballisti
 traje
tory,albeit one that is shorter than intended by the atta
ker (5.8).� The warheads or munitions and debris of an inter
epted missile will not fall on the
ountry that laun
hed it (5.8).� Preventing warheads or submunitions and debris of inter
epted missiles from hittingthe territory of U.S. friends and allies would sometimes require the defense to inter-
ept missiles within a time window as small as 5 to 10 se
onds, greatly 
ompli
atingthe already daunting inter
ept management problem (5.8.1).� Given the unpredi
table variations in traje
tories and thrust that 
hara
terizeICBMs in powered 
ight, it is not 
lear that the inter
ept 
an be timed to o

urwithin the narrow window required (5.8.2).The problem of 
ontrolling shortfall 
ould be avoided if the boost-phase defense system
ould destroy the missile's warheads or submunitions during boost, rather than simplydisabling the booster. This is a mu
h more diÆ
ult task, and it has not been establishedthat it 
an be a

omplished (13).11. Airborne inter
eptors o�er some unique advantages for boost-phase defense, butthey also have signi�
ant limitations in defending against ICBMs. They 
ould be de-ployed more qui
kly than land- or sea-based inter
eptors in response to new threats,but several ba
kup air
raft equipped with inter
eptors, as well as refueling air
raftand defensive air 
over, would be required for every airborne-inter
eptor air
raft onstation (16.5.3).� An inter
eptor of any given size has a slightly greater range if laun
hed from a high-altitude platform, be
ause it uses less energy to over
ome gravity and aerodynami
drag as it 
ies out toward its target. However, the 
onstraints on the size and weightof missiles that an air
raft 
an 
arry limit the 
yout velo
ity of high-a

elerationairborne inter
eptors to about 5 km/s (16.5.3).� Be
ause of their limited 
yout velo
ity, airborne inter
eptors 
ould engage ICBMsonly in situations 
omparable to the situations in whi
h a 5 km/s surfa
e-basedinter
eptor 
ould engage them. Consequently, using airborne inter
eptors to defendthe United States against long-burning liquid-propellant ICBMs would be possi-ble only if the required inter
ept lo
ations are within about 500 kilometers of theinter
eptor-
arrying air
raft (5.5.1).12. A 
onstellation of spa
e-based inter
eptors (SBIs) 
ould, in prin
iple, over
ome thegeographi
 limitations of terrestrial-based inter
eptors and inter
ept ICBMs laun
hedfrom mu
h of the Earth's surfa
e. However, they would be subje
t to range and time
onstraints similar to those that 
onstrain terrestrial-based systems. Consequentlya
hieving reasonable 
overage between latitudes 30 degrees and 45 degrees Northwould 
ome at a very high 
ost.� Be
ause a satellite in low-Earth orbit spends so little time over a single spot onEarth, a system having the minimum mass-in-orbit and providing a realisti
 time
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onstru
t a �ring solution would require a thousand or more inter
eptors tointer
ept even a single liquid-propellant ICBM 5 se
onds before it burns out (6.6).1� The SBI kill vehi
les would be similar to those of terrestrial-based inter
eptors.Be
ause of the high 
losing velo
ities of SBI engagements, spa
e-based kill vehi
leswould require divert velo
ities of about 2.5 km/s (14.1). Su
h a kill vehi
le wouldhave a mass of roughly 140 kilograms (6.11, 14.4). We estimate that an inter
eptorthat 
ombined the kill vehi
le with a two-stage booster to impart the required 
youtvelo
ity of 4 km/s in 30 to 40 se
onds would have a mass, in
luding its on-orbitsupport systems, of about 1200 kilograms (6.11).� To inter
ept a solid-propellant ICBM laun
hed from North Korea or Iran 5 se
ondsbefore burnout, at least 1600 inter
eptors would be required for a system havingthe lowest possible on-orbit mass and providing an optimisti
ally short time to
onstru
t a �ring solution (6.11). Su
h a system would have a mass in orbit of atleast 2000 tonnes. To deploy it would require at least a �ve- to ten-fold in
rease inthe 
urrent annual U.S. laun
h 
apa
ity.� In pra
ti
e, more inter
eptors and mass would be required in orbit be
ause solid-propellant ICBMs laun
hed from North Korea or Iran would usually have to beinter
epted before 5 se
onds prior to their burnout. The number of inter
eptorswould also in
rease if the system were designed to assure that two inter
eptors 
ouldbe �red against ea
h ICBM, provide more de
ision time, or have the 
apability todefend against ICBMs laun
hed nearly simultaneously from 
losely spa
ed laun
hsites (6.6, 6.11).� Defending against a liquid-propellant ICBM would 
ut the number of inter
eptorsrequired to about 700, with a 
orresponding redu
tion in the mass of the system,be
ause su
h missiles burn mu
h longer (15.2.1). However, a system designed to
ounter only liquid-propellant ICBMs 
ould be
ome obsolete qui
kly, given the timethat would be required to develop and deploy an SBI system (Finding 15), thein
entives it would 
reate for emerging missile states to build or pro
ure solid-propellant missiles, and the rate at whi
h solid-propellant te
hnology is proliferating(3.4.2).13. Although boost-phase missile defense systems using hit-to-kill inter
eptors 
ouldavoid some of the 
ountermeasures to mid
ourse inter
ept that have been proposed,there are e�e
tive 
ountermeasures to su
h boost-phase systems. Many of themhave been demonstrated in past U.S. programs for other purposes (5, 9, 12, 15).� Shortening the boost phase of ICBMs. Swit
hing from liquid-propellant to typi
alsolid-propellant ICBMs would 
ut the boost phase by a minute or more (Finding 6).Boost phases as short as 130 se
onds are 
ertainly possible; su
h missiles would bepra
ti
ally impossible to inter
ept (5.1.1).� Maneuvering the ICBM (15.2).� Fra
tionating the payload during �nal-stage boost (9.1.2, 9.1.5).1Inter
eptors in low-Earth orbits revolve around Earth at high speeds while the Earth rotates beneaththem. As a result, at any instant almost all the inter
eptors in a spa
e-based system would be too far awayto engage a ro
ket from any parti
ular laun
h site. A 
onstellation of a thousand or more inter
eptors wouldtherefore be required to ensure that at least one would always be within range of a hostile laun
h.



Findings xxxv� Deploying small, ro
ket-propelled de
oys from the missile designed to mask or mimi
the radar and ele
tro-opti
al 
hara
teristi
s of the booster (9.1.3).� Laun
hing multiple missiles within a short time. Laun
hing ta
ti
al ballisti
 missilesbefore laun
hing ICBMs 
ould exhaust the defense's supply of inter
eptors (9.1.6).14. The Airborne Laser (ABL) has been designed to inter
ept theater ballisti
 missilesand is s
heduled to a
hieve initial operational 
apability in about 10 years. It 
ouldo�er some 
apability for inter
epting ICBMs, but would have less range than largeground-based hit-to-kill inter
eptors. ABL air
raft 
ould be rapidly deployed, butseveral ABL air
raft, as well as tanker support air
raft and defensive air 
over, wouldbe required to maintain one ABL air
raft 
ontinuously on station. While the ABLhas some self-defense 
apability, without supporting ta
ti
al air 
over ABL air
raftwould be vulnerable to atta
k by enemy air
raft or surfa
e-to-air missiles.� Performan
e requirements for the ABL are driven largely by the 
onstru
tion ma-terials of the missile and the distan
e to the target missile|engagement time andun
ertainty about the target's traje
tory are not issues (21).� The laser 
uen
e needed to disable ICBMs is 
urrently rather un
ertain, making itdiÆ
ult to estimate a

urately the ABL's range if used against ICBMs. The ABL'srange is expe
ted to be roughly similar to that of the modest-sized inter
eptorsthat 
ould be 
arried by air
raft (21.5). If so, it 
ould engage only long-burningliquid-propellant ICBMs laun
hed from geographi
ally small, a

essible 
ountries(8.3{8.5).� Defense would be possible using the ABL only if it 
an be stationed within 600 kilo-meters of the inter
ept point of a liquid-propellant missile or within 300 kilometersof the inter
ept point of a solid-propellant missile. The ABL's laser beam wouldhave to heat an ICBM for several se
onds to disable it; hen
e ABL engagementswould have to be timed to avoid the brief periods during whi
h one stage burns outand is dis
arded as the next ignites (8.7).� The ABL would have substantial ability to defend the U.S. against liquid-propellantICBMs laun
hed from North Korea; however, it would have no utility in defendingthe U.S. against these missiles laun
hed from geographi
ally large, less-vulnerable
ountries su
h as Iran. Be
ause of the greater heat resistan
e of solid-propellantmissiles, the ABL 
ould not defend against these missiles laun
hed from either NorthKorea or Iran. (8.3{8.5).� The ABL 
ould not disable nu
lear warheads or biologi
al or 
hemi
al submunitionsthat have been hardened to survive re-entry at ICBM speeds (20.1).15. Few of the 
omponents that would be required for early deployment (i.e., within5 years) of a boost-phase defense 
urrently exist. Moreover, we see no means fordeploying an e�e
tive boost-phase defense against ICBMs within 10 years. Severalkey 
omponents are la
king and are unlikely to be developed in mu
h less than ade
ade.� Large, high-a

eleration inter
eptors (5, 16) having the physi
al 
hara
teristi
s andperforman
e that would be needed for a surfa
e-based boost-phase inter
ept systemhave never been built. To 
ounter short- or medium-range missiles laun
hed from



xxxvi Findingsplatforms o� U.S. 
oasts a missile similar to the U.S. Navy's StandardMissile 2 
ouldbe used (5.7.1). We know of no other booster in existen
e or under developmentthat o�ers any utility for boost-phase inter
ept of ICBMs.� No kill vehi
le 
urrently under development has the a

eleration and maneuverabil-ity required for ICBM boost-phase inter
ept (11.6, 12.5).� While radars with suÆ
ient sensitivity exist, su
h as the THAAD ground-basedradar and the Aegis AN/SPY-1 radar, their horizon limitations and geographi-
al 
onstraints would require spa
e-based infrared sensors for dete
tion and initialtra
king of threatening missiles (10.2). If SBIRS-High were available and had suf-�
ient 
apability, it 
ould perform this fun
tion (10.4); however, re
ent reportsindi
ate that SBIRS-High is unlikely to be deployed before 2010 (10.1.2).� The ABL is 
urrently not expe
ted to be ready for deployment against theaterballisti
 missiles before 2012 (18.3). Testing and evaluation of the ABL againstICBMs probably would not o

ur until after it has been tested for its intendedmission, inter
epting theater ballisti
 missiles.� Given the U.S. spa
e laun
h 
apability and the high 
ost of putting mass in orbit,spa
e-based inter
ept is not pra
ti
al be
ause small, lightweight sensors, inter
ep-tors, and kill vehi
les are not 
urrently available (6.11).16. Mu
h of the publi
 dis
ussion of missile defense has fo
used on ICBM atta
ks,but the threat posed by existing short- or medium-range ta
ti
al ballisti
 missileslaun
hed from ships or other platforms positioned o� U.S. 
oasts is more immediate.It appears that a missile similar to the existing U.S. Navy Aegis Standard Missile 2
ould engage short- or medium-range ballisti
 missiles laun
hed from sea platformswithout signi�
ant modi�
ation, provided that the Aegis ship is within a few tens ofkilometers of the laun
h platform (5.7.1).� A

ording to the U.S. intelligen
e 
ommunity, laun
hing short- or medium-rangeballisti
 missiles from platforms a few hundred kilometers o� U.S. 
oasts wouldbe mu
h less demanding te
hnologi
ally than laun
hing ICBMs. The missiles thatwould be needed for su
h an atta
k are already available (A.1).� Many of the 
hallenges that make ICBM defense diÆ
ult|su
h as geographi
 
on-straints that prevent the defense from positioning inter
eptors 
lose to the missile'sboost traje
tory, delays in dete
ting and tra
king the target missile, un
ertaintiesabout the exa
t target, and the problem of 
ontrolling shortfall|are absent whenthe threatening missile is laun
hed from a ship near the United States.� The Airborne Laser might also be able to 
ounter this threat, but the Study Groupdid not analyze this possibility.17. In our view, there are many issues for a boost-phase inter
ept system that requirefurther study before the true 
apabilities and deployment timelines of boost-phasemissile defense 
an be determined.These issues in
lude:� The 
ommuni
ations, 
ommand, and 
ontrol networks and systems that would berequired for a boost-phase inter
ept system to fun
tion with the reliability required



Findings xxxviiunder the extreme time pressures that a defense system would fa
e, parti
ularlyone using spa
e-based inter
eptors.� The 
apability for transferring the inter
eptor's guidan
e from tra
king the mis-sile's luminous plume to tra
king the missile itself (\plume-to-hardbody handover")(10.4). This task is te
hni
ally 
hallenging and not well understood. More realisti
modeling, testing, and evaluation would be required to demonstrate that it 
an bedone reliably under all engagement 
onditions.� The e�e
ts on liquid- and solid-propellant boosters of a body-to-body 
ollision witha kill vehi
le need more extensive modeling and realisti
 testing (13).� The realisti
 
apabilities that would be needed to deploy, maintain, and 
ontrol aspa
e-based system must be understood before an informed de
ision 
an be madeabout the feasibility of su
h a 
on
ept. Given the extreme sensitivity of system
osts to 
hanges in the mass of spa
e-based inter
eptors, a 
areful assessment of thee�e
ts of 
ountermeasures should be in
luded (6).� The lethality of the ABL when used against ICBMs, espe
ially solid-propellantICBMs. Further modeling and realisti
 testing are needed under the wide rangeof 
onditions that would be en
ountered in inter
epting ICBMs during their boostphase (20).Con
luding remarksIn assessing the feasibility of boost-phase missile defense using hit-to-kill inter
eptors orthe ABL, we attempted to make optimisti
 assumptions to bound the performan
e of su
hsystems. In some 
ases we made assumptions that appear te
hni
ally possible but maynot be realisti
 on other grounds. An important example is the assumption in some of ouranalyses that inter
eptors 
ould be �red as soon as a target tra
k has been 
onstru
ted,without allowing additional time for de
ision or assessment. In other 
ases we simplyexamined the performan
e that would be required to make the system workable, withoutmaking any judgment about whether su
h 
omponents 
ould realisti
ally be deployed. Anexample of this kind is our 
onsideration of an inter
eptor 
apable of rea
hing a 
youtvelo
ity 40 per
ent higher than an ICBM's velo
ity in only 45 se
onds. Consequently,with those optimisti
 assumptions our results re
e
t the theoreti
al possibility, rather thanthe 
ertainty, of an inter
ept. Real-world fa
tors would make boost-phase inter
ept morediÆ
ult than our results suggest. Moreover, the 
hoi
es made in this study were used toobtain upper bounds on performan
e; their use does not ne
essarily imply that the StudyGroup judged these 
hoi
es to be realisti
.Given the results that follow from our assumptions, we 
on
lude that while the boostphase te
hnologies we studied are potentially 
apable of defending the United States againstliquid-propellant ICBMs in 
ertain geographi
 s
enarios, at least in the absen
e of 
ounter-measures, when all fa
tors are 
onsidered none of the boost-phase defense 
on
epts studiedis likely to be viable for the foreseeable future to defend the 50 states against even �rst-generation solid-propellant ICBMs (5, 6.11, 8.6).
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1.1 Boost-Phase Inter
eptBoost-phase inter
ept systems for defending the United States against ballisti
 missile atta
kare the fo
us of in
reasing publi
 dis
ussion [1, 2, 3, 4, 5℄, and Department of Defensespending on su
h systems is growing, with the prospe
t of mu
h larger expenditures in thefuture. 1 Boost-phase weapons would seek to destroy atta
king missiles while their boostersare still burning and before they have released nu
lear, 
hemi
al, or biologi
al munitions.The te
hni
al aspe
ts and feasibility of su
h weapons are the subje
t of this report.For more than four de
ades, the United States has invested substantial resour
es indeveloping anti-ballisti
 missile systems [7℄. During most of this period, the fo
us of thee�ort was on developing weapons and systems that 
ould defend against the thousandsof inter
ontinental ballisti
 missiles (ICBMs) �elded by the Soviet Union. In response tothe end of the Cold War and other 
hanges in the international situation, the emphasis ofthe U.S. program to defend against long-range missiles shifted �rst to systems that 
ould
ounter a

idental or unauthorized laun
hes of a few ballisti
 missiles against the UnitedStates and, more re
ently, to systems that 
ould 
ounter missiles that might be deployedby 
ountries that have missile development programs and with whi
h the nation does not
urrently have friendly relations.The U.S. intelligen
e 
ommunity has identi�ed several 
ountries of 
on
ern that aredeveloping long-range missiles [8, 9℄. Although the intelligen
e 
ommunity judges that U.S.territory is 
urrently more likely to be atta
ked by nu
lear, 
hemi
al, and biologi
al weapons1The budget request for boost-phase inter
ept systems for FY 04{FY 05 is $12.6 billion [6℄.S1



S2 Introdu
tion to the Reportdelivered by means other than missiles, it is the assessment of most of the intelligen
e
ommunity that the United States is likely to fa
e ICBM threats from some of the 
ountriesof 
on
ern during the next 15 years [8, 9℄. The growing sale and transfer of ballisti
-missile-related te
hnologies, materials, and expertise has generated 
on
ern that some unfriendly
ountries might be able to deploy full-range ICBMs, in
luding solid-propellant ICBMs, withlittle warning [10, 11℄. The U.S. intelligen
e 
ommunity has judged that several 
ountries of
on
ern are te
hni
ally 
apable of developing within the next de
ade the ability to laun
hshort- or medium-range ballisti
 missiles against 
oastal regions of the United States fromships or other platforms positioned hundreds of kilometers o�shore [12, 13, 14℄. To 
ounterthese potential threats, the United States is a
tively pursuing a variety of missile defenseoptions.The prin
ipal fo
us of the nation's 
urrent national missile defense program is onweapons that would destroy warheads after they have been laun
hed by ICBMs but be-fore they re-enter the atmosphere.2 During this so-
alled mid
ourse phase of 
ight, whi
hlasts approximately 25 minutes, warheads follow predi
table ballisti
 traje
tories outsideEarth's atmosphere. Using ground-based inter
eptors lo
ated at only a few sites, a mid-
ourse inter
ept system potentially 
ould defend the United States from missiles laun
hedfrom almost anywhere on Earth.Mid
ourse-inter
ept systems, however, must 
ontend with two 
hallenges. A single mis-sile 
ould laun
h multiple warheads or even dozens of 
hemi
al or biologi
al submunitions,thereby overwhelming the defense. In addition, many argue that the system 
ould bedefeated by 
ountermeasures and penetration aids, in
luding large numbers of lightweightde
oys that would be diÆ
ult to dis
ern from real warheads outside the atmosphere [15, 16℄.For a 
ontrary view, see [17℄.The diÆ
ulty of meeting these 
hallenges has led to growing advo
a
y of boost-phaseinter
ept as a possible alternative [18, 19, 20℄. Boost-phase systems potentially o�er threeimportant advantages: the possibility of destroying missiles before they 
an deploy multiplewarheads or submunitions, the presumed diÆ
ulty of developing 
ountermeasures, and theease of tra
king the bright exhaust plumes of ICBMs in powered 
ight. A boost-phasedefense that used surfa
e- or air-based inter
eptors or the Airborne Laser (ABL) wouldalso be attra
tive, some argue, be
ause their limited ranges would not threaten Russian orChinese land-based nu
lear missile for
es. Spa
e-based boost-phase weapons have also beenproposed as the �rst layer in a layered defense system [21, 22, 23℄.The boost phase of an ICBM typi
ally lasts no more than 3 or 4 minutes. Consequently,even fast inter
eptor missiles would have to be �red from bases 
lose to anti
ipated ICBMinter
ept points [24℄. Therefore, surfa
e- and air-based inter
eptors would be 
apable of
ountering only those missiles laun
hed from 
ountries that are suÆ
iently small geograph-i
ally, and on boost-phase 
ight paths that are within range of inter
eptors stationed ininternational waters or in neighboring 
ountries willing to host them. The Airborne Laseris similarly 
onstrained be
ause of its own engagement range limitations.2We use the phrase \national missile defense" to indi
ate a defense system intended to defend the nationalterritory of the United States rather than, for example, U.S. allies or troops based outside the United States,be
ause it des
ribes the goal of su
h a defense 
on
isely. We note, however, that the present administrationno longer uses this terminology.



1.2. The Ameri
an Physi
al So
iety Call for the Study S31.2 The Ameri
an Physi
al So
iety Call for the StudyIn spite of the government's growing interest in boost-phase inter
ept systems and theresour
es being 
ommitted to developing them, little quantitative information on the te
h-ni
al feasibility, required performan
e, and potential advantages and disadvantages of su
hsystems is available to the publi
. To in
rease publi
 understanding of these matters, theAmeri
an Physi
al So
iety 
onvened a study group of physi
ists and engineers, in
ludingindividuals with expertise in sensors, missiles, ro
ket inter
eptors, guidan
e and 
ontrol,high-powered lasers, and missile-defense-related systems, to assess the te
hni
al feasibilityof boost-phase inter
ept systems.Many of the key questions 
on
erning the te
hni
al feasibility and required performan
eof boost-phase inter
ept systems 
an be answered by 
onsidering basi
 physi
s and engi-neering prin
iples. The Ameri
an Physi
al So
iety therefore asked the Study Group toprodu
e an un
lassi�ed report based on publi
ly available information. The intention wasto provide the membership of the So
iety, other s
ientists and engineers, poli
y makers, andthe publi
 with basi
 information about the s
ien
e and te
hnology of boost-phase inter-
ept systems. The Ameri
an Physi
al So
iety hopes that this report, whi
h des
ribes thete
hnologies and te
hni
al requirements of these systems, their advantages and limitations,and the te
hnologi
al 
hallenges in developing and deploying them, will help in evaluatingproposals to build su
h systems.1.3 S
ope of the StudyThe Study Group was asked to 
onsider primarily boost-phase inter
ept systems that 
oulddefend the United States from atta
k by ballisti
 missiles of inter
ontinental range. Inparti
ular, the Study Group was asked to evaluate the potential of systems using terrestrial-based or spa
e-based hit-to-kill ro
ket inter
eptors, or the ABL, for this purpose. Spa
e-based laser systems were not 
onsidered be
ause the te
hnology that would be requiredfor su
h systems is at a mu
h earlier stage of development. We also 
onsidered brie
y thefeasibility of defending against atta
ks by ship-based ballisti
 missiles laun
hed o� U.S.
oasts using short-range inter
eptor ro
kets. The Study fo
used on te
hnology that 
ould,in prin
iple, begin to be deployed in about 10 years.1.4 Issues Not AddressedA number of important te
hni
al issues were identi�ed but not analyzed in detail, eitherbe
ause the ne
essary information was not available to us or be
ause they lay outside thes
ope of the Study. These in
lude the feasibility of building and deploying long-range,high-a

eleration inter
eptors; the beam quality and 
ertain other performan
e 
hara
ter-isti
s of the ABL; the e�e
tiveness of kineti
-energy weapons or laser beams in disablingboosters, warheads, and submunitions; 
ommuni
ations, 
ommand, 
ontrol and battle man-agement; survivability; and system 
omplexity. Nor did the Study 
onsider nu
lear-tippedinter
eptors for boost-phase defense, or mid
ourse or terminal inter
ept systems.Finally, the Study did not 
onsider poli
y issues, su
h as the e
onomi
, arms 
ontrol,strategi
 stability, or foreign poli
y impli
ations of developing, testing, or deploying boost-phase inter
ept weapons [25, 26, 27, 28℄.



S4 Introdu
tion to the Report1.5 The Varieties of Boost-Phase Inter
ept SystemsThe Study examined systems that would use inter
eptor missiles based either on land, onships at sea, on air
raft, or on satellites in spa
e. Small inter
eptors 
ould be 
arried bysatellites in low-Earth orbits. Somewhat larger inter
eptors 
ould be 
arried by large air
raftor bombers. Still larger inter
eptors 
ould be based on ships or on land. The range of aninter
eptor is limited by the highest speed that is te
hni
ally feasible and the time availableto 
omplete the inter
ept. Systems that utilize surfa
e- or air-based inter
eptors 
ouldpotentially defend against missiles laun
hed from limited geographi
al areas. In 
ontrast,a spa
e-based system 
ould in prin
iple defend against missiles laun
hed from anywhere onEarth. However, due to Earth's rotation and the motions of orbiting satellites, a system ofthousands of satellites armed with inter
eptors would be required to defend against missileslaun
hed from a single laun
h site.The Study also 
onsidered the Airborne Laser, whi
h was originally planned as a weaponfor theater missile defense but is now also being 
onsidered for national missile defense. Ituses a high-powered 
hemi
al laser beam. Mirrors dire
t the beam toward the target missile.The beam travels at the speed of light and would therefore rea
h the target in a fra
tion ofa se
ond. Su
h a beam 
ould potentially disable a missile in powered 
ight by heating itsbody long enough (at least several se
onds) to 
ause stru
tural failure. The e�e
tivenessof the ABL against ICBMs would depend on the power and quality of its beam and thedegree to whi
h the beam 
ould be fo
used on the target in the presen
e of the atmospheri
turbulen
e at the altitudes at whi
h it would operate.1.6 Requirements for Su

essIn a boost-phase inter
ept, the largest and most fragile targets are the ICBM's boost stages.Moreover, a boost stage that is burning produ
es a bright exhaust plume that is easilyspotted by sensors in orbit or on the inter
eptor, although the inter
eptor must eventuallyhome on the body of the booster and not its plume. If a burning boost stage were hit byan inter
eptor, it would qui
kly lose thrust, but the 
ollision would not ne
essarily disableall the missile's munitions, and the missile (perhaps in fragments) and its munitions wouldnot fall straight down. Instead, they would 
ontinue on ballisti
 traje
tories, falling toEarth short of the intended target. Consequently, to ensure that a missile's munitions donot strike the United States, a boost-phase defense must disable the missile before it hasrea
hed a speed suÆ
ient to 
arry its munitions to the United States. Later inter
eptionmay be too late, be
ause the munitions may have already separated from the missile. Thesystem would then have to 
ontend with the problems of a mid
ourse inter
ept.Unless the boost-phase inter
ept system is able to destroy the missile's munitions, theywill strike somewhere outside the boundaries of the 
ountry that laun
hed the missile. Con-sequently, an inter
ept 
ould 
ause live nu
lear warheads or biologi
al or 
hemi
al munitionsto fall on populated areas of the United States or other 
ountries. This risk is inherent inboost-phase defense.1.7 ChallengesThe greatest 
hallenge for a boost-phase defense system is the very short time within whi
hthe inter
ept must be 
ompleted. The boost-phase of a liquid-propellant ICBM typi
allylasts about 4 minutes. (Five-minute burn time missiles are also 
onsidered, though these



1.8. A Guide to the Report S5are regarded as a less likely threat.) The shorter duration of the boost phases of solid-propellant ICBMs|typi
ally about 3 minutes|is even more daunting. The narrow timewindow dominates every aspe
t of boost-phase inter
ept, driving the required performan
eof the dete
tion and tra
king systems, the inter
eptors, and the kill vehi
le. About 1 minuteis required to 
on�rm the laun
h of a potentially threatening ro
ket, leaving slightly lessthan 3 minutes to de
ide whether it is an atta
king ICBM and if so, to �re an inter
eptorand disable or destroy the ICBM. The inter
eptor must give its kill vehi
le a velo
ity thatwill 
arry it suÆ
iently 
lose to the expe
ted inter
ept point, and the kill vehi
le must thenbe able to home on the missile and maneuver to 
ollide with it. The missile would bedestroyed or disabled by the kineti
 energy of the 
ollision. (The kineti
 energy released inthe 
ollision of an inter
eptor with an ICBM is greater than the 
hemi
al energy that 
ouldbe released by explosives 
arried by the inter
eptor.)While it delivers energy at the speed of light and is therefore not 
onstrained by 
youttime, the ABL has engagement range limitations 
aused by atmospheri
 e�e
ts and thedurability of the target. The 
hallenges are to preserve the fo
us of the high-energy beamon the target after propagation through the atmosphere and to maintain the beam on thetarget long enough to disable the missile. The time required varies greatly depending onthe stru
tural material used in the target missile.1.8 A Guide to the ReportPart A of the Report provides an overview of boost-phase missile defense and 
omparesit with other approa
hes to missile defense in the 
ontext of the anti
ipated threat. It�rst des
ribes the analyti
al approa
h and key assumptions made in our analysis of boost-phase inter
ept systems that would use terrestrial-based or spa
e-based inter
eptor ro
ketsemploying the kineti
 energy of a 
ollision to disable or destroy the target missile. It thendes
ribes the analyti
al approa
h and key assumptions made in our analysis of potentialutility of the Airborne Laser for boost-phase inter
ept of ICBMs. Part A analyzes theperforman
e ea
h of these three types of systems would require to defend the United Statesagainst missiles laun
hed from three geographi
al lo
ales and ends with a dis
ussion ofpossible 
ountermeasures to these approa
hes to boost-phase missile defense.Chapters 2 and 3 frame the boost-phase defense problem in relation to alternative ap-proa
hes to missile defense and des
ribe the rationale for the missile models used in theStudy. Chapters 4 and 5 analyze the basi
 requirements for engaging a missile in time todefend the United States and then examine the relationship between target missile 
hara
-teristi
s, inter
eptor performan
e, and allowable basing areas for surfa
e-based inter
eptors.Chapter 4 des
ribes the engagement assumptions and analyti
al methods we adopted anddevelops the approa
h we used to simulate engagements. Chapter 5 uses these results to de-termine where the di�erent inter
eptors would have to be based to defend the United Statesagainst ICBMs laun
hed from North Korea, Iran, or Iraq.3 This 
hapter also dis
usseswhether it is possible to avoid 
ausing possibly live munitions to strike other 
ountries.In Chapter 6, the methods developed and some of the previous results are applied toanalyze the feasibility of a global missile defense system employing spa
e-based boost-phaseinter
eptors. Here, the methodology previously used in analyzing terrestrial-based inter
ept3As explained in the Exe
utive Summary, although Iraq is not 
onsidered likely to pose an ICBM threatto the United States in the foreseeable future, the Study Group has retained the analysis of defense againstICBMs from Iraq to illustrate the requirements for defending against a 
ountry that is intermediate in sizebetween North Korea and Iran.



S6 Introdu
tion to the Reportsystems is applied to analyze the required performan
e and size of a system of spa
e-basedinter
eptors intended to defend the United States against ICBMs. This analysis showshow the total mass that must be laun
hed into orbit depends on the number and size ofinter
eptors required for 
overage, whi
h in turn depends on the burn time of the atta
kingmissiles, the 
yout 
apability of the inter
eptors, and the mass of the kill vehi
le.In these analyses, we assumed that if the kill vehi
le 
ould rea
h the target missile intime, the inter
ept attempt would su

eed, deferring to Part B of the Report the questionof the 
apabilities the kill vehi
le would require to home on the inter
eptor and hit it,and resulting size and mass of the kill vehi
le. This \best 
ase" approa
h allowed us todetermine the minimum requirements for inter
epting di�erent types of missiles and toestablish the tra
king geometri
 and measurement un
ertainties and geographi
 
onstraintson engagements, in
luding possible inter
eptor basing lo
ations for spe
i�
 s
enarios.Chapter 7 introdu
es the methodology for analyzing boost-phase engagements of liquid-and solid-propellant ICBMs by the ABL. The performan
e parameters and their relation-ship to the engagement are dis
ussed. Chapter 8 analyzes the missile-defense 
apabilities ofthe ABL in a
tual geographi
al s
enarios 
omparable with the approa
h used for surfa
e-based inter
epts in Chapter 5.Part A 
on
ludes with Chapter 9, a dis
ussion of 
ountermeasures to boost-phase inter-
ept likely to be en
ountered by kineti
-kill inter
ept systems and the ABL.Part B addresses what it would take for a kineti
-kill boost-phase defense|regardless ofits basing mode|to a
quire, tra
k, hit, and destroy a target missile. Chapters 10 through 14summarize the sensor and kill-vehi
le 
yout and homing performan
e that would be requiredfor terrestrial- and spa
e-based inter
eptors to have a high probability of hitting an ICBMduring its boost phase. Chapter 10 analyzes the potential performan
e of missile a
quisitionand tra
king sensors. We estimated the un
ertainties in determining the traje
tory of anatta
king ICBM 
aused by tra
king system limitations and variations in the traje
tory ofthe ICBM|both intended and unintended|when the kill vehi
le relies on data from o�-board and on-board sensors to maneuver to hit the target. We then analyzed the kill-vehi
leperforman
e|in
luding divert velo
ity, a

eleration, and guidan
e-and-
ontrol system re-sponse time|that would be required to hit a maneuvering ICBM. The issues asso
iatedwith 
on�dently disabling an ICBM are examined in Chapter 13. Based on these results,we were able to estimate the mass of a kill vehi
le with the required performan
e. The massof the kill vehi
le ultimately determines the total mass of any hit-to-kill inter
eptor system.In Part C, we des
ribe our modeling of illustrative threat missiles in Chapter 15 andinter
eptors to defend against them in Chapter 16. These models were used in the analysespresented throughout the Report.Part D of the Report explores the physi
s and te
hnology requirements for su

essfullyutilizing the ABL to disable ICBMs during their boost phase. The analysis of the ABLdes
ribed there relies on some of the assumptions and portions of the analysis in Part A.Part D analyzes propagation of high-power laser beams through the atmosphere, laser-targeting issues, and the e�e
tive range of the ABL when used against various types ofICBMs, assuming that the planned performan
e of the ABL is a
hieved. An overview tothe analysis of the ABL for boost-phase defense is presented in Chapter 17. Chapter 18des
ribes the operation of the laser itself, and Chapter 19 dis
usses the propagation ofthe laser beam through the atmosphere. The fa
tors involved in disabling a missile usingthe ABL are des
ribed in Chapter 20, and ABL engagements are dis
ussed in Chapter 21.Deployment issues are des
ribed in Chapters 22.Appendi
es provide supporting information on the 
ategories and 
hara
teristi
s of bal-
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 missiles, how the missile and inter
eptor traje
tories used in the Study were 
omputed,the tra
king of missiles during boost-phase engagements, and the propagation of the ABL'sbeam through the atmosphere. Glossaries of a
ronyms and te
hni
al terms are provided atthe end of the Report.Referen
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Chapter 2Overview of the Analysis of Boost-Phase Inter
eptSystemsContents2.1 Boost-Phase Inter
ept Compared to Alternative Approa
hes S112.1.1 Boost-phase defense using hit-to-kill inter
eptors . . . . . . . . S122.1.2 Boost-phase defense using the Airborne Laser . . . . . . . . . . S132.1.3 Criteria for su

ess . . . . . . . . . . . . . . . . . . . . . . . . . S132.2 Overview of the Analysis of Hit-to-Kill Systems . . . . . . S132.2.1 Walk-through of a hit-to-kill boost-phase engagement . . . . . S132.2.2 Analyti
al pro
ess: Hit-to-kill systems . . . . . . . . . . . . . . S162.3 Overview of the Analysis of the Airborne Laser . . . . . . S212.3.1 Walk-through of an Airborne Laser boost-phase engagement . S212.3.2 Analyti
al pro
ess: Airborne Laser defense . . . . . . . . . . . S212.4 Key Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S222.4.1 Hit-to-kill engagement timeline . . . . . . . . . . . . . . . . . . S222.4.2 Airborne Laser energy delivery . . . . . . . . . . . . . . . . . . S242.4.3 Shortfall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S242.4.4 Disabling the booster or the warhead . . . . . . . . . . . . . . S242.4.5 Countermeasures . . . . . . . . . . . . . . . . . . . . . . . . . S252.5 Summary of Assumptions . . . . . . . . . . . . . . . . . . . . S25This 
hapter provides an overview of the boost-phase inter
ept problem and outlines themethods that the Study Group employed to analyze boost-phase inter
ept systems. This
hapter also summarizes the assumptions made by the Study Group in its analysis, tofa
ilitate 
omparisons with other studies that might arrive at di�erent 
on
lusions basedupon di�erent assumptions.2.1 Boost-Phase Inter
ept Compared to Alternative Approa
hesAn ICBM is a multi-stage ro
ket having a payload that in
ludes the missile's weapons andmay also in
lude devi
es intended to help the weapons penetrate any defenses. The weaponsmay 
onsist of one or more nu
lear warheads or dozens of submunitions (\bomblets") �lledS11



S12 Chapter 2. Overview of the Analysis of Boost-Phase Inter
ept Systemswith 
hemi
al or biologi
al warfare agents. The ICBM a

elerates its munitions until theyare moving in the proper dire
tion with the speed required to rea
h the target. The totalduration of an ICBM's boost phase is typi
ally 3 or 4 minutes.When the �nal stage of a full-range ICBM shuts down or burns out, its altitude istypi
ally 150 to 200 km. At this altitude the missile is well outside the atmosphere, andaerodynami
 for
es are negligible. If it has only a single warhead, the warhead is usuallydeployed when the �nal stage shuts down or burns out, but it 
ould be deployed before themissile's boost phase ends. If the ICBM 
arries multiple warheads, these 
ould be deployedwhen the �nal stage shuts down or burns out, or by a post-boost vehi
le that separatesfrom the �nal stage and then maneuvers using small, on-board thrusters. Single or multiplewarheads or munitions 
ould also be deployed while the �nal stage is still in powered 
ight.1From the time an ICBM's munitions are deployed until they re-enter the atmosphere,the only for
e a
ting on them is gravity, and thus they travel through spa
e on ballisti
traje
tories. During this so-
alled mid
ourse phase, whi
h typi
ally lasts about 25 minutes,they 
an be tra
ked and their future positions predi
ted a

urately. The terminal phase oftheir 
ight begins when the munitions re-enter the atmosphere at an altitude of roughly100 km. The terminal phase lasts only a minute or two.Ea
h of the three phases of missile 
ight|boost, mid
ourse, and terminal|is best ad-dressed by di�erent types of missile defense systems, ea
h of whi
h has advantages and dis-advantages. In re
ent years the fo
us of the U.S. program has been on mid
ourse inter
ept.The major advantages of mid
ourse inter
ept are that the mid
ourse lasts a relatively longtime, and the mid
ourse traje
tory of the warhead or other munitions 
an be determinedand predi
ted a

urately. In addition, the long time available to mid
ourse inter
eptors toengage their targets allows them to 
y long distan
es. Consequently mid
ourse inter
eptorssited at just a few lo
ations 
ould defend the entire nation. However, mid
ourse-inter
eptsystems fa
e several serious 
hallenges. An atta
king missile 
ould deploy dozens of sep-arate submunitions 
arrying 
hemi
al or biologi
al weapons 
apable of surviving re-entry,whi
h would overwhelm the defense. An atta
king missile 
ould also deploy de
oys andother 
ountermeasures to 
onfound the defense.Inter
epting warheads or other munitions during the terminal phase of their 
ight hasthe advantage that aerodynami
 for
es qui
kly separate light de
oys from heavy munitions.A terminal defense system 
ould defend a very small area against munitions laun
hed fromanywhere in the world, but every defended area would require its own system of radars andinter
eptors. And, as with mid
ourse inter
ept, deployment of multiple warheads by the at-ta
king missile would 
ompli
ate the task of the defense, while deployment of submunitionswould require an una

eptably large number of inter
eptors.The major attra
tion of boost-phase inter
ept is that it 
ould in prin
iple avoid theproblems posed by multiple warheads, submunitions, and de
oys by inter
epting the missilebefore it deploys them. In 
ontrast to a terminal defense, a boost-phase defense 
oulddefend the entire United States against atta
k from ea
h missile laun
h area 
overed by thedefense.2.1.1 Boost-phase defense using hit-to-kill inter
eptorsBe
ause of the short time between dete
tion of the laun
h of a potentially threatening ro
ketand the end of its powered 
ight, the inter
eptors of a hit-to-kill boost-phase defense sys-1The warheads of one of the earliest U.S. long-range missiles, the Polaris A3, were deployed duringpowered 
ight.



2.2. Overview of the Analysis of Hit-to-Kill Systems S13tem would have to be based 
lose to the powered 
ight portion of the missile's traje
tory.Consequently, unless they were spa
e-based, inter
eptor ro
kets 
ould inter
ept only thosemissiles laun
hed from relatively small 
ountries that border international waters or haveneighbors willing to host inter
eptor bases. Some view this requirement as a signi�
ant ad-vantage of systems that use terrestrial-based inter
eptors, be
ause these would not threatenthe land-based nu
lear missile for
es of Russia and China. On the other hand, su
h systems
ould not defend against a

idental or unauthorized laun
hes of Russian or Chinese ICBMs.2.1.2 Boost-phase defense using the Airborne LaserThe Airborne Laser was originally designed for defense against theater ballisti
 missiles, butit is now being 
onsidered for use in defense against ICBMs. Be
ause it delivers its energyat the speed of light, the short time available to inter
ept a missile during its boost phase|whi
h is a serious 
hallenge for ro
ket inter
eptors|is not an issue. Instead, the 
hallengeis to deliver suÆ
ient energy to disable the missile. Whether this is possible depends onthe laser's performan
e and the ability of the beam to propagate through the atmosphere.The ABL's ability to �re at a missile soon after it has been laun
hed provides options fordefense not available to hit-to-kill systems. However, the relatively modest range of theABL limits its e�e
tiveness against ICBMs.2.1.3 Criteria for su

essThe primary 
riterion for su

ess of a boost-phase inter
ept system is whether it 
an preventlive munitions from falling on the area to be defended. A se
ond 
riterion, whether thedefense 
an avoid 
ausing live munitions to strike other areas of the United States or onU.S. friends and neighbors, may also be important. Thus, the 
riteria for su

ess dependon what areas the system is supposed to defend. We 
onsidered four possible obje
tives fora U.S. boost-phase defense system, and the performan
e required to a
hieve ea
h obje
tive:� Defense of all 50 states.� Defense of the 
ontiguous 48 states.� Defense of major 
ities within the 
ontiguous 48 states.� Defense of Hawaii.We turn now to a des
ription of the analyti
al pro
ess we used to evaluate both hit-to-killsystems and the ABL for boost-phase inter
ept of ICBMs.2.2 Overview of the Analysis of Hit-to-Kill SystemsWe des
ribe here the elements of a hit-to-kill boost-phase defense system and the methodsby whi
h we analyzed its essential elements. To provide a 
ontext for the des
ription, westart with a walk-through of a hit-to-kill boost-phase engagement.2.2.1 Walk-through of a hit-to-kill boost-phase engagementThe elements of a boost-phase inter
ept system 
an be des
ribed by 
onsidering a hypo-theti
al engagement by a defense system that utilizes hit-to-kill inter
eptor ro
kets. In the
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ept Systemsfollowing a

ount, a single inter
eptor hits a single target missile. In reality, an atta
kerwould probably laun
h several missiles at on
e. To in
rease the 
han
e of su

ess, thedefense would probably �re two or more inter
eptors at ea
h missile.Standby mode The boost-phase defense system would normally be in a standby mode inwhi
h the system is \
o
ked", but the inter
eptor is not \aimed". Earth would be under
ontinual surveillan
e by infrared sensors on early-warning satellites. These sensors would
ontinuously sear
h for a bright spot that might indi
ate the exhaust plume of a large ro
ketrising through the upper atmosphere.Dete
tion of a ro
ket laun
h Current spa
e-based missile-warning sensors monitor Earthin spe
i�
 infrared wavelength bands, where infrared radiation is strongly absorbed by watervapor in the atmosphere. This absorption prevents the sensors from \seeing" the heat of�res on land, glints of sunlight o� o
ean waves, and sunlight that is re
e
ted from most 
loudtops. Consequently, 
urrent early warning satellites usually do not dete
t the radiation fromthe exhaust of a ro
ket rising through the atmosphere until it has rea
hed an altitude ofabout 10 km. Future spa
e-based early-warning sensors may monitor Earth in wavebandswhere they 
ould see to the ground on a 
lear day. However, the 
loud 
over over mid-latitude laun
h sites is suÆ
iently frequent and heavy that su
h sensors would not see theexhaust of a large ro
ket with high probability until it had rea
hed an altitude of about 7 km.Liquid-propellant ICBMs attain this altitude about 40 to 50 s after laun
h; solid-propellantICBMs, whi
h rise more qui
kly, attain this altitude about 30 s after laun
h.A bright spot is not ne
essarily the signature of a missile; it might, for instan
e, 
omefrom the afterburner of a jet airplane. The unique signature of a ro
ket is its high speed.By analyzing for about 15 to 20 s the data on the motion of the bright spot that 
ould beprovided by a modern spa
e-based infrared missile-tra
king system, the existen
e of a largero
ket in powered 
ight 
ould be 
on�rmed and the ro
ket's dire
tion of motion 
ould beroughly estimated. However, in some situations it would not be possible to determine fromthe tra
king data before an inter
eptor would have to be �red whether the ro
ket indi
atedby the bright spot was an inno
uous spa
e laun
h or was instead an atta
king missile.Deadline for the inter
ept The last moment for inter
epting an ICBM aimed at theUnited States during its boost phase depends on the 
hara
teristi
s of the ICBM, its target,and its traje
tory. Inter
eptors must be based 
lose enough to the missile's expe
ted 
ightpath to rea
h the missile before its munitions have suÆ
ient velo
ity to rea
h the areato be defended, regardless of the traje
tory the missile follows. The possible lo
ationsfor inter
eptor bases are determined by this 
onstraint, the known performan
e of theinter
eptors, and the earliest time after the missile has been laun
hed that an inter
eptor
ould 
on�dently be �red.From the moment the signature of a potentially threatening ro
ket was dete
ted, datafrom spa
e-based sensors and possibly from ground- or air-based radars would be a

umu-lated. The ro
ket's traje
tory up to its 
urrent position and velo
ity would be repeatedlyupdated with in
reasing re�nement as new data were re
eived. Before inter
eptors 
ouldbe �red, suÆ
ient tra
king information would have to be 
olle
ted to 
onstru
t a �ringsolution.A �ring solution tells the inter
eptor how to 
y from its base to rea
h the potentiallythreatening ro
ket at the desired time by estimating the future behavior of the ro
ket during
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ight and the un
ertainty in this estimate. The inter
eptormust be �red at a time and in a dire
tion that will permit it to rea
h the target ro
ket nomatter what path the ro
ket follows. For a large ro
ket, the earliest a �ring solution maybe available is 15 to 20 s after the ro
ket has been dete
ted.Firing the inter
eptor Firing an inter
eptor the instant a �ring solution is obtained is thefastest response possible. In most situations, inter
eptors are unlikely to be �red until thesituation has been assessed for some additional time, whi
h we refer to as the de
ision time.As the required de
ision time in
reases, the possible inter
eptor basing lo
ations rapidlyde
rease, but the defensive system's knowledge of the nature of the threat improves. Indetermining possible inter
eptor basing lo
ations for a given boost-phase defense system, we
onsidered the limiting 
ase of �ring inter
eptors with zero de
ision time and, alternatively,�ring them with a de
ision time of 30 s. From the results for zero and 30-s de
ision times,we were able to estimate the de
ision time that would a
tually be available in variousgeographi
al s
enarios.Inter
eptor boost The inter
eptor is a multi-stage ro
ket that �rst a

elerates and thendeploys its kill vehi
le, whi
h 
ies onward to inter
ept the target ro
ket. As the inter
eptor
ies out toward the predi
ted inter
ept point, it is guided by its inertial guidan
e systemand possibly also by an on-board Global Positioning System (GPS) re
eiver. In addition, itre
eives regular updates from remote sensors that tra
k its position and that of the targetro
ket. Using these updates, the inter
eptor 
ontinually revises the predi
ted inter
eptpoint, taking into a

ount the 
hanges in the traje
tory of the target missile, and adjustsits 
ourse a

ordingly, until its �nal stage burns out.Flight of the kill vehi
le The kill vehi
le is a small, highly maneuverable ro
ket-propelledstage that would have a sophisti
ated guidan
e system and sensors that would enable itto home on a target ro
ket. The sensors might in
lude infrared and ultraviolet dete
tors,whi
h would dete
t and tra
k radiation from the target's plume, and LIDAR, a radar-likesystem that would employ a laser beam to enable the kill vehi
le to home on the body ofthe target ro
ket. At the altitude at whi
h surfa
e-based boost-phase inter
eptors typi
allyburn out, the atmosphere is still too dense for a kill vehi
le to begin operating. As they
oast upward, the inter
eptor and its kill vehi
le would 
ontinue to re
eive updates fromremote sensors on the position of the target, in
luding 
hanges in its traje
tory. However,the kill vehi
le 
annot adjust its traje
tory until it has rea
hed a suÆ
iently high altitude(typi
ally 80 to 100 km) to begin to operate autonomously. At this point, it would separatefrom the �nal stage of the inter
eptor and begin maneuvering to try to 
ollide with thetarget ro
ket.The kill vehi
le would use the information provided by its homing sensors to re�ne itsestimate of the position of the target ro
ket and determine what maneuvers would be neededto inter
ept it. By the time it has 
losed to within several hundred kilometers of the targetro
ket, the kill vehi
le must dete
t the ro
ket's body (as distinguished from its mu
h largerplume) and begin to home on it. A missile in powered 
ight is not easy to hit be
ause itsa

eleration 
hanges abruptly as ea
h stage burns out and the next ignites. Furthermore, thea

eleration and velo
ity of a missile 
an vary greatly as it performs traje
tory-shaping orenergy-management maneuvers. A missile 
an also maneuver as a 
ountermeasure, 
hangingits a

eleration in the �nal se
onds before 
ollision would have o

urred. To assure a high
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ept Systemsprobability of su

ess, the kill vehi
le must be able to a

elerate at 15 g or more in the �nalmoments. The required performan
e of the kill vehi
le determines its size and mass, whi
hin turn determines the size and total mass of the entire inter
eptor.2.2.2 Analyti
al pro
ess: Hit-to-kill systemsTo gain insights into the dynami
 relationships involved in hit-to-kill boost-phase engage-ments and their impli
ations for system requirements, we 
ondu
ted an end-to-end analysisof representative engagements, from the laun
h of a threatening ICBM until the kill vehi
leeither hit the ICBM or missed it. The analysis began with the sele
tion of illustrative s
e-narios based on re
ent National Intelligen
e Estimates (see Chapter 3), namely, the laun
hof an ICBM from one of the three 
ountries 
onsidered: either North Korea, Iraq, or Iran.From these s
enarios, we derived top-level assumptions about the obje
tives and ta
ti
s ofo�ense and defense to the extent they would in
uen
e the engagements. These are dis
ussedlater in this 
hapter.Using the illustrative s
enarios and related assumptions, we developed a global geograph-i
al pi
ture that re
e
ted possible ICBM laun
h areas and the lo
ations of their potentialtargets. Next, we established the ranges and �ring azimuths asso
iated with ballisti
 mis-sile threats for ea
h s
enario. Figure 2.1 illustrates possible traje
tories from North Koreaand the Middle East to 
ities in the United States. In both 
ases, the laun
h azimuths oftraje
tories to major U.S. 
ities span about 40 degrees of ar
.Modeling of representative threat missiles Representative missiles with ranges greatenough to rea
h the United States and similar to those that might be deployed in the fu-ture by 
ountries of 
on
ern were modeled and their 
ight simulated in suÆ
ient detailto establish realisti
 spatial and temporal traje
tory 
hara
teristi
s under varying 
ondi-tions during their boost phases and ballisti
 
ight. The rationale for the sele
tion andmodeling of these missiles is dis
ussed in detail in Chapters 3 and 15. The target missilesthat were modeled have the 
hara
teristi
s that missiles based on 30- or 40-year-old te
h-nology would have. We in
luded missiles utilizing liquid propellants, whi
h are likely tobe used in the �rst long-range missiles deployed by the 
ountries of 
on
ern. Be
ause itwould take approximately 10 years to deploy boost-phase inter
ept systems, and the U.S.intelligen
e 
ommunity has 
on
luded that North Korea and Iran 
ould develop or a
quiresolid-propellant ICBMs within the next 10 to 15 years, we also in
luded solid-propellantmissiles. Most of our analysis 
onsidered defense against long-range missiles, but we alsomodeled short-range ballisti
 missiles, whi
h have also been judged to be a potential threatto the United States if laun
hed from an o�-shore ship.Synthesis of preliminary defense ar
hite
tures With these models of notional threatmissiles in hand, we synthesized several preliminary 
on
eptual ar
hite
tures of boost-phasedefense systems utilizing terrestrial-based inter
eptors. A similar approa
h was used toformulate the spa
e-based ar
hite
tures studied in Chapter 6. The system ar
hite
tureswe studied generally re
e
t 
on
epts that have been proposed by advo
ates of boost-phaseinter
ept. In analyzing the performan
e of these systems, we assumed they would havea
quisition and tra
king sensors similar to those known to exist or that are in the pro
essof being developed.We 
reated 
omputer models of inter
eptors having a variety of speeds and sizes toinvestigate di�erent s
enarios. These ranged in size from an inter
eptor judged to be have
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Figure 2.1. Great 
ir
les from North Korea (top) and Iraq or Iran (bottom) to Boston,Washington, D.C., Dallas, San Fran
is
o, Fairbanks, and Honolulu.
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ept Systemsthe highest performan
e that 
ould be deployed in an existing ship-based laun
hing systemor in an air-based laun
her, to one larger than an ICBM with a 
yout velo
ity of 10 km/s,greater than the velo
ity required to a
hieve orbit (see Chapter 16). The 10-km/s inter
eptorwas in
luded to explore the upper bound on the feasible performan
e of boost-phase systemsusing inter
eptors.In addition to these inter
eptors, we 
onsidered an inter
eptor similar to the U.S. Navy'sexisting Standard Missile 2 as a possible 
ounter to medium- or short-range ballisti
 missileslaun
hed from ships or other platforms o� U.S. 
oasts.Using these threat obje
tives, traje
tories, and �rst-order physi
al 
onstraints on sen-sors, su
h as radar horizons and 
loud 
over, we studied the kinemati
 requirements for aninter
eptor to engage the notional threat missiles at various times during their boost phase.To establish when an inter
ept should o

ur during the boost traje
tory of the threat mis-sile, the impa
t range as a fun
tion of 
uto� time was determined for ea
h of the threattraje
tories modeled. The earliest and latest desired inter
ept times were determined forea
h s
enario and threat missile, based on assumptions about areas to be defended andareas where munitions and debris from the inter
epted missile should not fall (Chapter 5).From this preliminary analysis, we were able to 
hoose a range of inter
eptor 
yout
apabilities based on our initial estimates of the performan
e required to meet the geo-graphi
al 
onstraints of ea
h s
enario, as well as the performan
e requirements that havebeen suggested by advo
ates of spe
i�
 boost-phase inter
ept 
on
epts. We then 
onsidereda variety of engagement s
enarios for the target missiles and inter
eptors laun
hed from ge-ographi
ally reasonable laun
h sites that re
e
ted the ranges and viewing 
apabilities of thedete
tion and tra
king sensors. The outputs of this initial analysis were (1) nominal time-lines for engaging the various threats, (2) engagement geometry variations, and (3) expe
ted
losing velo
ities. This analysis is dis
ussed in Chapter 4.Up to this point the engagement analysis assumed a perfe
t endgame|the kill vehi
lehad suÆ
ient sensor and maneuver 
apability to a
hieve an inter
ept when pla
ed on aballisti
 path to the predi
ted inter
ept point. It also initially assumed that perfe
t threata
quisition and tra
king sensors would a
quire the threat after physi
al viewing 
onstraints,su
h as those imposed by radar horizons and 
loud 
over, were met. The inter
eptors weregiven a nominal kill vehi
le size and mass at this point to allow a 
hara
teristi
 area fordrag 
al
ulations to be established for simulating realisti
 
onstraints on inter
eptor 
youttraje
tories. The inter
eptor performan
e 
apabilities were later adjusted if ne
essary as theengagement analysis pro
eeded. The inter
eptor sizes were also adjusted later to re
e
t theresults of the kill vehi
le analysis summarized in the next se
tion and detailed in Chapter 12.Using the results of this initial investigation as input, we divided the further analysisinto three parallel tra
ks to estimate the basi
 requirements for ea
h element of the system:1. The o�-board sensor performan
e required for a
quisition and tra
king.2. The inter
eptor rea
h and basing required to meet the geographi
 
onstraints imposedby ea
h s
enario.3. The on-board sensor, guidan
e, 
ontrol, and maneuver 
apability required for the killvehi
le to deal with tra
king and threat un
ertainties and su

essfully inter
ept thetarget.A
quisition and tra
king analysis The speed with whi
h missiles 
an be identi�ed andthe pre
ision with whi
h they 
an be tra
ked are 
riti
al to the e�e
tiveness of any boost-
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ept system. Thus, dete
ting and tra
king sensors play essential roles at everystage of the inter
ept. The a
quisition and tra
king analysis, therefore, provided key inputsfor the other two parts of the analysis. From the initial analysis, we 
ould model theevolution of the engagement geometry in time, and knowing this, we 
ould evaluate thesystemati
 and random measurement un
ertainties expe
ted from representative sensors.We determined the minimum inter
eptor �ring time that is required for the geographi
analysis by examining dete
tion thresholds for the notional spa
e-based infrared sensorsand the minimum time needed to establish an a

eptable tra
k for ea
h ICBM type.Based on initial estimates of the engagement geometry and postulated sensor 
hara
ter-isti
s for ea
h s
enario, we made estimates of a number of key parameters, in
luding tra
kingpre
ision and un
ertainties for threat state-ve
tors.2 The resulting measurement un
ertain-ties for the traje
tory were then used in the third portion of the analysis|examining thekill vehi
le mid
ourse and endgame requirements, whi
h depend on the 
ombined e�e
ts ofmeasurement un
ertainties and a
tual threat traje
tory variations.Constant surveillan
e of all potential laun
h areas is essential for dete
ting the laun
has early as possible. We 
onsidered two types of surveillan
e sensors for dete
ting missilelaun
hes: short-wavelength infrared sensors based high in spa
e and on air
raft, and radarsbased on the ground and on air
raft. We analyzed the 
apabilities of 
urrent and possiblefuture spa
e-based sensors for dete
ting and tra
king ICBM exhaust plumes (Chapter 10).We also 
onsidered the missile-tra
king 
apabilities of a variety of land-based, ship-based,and airborne radars and analyzed the likely near-term performan
e of passive infrared anda
tive LIDAR seekers on the kill vehi
le. For the ranges likely to be required for boost-phase inter
eptors to defend the United States against long-range missiles, we 
on
ludedthat spa
e-based sensors are the only viable option for dete
ting the laun
h qui
kly; thehorizon would blo
k the view of the other three sensor options until too late in the threatmissile's 
ight.The existing DSP (Defense Support Program) surveillan
e system was examined. How-ever, the low s
an rate, on
e every 10 se
onds, dis
ourages its use in a boost-phase inter
eptsystem. A repla
ement for DSP is planned, the SBIRS-High system. Be
ause the proper-ties of SBIRS-High are not in the publi
 domain, we 
onstru
ted a notional spa
e-basedsensor system based on te
hnology that is 
urrently available or that seems plausible fordeployment within a few years. The analysis is based on this system, whi
h was found toprovide about the same a

ura
y as a radar on
e the threat was above the horizon.A 
riti
al part of the tra
king problem is the �nal stage of the engagement when thekill vehi
le has separated from its booster. In addition to the tra
king data provided byo�-board sensors, the 
apabilities of the kill vehi
le's own sensors, whi
h may in
lude in-frared dete
tors, opti
al-imaging systems, and LIDAR-ranging systems, are important inanalyzing the kill-vehi
le guidan
e and 
ontrol problem. Several possible kill-vehi
le homingsensors were 
onsidered (Chapter 10) and their 
apabilities used in analyzing kill-vehi
leperforman
e requirements (Chapter 12).Geographi
 analysis for these s
enarios We used the results of our analysis of engage-ments (Chapter 4) to examine the geographi
al 
onstraints in our illustrative s
enarios.Engagements of ICBMs laun
hed from North Korea, Iraq, and Iran were analyzed to de-termine the geographi
al areas within whi
h inter
eptors would have to be based to disablea missile before it 
ould give its munitions suÆ
ient speed to rea
h the United States. We2The state is spe
i�ed by the ve
tor 
omponents of the missile's position, velo
ity, and a

eleration.
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ept Systems
onsidered potential ICBM laun
h sites and examined the e�e
ts of spe
i�
 geographi
 
on-straints on the feasibility of using ea
h of the model inter
eptors in ea
h s
enario. As partof this analysis, we examined the e�e
ts of key assumptions, su
h as the time delay before�ring the inter
eptor, areas to be defended, and inter
ept debris impa
t 
onstraints. Wealso varied these key assumptions to explore the sensitivity of our results to 
hanges in ourbaseline assumptions about all phases of the engagement and to assist in understandingthe e�e
ts of potential 
ountermeasures. Chapter 5 derives and summarizes the 
on
lusionsof the Study 
on
erning the feasibility of boost-phase inter
ept utilizing terrestrial-basedinter
eptors.Kill-vehi
le requirements for boost-phase engagements The kill-vehi
le analysis exam-ined what would be required of the kill vehi
le to handle the two primary un
ertainties:measurement errors from the o�-board and on-board sensors and unexpe
ted variations inthe traje
tory of the target missile. Together, these un
ertainties establish the maneuver-ability the kill vehi
le would require during the divert and endgame phases of an engagementto inter
ept the target missile. The key parameters are the kill vehi
le's velo
ity 
hange
apability, a

eleration, and response time.Estimates of 
losing geometries and velo
ities derived from the engagement analysisprovided the initial 
onditions for the kill-vehi
le performan
e analysis. This part of theStudy explored parametri
ally the relationship between the velo
ity 
hange and a

eleration
apabilities of the kill vehi
le and the resulting miss distan
e, for di�erent guidan
e s
hemes.We analyzed the performan
e requirements for the kill vehi
le and the o�-board and on-board sensors by �rst modeling the errors expe
ted in tra
king large ro
kets using spa
e-based infrared sensors, surfa
e- and air-based radars, and passive infrared and a
tive LIDARsensors on the kill vehi
le, based on the analyses of these sensors (Chapter 10). Using theseerror models, we numeri
ally simulated a variety of engagements to explore the dependen
eof the required total kill-vehi
le velo
ity 
hange on the pre
ision of the o�-board missile-tra
king sensors, and the dependen
e of the miss distan
e (relative to the aim point) onthe pre
ision of the on-board homing sensors, the 
losing velo
ity, and the kill vehi
le'sagility. The model of the kill vehi
le in
orporated the guidan
e algorithm, the laten
y inthe kill vehi
le's information about the target missile, the delay in its dynami
al response tothe a

elerations 
ommanded by the guidan
e system, and its maximum a

eleration. Westudied the e�e
ts of typi
al traje
tory-shaping and evasive maneuvers by the target missile.Performan
e requirements for the o�-board sensors and the kill vehi
le were estimated byrequiring the miss distan
e to be small enough to ensure a 
ollision of the kill vehi
le withthe ro
ket body. This analysis is des
ribed in Chapter 12 and Appendix C.Size of the kill vehi
le The size of the kill vehi
le is driven by two sets of parameters:�rst by the total velo
ity 
hange 
apability required during the homing phase and the a

el-eration required during the endgame, and se
ond by the te
hnology that 
an be 
on�dentlybrought to bear in the on-board sensors and avioni
s. We determined the size of the killvehi
le that would be required by utilizing our analysis of kill-vehi
le performan
e require-ments (Chapter 12), estimating the mass of ea
h required 
omponent, and 
ombining them.This analysis is des
ribed in Chapter 14.



2.3. Overview of the Analysis of the Airborne Laser S212.3 Overview of the Analysis of the Airborne LaserThe Airborne Laser is a dire
ted-energy weapon that delivers its energy at the speed of light.In analyzing the possibilities for boost-phase defense against ICBMs using the ABL, we usedmany of the same elements employed in the analysis of hit-to-kill inter
eptors, in
luding thesuite of model ICBMs and the times by whi
h their a

eleration would have to be terminatedto prote
t the United States. However, the 
ru
ial issue of whether an inter
eptor 
ouldrea
h the missile within the required time is not relevant to an ABL defense. Instead, thekey issue is whether the ABL 
an deliver enough energy to the target missile to disableit. A target ICBM 
ould be engaged any time after it has risen suÆ
iently high in theatmosphere until the latest time to inter
ept. The su

ess of an ABL engagement dependson the power of the laser, the properties of the laser beam, the distan
e to the target, theenergy required to disable the target, and the ability of the ABL to fo
us its energy on thetarget for the required time in the presen
e of atmospheri
 
u
tuations. An overview of theanalysis of the ABL is presented in Chapter 17.2.3.1 Walk-through of an Airborne Laser boost-phase engagementThe s
enario for dete
ting a ro
ket's laun
h and establishing its traje
tory with suÆ
ienta

ura
y to support an ABL engagement is similar to that of a hit-to-kill engagement. Onedi�eren
e is that the ABL 
ould either a
quire this information itself or re
eive it fromexternal sour
es. The ABL's sensors may be able to a
quire tra
king information earlierthan the spa
e-based surveillan
e system, but doing so would not a�e
t the engagementtime, be
ause the ICBMs 
onsidered in the Study 
ould be engaged only when the missilehas risen to an altitude of at least 30 km.The ABL uses three lasers|the tra
king illuminator laser (TILL), the bea
on illumi-nator laser (BILL), and the high energy laser (HEL). On
e a missile is dete
ted, the TILLwould be dire
ted to the nose of the missile to establish a geometri
 referen
e point. Theimages produ
ed by the TILL and the BILL would be used for adaptive opti
s 
orre
tionsto the HEL beam. The HEL beam is fo
used onto the target and dwells on the designatedaim point for several se
onds, until the energy density (the energy per unit area or 
uen
e)that has been deposited on the missile body is great enough to 
ause stru
tural failure.2.3.2 Analyti
al pro
ess: Airborne Laser defenseAirborne Laser properties In analyzing the ABL, we adopted ABL performan
e 
hara
-teristi
s based on the best publi
ly available information. However, be
ause some of thete
hni
al spe
i�
ations of the ABL are 
lassi�ed, a number of important parameters wereunknown. These in
lude the laser's power and the amount of energy required to disable amissile. Consequently, we made what we 
onsider to be reasonable estimates and show thesensitivity of our results to 
hanges in these estimates. In 
ases of doubt, we adopted thebest-
ase s
enario. The properties of the ABL are des
ribed in Chapter 18.Airborne Laser engagement analysis As noted above, the performan
e of the ABL forboost-phase inter
ept of an ICBM would be insensitive to the time required to dete
t themissile and determine its dire
tion of 
ight. To analyze the possibilities for boost-phaseinter
ept by an ABL air
raft stationed at a given lo
ation, we 
omputed the range fromthe ABL to the missile at whi
h the ABL 
ould be e�e
tive against both liquid- and solid-propellant missiles. Basi
 issues related to ABL engagements are des
ribed in Chapter 7.
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ept SystemsAirborne Laser energy delivery Our assessment of energy delivery by the Airborne Laserrests on theoreti
al analyses of beam propagation through the atmosphere and of the per-forman
e of adaptive opti
s. These issues are 
losely 
oupled to the problem of tra
kingthe missile so that the laser beam 
ould fo
us 
ontinuously on one spot. As the missilegains altitude early in its 
ight, the density of the air through whi
h the beam must passde
reases, and atmospheri
 e�e
ts be
ome less important. As the distan
e to the missilein
reases, the energy delivery is limited by the fallo� of beam power density on the target.At large distan
es, the �nite propagation time must be taken into a

ount and 
an limitthe 
apability of the adaptive opti
s system. Beam propagation is analyzed in Chapter 19,the requirements for disabling the missile are des
ribed in Chapter 20, and the interplay ofmissile position and energy delivery is analyzed in Chapter 21.Airborne Laser engagements Analyzing a real ABL engagement involves �rst 
al
ulat-ing the energy density delivered to the target by the laser as the missile a

elerates alongits traje
tory. With this information, the maximum slant range from the ABL air
raft tothe target missile 
an be determined throughout the engagement. From the slant range,the distan
e on the ground between the ABL and the missile, whi
h is important for geo-graphi
al 
onsiderations, 
an be 
omputed. For the ABL performan
e we assume, the timethe ABL beam must dwell on an ICBM to disable it is estimated to vary between 5 and20 s, depending on the missile's type and the distan
e from the ABL to the missile. Thedwell time must be taken into a

ount, be
ause the target would move a signi�
ant distan
eduring the engagement.Geographi
 analysis of an ABL defense The area within whi
h the ABL must be 
yingthroughout the engagement is 
alled the ABL 
ying area and is analogous to the inter
eptorbasing area for a hit-to-kill engagement. Be
ause an ICBM 
ould be engaged any time afterit has risen to an altitude greater than 30 km and the laser's range would vary with thealtitude of the ICBM, the allowed 
ying areas would be oblong in shape even for a singleICBM traje
tory, in 
ontrast to the 
ir
ular shape of the allowed inter
eptor basing area of aro
ket inter
eptor for a single ICBM traje
tory. ABL 
ying areas for ICBMs laun
hed fromNorth Korea, Iraq, and Iran are displayed in Chapter 8. Based on these 
ying areas, thepossibilities for defending the United States against ICBMs laun
hed from these 
ountriesare des
ribed.2.4 Key Issues2.4.1 Hit-to-kill engagement timelineThe pressure of time is the overriding 
onsideration for any boost-phase inter
ept systemthat utilizes ro
ket inter
eptors. The time available for the inter
eptor to rea
h the targetis determined on the front end by how qui
kly a �ring solution 
an be generated. It isdetermined on the ba
k end by the latest time at whi
h the inter
eptor must hit the missileto ensure that its munitions 
annot strike any point in the defended area, no matter whi
hof its many potential traje
tories the missile follows.Based on our tra
king analysis, we 
on
luded that an adequate �ring solution for theinter
eptors 
ould be 
onstru
ted on
e the dire
tion of the velo
ity ve
tor of the targetro
ket is known to within 7 degrees, provided in-
ight updates were 
ontinued during theinter
eptor's boost phase. Using estimates of the possible 
apabilities of the next generation
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Figure 2.2. Top: Timelines for engaging liquid-propellant ICBMmodel L and solid-propellant ICBMmodel S1 when laun
hed from Iran against 
ities on the East Coast of the United States. Bottom:Maximum times available to 
omplete the inter
ept. All times are rounded to �ve se
onds.of missile warning and tra
king satellites, we 
al
ulated the time that would be needed afterthe infrared signal of a ro
ket had been dete
ted to determine that the signal indeed 
amefrom a large ro
ket that 
ould be a long-range missile, and to estimate the ro
ket's dire
tionof 
ight with this pre
ision, i.e., within 7 degrees. These times are 20 s for the liquid- and15 s for the solid-propellant missiles under 
onsideration. We took the sum of the dete
tiontime and the additional time needed to 
onstru
t a �ring solution as the earliest possibletime that an inter
eptor 
ould be �red. This time would be 65 s after the liquid-propellantICBM was laun
hed or 45 s after laun
h of either solid-propellant ICBM.In most 
ir
umstan
es the defense is likely to want additional time to assess the situationbefore �ring. (At the minimum �ring time, the defense might not be able to determinewhether the ro
ket that had been laun
hed was an ICBM, a spa
e laun
h, or a theaterballisti
 missile, or even whether it was a liquid- or a solid-propellant ro
ket, di�eren
esthat would strongly a�e
t the predi
ted inter
ept point.) To investigate the e�e
ts ofdelaying the de
ision to �re an inter
eptor, we also analyzed system performan
e for a 30-se
ond de
ision time that would, for example, allow the defense to see the burnout of the�rst boost stage of most solid ICBMs and would therefore help in typing the target missile.Within the available time, the inter
eptor would have to 
y toward the proje
ted in-ter
ept point and deploy the kill vehi
le, whi
h would then have to 
y onward toward theproje
ted inter
ept point, home on the body of the missile using its on-board sensors, andhit the missile. During its 
y out, the inter
eptor and then the kill vehi
le would have torespond to maneuvers of the target missile using data from o�- and on-board sensors. Fig-ure 2.2 shows the timelines for defending the United States against a notional liquid- and anotional solid-propellant ICBM laun
hed from Iran against 
ities on the East Coast of the



S24 Chapter 2. Overview of the Analysis of Boost-Phase Inter
ept SystemsUnited States. The entire East Coast is within range of the three model missiles, whi
h allhave ranges of 12,000 km, and, as dis
ussed in Chapter 5, is a likely target. Timelines areshown for both zero and a 30-se
ond de
ision time.2.4.2 Airborne Laser energy deliveryA key issue for the ABL is the energy per unit area that must be delivered to the targetICBM to 
ause stru
tural failure. The energy density required to disable a solid-propellantICBM is 
onsiderably greater than that required for a liquid-propellant ICBM, be
ause oftheir di�erent me
hani
al 
onstru
tion. A se
ond key issue is whether the ABL 
an deliversuÆ
ient power, fo
us it on the target, and maintain fo
us on the aim point long enoughto indu
e failure. The a
tual laser power the ABL 
an produ
e is 
lassi�ed, but we havemade a reasonable estimate of it. The ability of the ABL to fo
us the beam depends onhow 
lose the beam is to its di�ra
tion limit and the ability of the ABL to 
orre
t the beamfor distortions indu
ed by atmospheri
 inhomogeneities. We have estimated the dwell timethat is possible, whi
h is set by pra
ti
al 
onsiderations.We analyzed the sensitivity of our results to variations of these parameters and �nd ourresults to be robust.2.4.3 ShortfallWith respe
t to defending the United States, it makes no di�eren
e whether inter
ept merely
auses the target missile to lose propulsion or also disables its munitions: in neither 
ase willmunitions strike the United States. However, if the missile's munitions are not destroyed,the inter
ept would have to be 
arefully timed to avoid 
ausing potentially live munitionsto strike other nations. This problem is dis
ussed in Chapter 5. To avoid 
ausing munitionsto strike other 
ountries, inter
epts may have to be timed to o

ur with in a time windowas narrow as 10 to 20 s, and in some 
ases even less. It is un
lear whether this is possible,given the diÆ
ulty of predi
ting the exa
t future position of an ICBM as a fun
tion of timeduring its boost phase, even if the ICBM does not exe
ute any traje
tory-shaping or evasivemaneuvers.Giving the kill vehi
le the 
apability to 
hange its 
yout speed enough to delay or hastenan inter
ept would improve the ability of the defense to time an inter
ept but 
ould signif-i
antly in
rease the kill vehi
le's size, and thus the size of the entire inter
eptor. Withouta detailed analysis of the un
ertainties in generating a �ring solution and predi
ting thetarget missile's traje
tory, there is no way of determining whether there is a solution tothis problem. We are not aware of any systemati
 analysis of this problem in the publi
lyavailable literature.Boost-phase inter
ept using the ABL has the same problem, but for a di�erent reason.The dwell time of the laser on an ICBM that would be required to disable it is long|se
onds|and it is diÆ
ult to know exa
tly when during the dwell the missile would losethrust.2.4.4 Disabling the booster or the warheadAs explained above, having the ability to disable an atta
king missile's warheads or submu-nitions would be 
ru
ial if a goal of the boost-phase inter
ept system is to avoiding 
ausingpossibly live munitions to strike 
ountries other than the United States. Having the ability
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king missile's munitions would also be desirable if the boost-phase inter-
ept system is the �rst segment of a layered missile defense system, provided this 
an bedone in a way that de
reases the burden on the su

eeding layers of the system.It is mu
h more diÆ
ult for hit-to-kill inter
eptors to destroy a missile's warheads orsubmunitions than to disable its booster. La
king a

ess to any data on tests that mighthave been 
arried out on 
ollisions between kill vehi
les and missiles in spa
e at the high
losing speed|typi
ally 10 km/s|of an inter
ept, the Study Group was unable to analyzethe likelihood that su
h a 
ollision would destroy a missile's warheads or submunitions.However, a missile's warhead is mu
h more durable than its booster, to whi
h it is usually
oupled only loosely, and there is ample eviden
e from intentional and a

idental destru
tionof missiles during testing to support the view that the warheads will survive 
atastrophi
booster destru
tion. The Airborne Laser would have no ability to destroy warheads orsubmunitions.If 
ausing live warheads to strike other 
ountries is a 
on
ern, the defense has three
hoi
es: design the boost-phase inter
ept system to destroy the warhead with high 
on�-den
e, build a mid
ourse defense to inter
ept warheads and submunitions that would be
apable of handling the possibly unpredi
table nature of the debris 
loud produ
ed by aboost-phase inter
ept, or time the boost-phase inter
ept 
arefully so that the debris landsin the o
ean, a problem that is dis
ussed in Chapter 5.2.4.5 CountermeasuresAs with every defense system, 
ountermeasures to a boost-phase inter
ept system 
ould bedeveloped. In the 
ourse of its analysis, the Study Group identi�ed several sensitivities ofboost-phase inter
ept systems that 
ould potentially be exploited to degrade the e�e
tive-ness of su
h a defense. In addition, the Study Group identi�ed several 
ountermeasuresthat 
ould be adapted from existing te
hnologies and must be seriously 
onsidered. Theseare dis
ussed in Chapter 9.2.5 Summary of AssumptionsThe 
on
lusions of the Study follow from assumptions made by the Study Group. Be
ausethese are s
attered throughout di�erent se
tions of the Report, we summarize here thoseassumptions we judge to be most 
ru
ial to our �ndings. In the 
ourse of the Study, our keyassumptions were revisited to investigate the sensitivity of our results to 
hanges in them.Our prin
ipal assumptions are dis
ussed below.Defense posture The defense is on full alert and its missile warning sensors are operatingin their surveillan
e mode, with the DSP early warning system or a modern spa
e-basedinfrared sensor system tasked to dete
t laun
hes from the geographi
al areas of 
on
ern.Obje
tive of the adversary The obje
tive of the adversary is to use his weapons to deterthe United States from taking some a
tions against his interests or to retaliate if the UnitedStates is not deterred. Consequently the adversary's targeting obje
tive is to in
i
t largenumbers of 
asualties without parti
ular regard to where in the United States the 
asualtieso

ur. Implied is the use of nu
lear, 
hemi
al, or biologi
al weapons without requiring thatthe delivery system strike a parti
ular target with high a

ura
y. The defense therefore
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ept Systems
annot presume to know a missile's target beyond what 
an be inferred from tra
king dataobtained during the early part of its boost phase.Defense knowledge The defense's knowledge is not perfe
t. Other than general intelli-gen
e information it may have, it knows only what its sensors tell it about the nature ofthe atta
k and the atta
king missiles. Be
ause the atta
ker's obje
tive may be to strikeanywhere within the United States, the defense 
annot presume to know a missile's target,beyond what 
an be inferred from tra
king it during the early part of its boost phase. Ifthe atta
king missiles have been tested many times, as U.S. and Russian missiles have, thedefense may know some of their performan
e 
hara
teristi
s, su
h as their average thrustpro�les, but not the spe
i�
 details of the atta
k.Criteria for su

ess Su

ess requires that the defense prevent any munitions from strikingthe defended area. If the additional goal of avoiding 
ausing munitions to strike othernations is adopted, the 
hallenges for the defense would in
rease signi�
antly.S
enarios analyzed Guided by re
ent assessments by the U.S. intelligen
e 
ommunity andother experts, the Study Group sele
ted four geographi
 s
enarios to frame the Study:� A small 
ountry situated near international waters, using North Korea as the model.� Two mid-size 
ountries, using Iran and Iraq as the models.� An atta
k by a short- or medium-range ballisti
 missile laun
hed from a ship o� aU.S. 
oast.Area to be defended We examined the requirements for defending four areas: (1) all 50states, (2) only the 
ontiguous 48 states, (3) only major 
ities within the 
ontiguous 48states, and (4) only Hawaii.Laun
h dete
tion times Geographi
al areas of 
on
ern are 
ontinually monitored by mod-ern, spa
e-based see-to-the ground sensors. Given the 
loud 
over over mid-latitude laun
hsites, these sensors would have a high probability of dete
ting the exhaust of a large ro
ketonly after it rea
hes an altitude of about 7 km. We assume that any potentially threat-ening ro
ket is dete
ted as soon as it rea
hes this altitude. The liquid-propellant ICBMrea
hes this altitude 45 s after laun
h; 20 more se
onds are required to determine that thesignal dete
ted is being produ
ed by a large ro
ket and estimate its dire
tion of 
ight. Thesolid-propellant ICBMs, whi
h a

elerate more qui
kly, rea
h 7 km 30 s after laun
h; only15 more se
onds are required to determine that the signal dete
ted is being produ
ed by alarge ro
ket and estimate its dire
tion of 
ight.Inter
eptor �ring time The earliest time an inter
eptor 
an be �red (zero de
ision time) is65 s after the liquid-propellant ICBM has been laun
hed and 45 s after the solid-propellantICBMs have been laun
hed. These are the bounding 
ases. If the defense requires 30 morese
onds to de
ide whether to �re, the earliest time an inter
eptor 
an be �red is 95 s after theliquid-propellant ICBM has been laun
hed and 75 s after the solid-propellant ICBMs havebeen laun
hed. No approval from the National Command Authority (with its asso
iatedtime delay) would be possible in either 
ase.



2.5. Summary of Assumptions S27Airborne Laser performan
e Criti
al performan
e parameters of the ABL are 
lassi�ed,but we have made assumptions|based on un
lassi�ed des
riptions|that we believe are
redible, although possibly optimisti
. In parti
ular, we have assumed a beam power of3 MW, and that the adaptive opti
s system will perform as well as in the laboratory testsof s
ale models. We 
onsidered laser dwell times ranging from 5 to 20 s. To determine theenergy per unit area the ABL would have to deliver to the target missile to disable it, wehave made simple estimates.Criterion for disabling a target missile A body-to-body hit on a booster is assumed todisable the missile but not its warheads or submunitions. The ABL is assumed to be 
apableof disabling the booster of a missile, but not its warheads or submunitions, by supplying asuÆ
iently large amount of radiant energy to the missile's body.
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hapter summarizes assessments by the U.S. intelligen
e 
ommunity of the ballisti
missile threat that the United States 
ould fa
e within the next 10 to 15 years and explainshow these assessments were used by the Study Group in its analyses. Se
tion 3.1 summa-rizes brie
y the ballisti
 missile programs of North Korea, Iran, and Iraq. More detaileddis
ussions of the status of these programs and those of other 
ountries of 
on
ern may befound in the un
lassi�ed summaries of re
ent National Intelligen
e Estimates [29, 30℄ andin oÆ
ial statements to the U.S. Congress [31, 32℄ and private organizations [33, 34℄. Thehistori
al evolution of the performan
e 
hara
teristi
s of the �rst long-range ballisti
 mis-siles deployed by the 
ountries that have deployed su
h missiles is des
ribed in Se
tion 3.2.The 
hanged 
ontext within whi
h 
ountries of 
on
ern are 
urrently developing long-rangeS29
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 Missile Threats to the United Statesballisti
 missiles is dis
ussed in Se
tion 3.3. Se
tion 3.4 explains how this information wasused by the Study Group in its analysis of boost-phase missile defense systems.Russia and China are the only potential adversaries of the United States that possesslong-range ballisti
 missiles 
apable of striking the United States. The U.S. intelligen
e
ommunity judges [34℄ that an unauthorized or a

idental laun
h of a Russian or Chinesestrategi
 missile is highly unlikely, as long as 
urrent se
urity pro
edures and systems arein pla
e. (Russia employs an extensive array of te
hni
al and pro
edural safeguards, andChina keeps its missiles unfueled and without warheads mated [34℄, although this may
hange as it deploys solid-propellant ICBMs.)Among the 
ountries that have programs to develop long-range missiles, the U.S. in-telligen
e 
ommunity has expressed spe
ial 
on
ern about North Korea and Iran [30℄. 1The Study's emphasis on these 
ountries re
e
ts this 
on
ern; the Study Group itself hasmade no judgment about whi
h 
ountries or missile programs pose a risk to the UnitedStates. None of these three 
ountries presently have an overt, 
redible, ICBM 
apability.However, as their missile programs advan
e, they may develop or a
quire long-range bal-listi
 missiles that 
ould threaten the United States with nu
lear, biologi
al, or 
hemi
alweapons [30, 35℄. A

ording to the most re
ent U.S. National Intelligen
e Estimate of theballisti
 missile threat to the United States [30℄, most U.S. intelligen
e agen
ies proje
tedthat before 2015, the United States most likely will fa
e ICBM threats from North Korea andIran, and possibly from Iraq|barring signi�
ant 
hanges in their politi
al orientations|inaddition to the longstanding missile for
es of Russia and China.A fundamental di�eren
e between the approa
h that emerging missile states are 
ur-rently using to �eld ballisti
 missiles and the approa
h taken by the Soviet Union and theUnited States during the Cold War is that the new
omers are not as likely to pla
e a highpriority on a

ura
y, safety, reliability, survivability, and numbers [29℄. Consequently, 
oun-tries of 
on
ern may not 
ondu
t a series of tests before deploying a missile, but may insteaddeploy after as little as one 
ight test, as North Korea did with its No Dong missile [31℄.Deployment times are being shortened substantially by foreign assistan
e and te
hnologytransfer. Eviden
e suggests that Russia, China, and North Korea are providing assistan
eto states of 
on
ern. Foreign assistan
e 
an play a pivotal role in the development ofballisti
 missiles [30, 35, 36, 37℄. Ballisti
 missile systems 
ould also be a
quired by pur
haseand laun
hed with little or no warning, a

ording to the intelligen
e 
ommunity and theRumsfeld Commission [30, 36, 37℄. The potential for signi�
antly shortened developmenttimes and the possibility of little or no warning means that to be e�e
tive, a defense mustbe robust when 
onfronted with missiles that have 
hara
teristi
s that di�er signi�
antlyfrom the 
hara
teristi
s of previous missiles tested or deployed by a parti
ular 
ountry.This study fo
uses on the feasibility of boost-phase defenses against ICBMs that mightbe deployed by 
ountries that have relatively new missile development programs and do notpresently have friendly relations with the United States. As explained in Chapters 2 and 15,any analysis of the feasibility of su
h a defense must 
onsider the performan
e 
hara
teristi
sof the missiles it is expe
ted to 
onfront. The Study Group used the information summarizedin Se
tions 3.2 and 3.3 to guide its analysis of possible ballisti
 missile threats, the e�e
tsof un
ertainties, and the e�e
ts of possible 
ountermeasures to boost-phase defenses. The1As stated in the Exe
utive Summary, the Study Group also 
onsidered defense against ICBMs laun
hedfrom Iraq. With the 
hanged politi
al situation arising from the events of the spring of 2003, an ICBMthreat from Iraq seems unlikely for the foreseeable future. Nevertheless, we have retained the analysis ofthe history of Iraq's ballisti
 missile programs to illustrate the path to ballisti
 missiles it had taken and thetypes of threats that 
ould emerge from other 
ountries.



S31basis for the 
hoi
es made by the Study Group is explained in detail in Se
tion 3.4. Herewe summarize these 
hoi
es and the reasons for them.Development and deployment of a boost-phase missile defense system would be a majorinvestment and would probably take a de
ade or more to 
omplete. The Study Group there-fore 
onsidered long-range missiles and 
ountermeasures that might be �elded by 
ountriesof 
on
ern during the next 10 to 15 years, in
luding missiles that might be a
quired in re-sponse to prospe
tive or a
tual deployment of a boost-phase missile defense by the UnitedStates.Guided by the assessments summarized in Se
tions 3.2 and 3.3, the Study Group 
hosea liquid-propellant model ICBM having a 240-se
ond boost phase as its baseline liquid-propellant threat missile. This 
omputer model is similar to the �rst liquid-propellantICBMs deployed by the Soviet Union and China. The Group also 
onsidered a liquid-propellant ICBM having a 300-se
ond boost phase to fa
ilitate 
omparison with the resultsof previous studies.The Study Group 
on
luded from the assessments summarized in Se
tions 3.2 and 3.3that solid-propellant ICBMs may be deployed by 
ountries of 
on
ern within the next10 to 15 years, partly as a response to U.S. missile defense programs, and that solid-propellant ICBMs should therefore be 
onsidered in the analysis of boost-phase defensesystems presented in this report. The Study Group 
onstru
ted detailed 
omputer modelsof two solid-propellant ICBMs, ea
h with a boost phase of 170 s. These 
omputer modelsare based on 1960s missile te
hnology and are similar to the �rst solid-propellant ICBMsdeployed by the United States and the Soviet Union. The Study Group also 
onsideredbrie
y a solid-propellant ICBM having a burn time of 130 s, to explore the impli
ations forboost-phase defense systems of faster-burning ICBMs.As dis
ussed in Se
tion 3.3, the U.S. intelligen
e 
ommunity estimates that many 
oun-tries of potential 
on
ern have 
onsidered ballisti
 missile defense 
ountermeasures andthat some of these 
ountries will develop 
ountermeasures to U.S. national missile defenseover the next 15 years. Therefore, the Study Group explored possible 
ountermeasures toboost-phase defense in addition to deployment of solid-propellant ICBMs, whi
h is a natu-ral 
ountermeasure. The Group identi�ed several 
ountermeasures that 
ould be developedand deployed using te
hnologies or te
hniques that have already been used.The U.S. intelligen
e 
ommunity has judged that 
ountries of 
on
ern may arm thelong-range missiles they are developing with biologi
al or 
hemi
al munitions, in
ludingsubmunitions (\bomblets"), as well as nu
lear weapons (Se
tion 3.3). The Study Grouptherefore 
onsidered missiles armed with 
hemi
al, biologi
al, and nu
lear warheads, in-
luding submunitions.The U.S. intelligen
e 
ommunity has expressed 
on
ern that it is be
oming in
reasinglydiÆ
ult for the United States to gather detailed information about the physi
al 
hara
teris-ti
s and performan
e of missiles that may threaten the nation, as summarized in Se
tion 3.3.The Study Group therefore 
onsidered the e�e
ts on the performan
e of boost-phase de-fenses of un
ertainties about the physi
al 
hara
teristi
s and performan
e of the atta
kingmissile as well as its intended target and traje
tory.The U.S. intelligen
e 
ommunity has judged that several 
ountries of 
on
ern are te
hni-
ally 
apable of developing within the next de
ade the ability to laun
h short- or medium-range ballisti
 missiles against 
oastal regions of the United States from ships or otherplatforms positioned hundreds of kilometers o�shore. The Study Group therefore 
onsid-ered brie
y the feasibility of 
ountering this potential threat using shorter-range, ship-basedinter
eptor ro
kets.
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 Missile Threats to the United States3.1 Ballisti
 Missile Capabilities of Sele
ted StatesThis se
tion reviews publi
ly available information about the ballisti
 missile programs ofNorth Korea, Iran, and Iraq.2 These 
ountries are not the only ones that 
ould developand deploy ballisti
 missiles that threaten the United States. As noted earlier, the StudyGroup has made no judgment about whi
h 
ountries or missile programs pose a risk to theUnited States. The Study's emphasis on these 
ountries simply re
e
ts the 
on
erns thathave been expressed by the U.S. government.North Korea and Iran have tested or deployed short- and medium-range ballisti
 mis-siles [29, 30℄; Iraq had deployed short-range ballisti
 missiles [29, 30℄ and had retained somedespite disarmament e�orts by the United Nations [30, 38℄. These missiles 
ould be adaptedto atta
k the United States from ships or other platforms positioned o�-shore [29, 30℄. Flighttesting from ships of su
h missiles 
ould be diÆ
ult to dete
t, making it harder for theUnited States to know whether a state had developed a sea-laun
h 
apability [39℄. NorthKorea and Iran also have a
tive programs to develop long-range ballisti
 missiles [29, 30℄.For these reasons, their missile programs have attra
ted attention and 
on
ern (see, forexample, Refs. [29, 30, 36℄). The missiles dis
ussed in this se
tion, their basi
 physi
al
hara
teristi
s, and some sour
es of information about them are listed in Table 3.1.Table 3.1. Ballisti
 Missiles of Sele
ted States of Con
ernState Missilea Rangeb Fuel Booster Payloadd Burn Statuse(km) Type
 Stages (kg) Time (s)North No Dong [40℄ 1,300 L 1 1200 110 [41℄ DKorea Taepo [42℄ 2,000{2,200 L 2 750{1,000 266[43℄ TDong-1 [44℄ (2,500{3,000) (S) (3) (290{500) (293)Taepo [45, 34℄ 4,000{6,000 L 2 700{1,000 < 230[46℄ R&DDong-2Iran Shahab-3 [47℄ 1,300 L 1 1,200 110 [48℄ TShahab-4f [47℄ 2,000{3,000 L 1 <1,500 266?[46℄ R&DIraq Al Hussein [38℄ 630 L 1 500 | | gaPrimary referen
e for ea
h missile; supplemental referen
es are listed in other 
olumns.bNumber in parentheses is the estimated range for the three-stage variant of the missile.
L: liquid; S: solid. Parentheti
al fuel type refers to the third stage of the missile.dNumber in parentheses is the estimated payload for the three-stage variant of the missile.eR&D: resear
h and development; D: deployed; T: 
ight tested.fSome reports dis
uss development of Shahab-5 [49℄ and Shahab-6 [50℄ missiles, but little information isavailable to 
on�rm the existen
e of these programs.gSome reports suggest that 15 to 50 Al Hussein missiles may not have been reported to U.N. inspe
tionteams; Iraq may have 
overtly retained these missiles [30, 38℄.
2As mentioned above, Iraq is in
luded for what it reveals about how 
ountries in the developing worldhave mounted ballisti
-missile programs.



3.1. Ballisti
 Missile Capabilities of Sele
ted States S333.1.1 North KoreaNorth Korea probably has the most advan
ed ballisti
 missile program of the 
ountriesthe United States 
onsiders to be of 
on
ern [51, 34℄. North Korea is believed to havebene�ted|perhaps substantially|from foreign assistan
e by Russia and possibly China [52,53℄. However, sin
e 1999, it has observed a voluntary moratorium on missile 
ight tests,although it has 
ontinued to work on its Taepo Dong-2 ICBM (see below) [30, 32℄. NorthKorea extended the moratorium in September 2002 [54℄.North Korea's No Dong, whi
h is a medium-range ballisti
 missile having a range of1,300 km, is an extensive redesign of S
ud missile te
hnology [36℄. It is the longest-rangeballisti
 missile that North Korea has so far deployed. The Rumsfeld Commission [36℄judged that \. . . the No Dong was operationally deployed long before the U.S. governmentre
ognized that fa
t. There is ample eviden
e that North Korea has 
reated a sizable missileprodu
tion infrastru
ture, and therefore it is highly likely that 
onsiderable numbers ofNo Dongs have been produ
ed." A key reason North Korea's No Dong 
apability was notre
ognized earlier by the United States was its limited 
ight testing. North Korea 
ondu
tedonly one 
ight test before the missile was 
onsidered operational; the missile has also beentested by Pakistan and Iran. [41, 31℄.In August of 1998, North Korea laun
hed a Taepo Dong-1 missile with a solid-propellantthird stage 
on�gured as a spa
e-laun
h vehi
le (SLV) [29, 33, 34℄. Although the thirdstage failed, a three-stage version of the missile 
ould hypotheti
ally rea
h parts of theUnited States with a very small payload. The possibility that North Korea might add athird stage was not appre
iated by the United States until the August 1998 spa
e laun
ho

urred [29, 31, 32℄.North Korea's Taepo Dong-2, 
urrently under development, is a multiple-stage ICBMthat in some 
on�gurations would be 
apable of rea
hing parts of the United States [30℄. Itis estimated that in its basi
 two-stage 
on�guration, the missile 
ould deliver a payload of700{1000 kilograms to a range of 4,000{6,000 km, suÆ
ient to strike Alaska and Hawaii [45℄.With a smaller payload, the missile 
ould have a range as long as 10,000 km, a

ording tothe intelligen
e 
ommunity, allowing it to rea
h some of the 
ontiguous 48 states [30, 32℄.With a third stage similar to the one used on the Taepo Dong-1 for the 1998 spa
e-laun
hattempt in a ballisti
 missile 
on�guration, it 
ould deliver a smaller payload of at most afew hundred kilograms up to 15,000 km, suÆ
ient to strike all of North Ameri
a [30, 32℄.The Taepo Dong-2 has not yet been 
ight tested; a 
ight test would probably be 
ondu
tedwith it 
on�gured as an SLV [30, 32℄.One of the most detrimental aspe
ts of North Korea's missile program has been its e�e
ton attempts to limit the spread of ballisti
 missiles and missile te
hnologies [36℄. NorthKorea has be
ome the missile and manufa
turing te
hnology sour
e for the ballisti
 missileprograms of many other 
ountries, espe
ially Iran and Pakistan [30, 32℄. The willingnessof North Korea to sell 
omplete systems and 
omponents has enabled other 
ountries toa
quire longer-range 
apabilities sooner than they otherwise would have [30℄.3.1.2 IranIran's ballisti
 missile program has relied extensively on foreign assistan
e, parti
ularlyfrom Russia, China, and North Korea [30, 32℄. Iran has depended parti
ularly on te
hni
alexpertise from Russia to advan
e its missile programs [30, 37, 50℄. The most advan
edballisti
 missile tested by Iran is the Shahab-3, a medium-range ballisti
 missile based on
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 Missile Threats to the United Statesthe North Korean No Dong [30, 32℄. It was �rst 
ight tested in July 1998 [47℄ and wasde
lared ready for servi
e in July 2003 [55℄.Some reports indi
ate that Iran is also pursuing development of the Shahab-4 and pos-sibly the Shahab-5 [47, 56, 49℄. Little is known about these missiles. A

ording to onesour
e, the Shahab may be based on the North Korean Taepo Dong [56, 49℄, although that
onne
tion is not a widely held view [47℄. In addition to North Korean assistan
e to theShahab program, Iran may have bene�ted from te
hni
al information provided by Russiaabout the Soviet SS-4 [47℄, parti
ularly its mobile laun
her [56℄. Iran is also known to havere
eived solid-propellant te
hnology from other 
ountries [36℄.3.1.3 IraqIraq worked for de
ades to establish an indigenous 
apability to produ
e ballisti
 missiles.In 1974, Iraq imported the S
ud B from the Soviet Union. In 1987, Iraq began to reverse-engineer the S
ud B to 
reate a longer-range missile, although it is still not 
lear howsu

essful they were. The results of these e�orts were the Al Hussein and Al Abbas [38℄.The Al Hussein had a range of 600 km and was used extensively during the 1991 Persian GulfWar. The Al Abbas was an attempt to extend the range of the Al Hussein to 950 km [57℄,but this program is believed to have been terminated to 
on
entrate e�orts on improvingthe Al Hussein [38℄. Iraq also began development of the Al Aabed SLV, but it was nevertested [58℄.Sin
e the Gulf War, Iraq's ballisti
 missile development program had been hindered byU.N. resolutions and monitoring. However, Iraq 
ontinued attempts to gain 
omponents,su
h as gyros
opes from dismantled Russian missiles [59℄. It also 
ontinued working onmissiles su
h as the S
ud and the Al Samoud, whi
h were 
laimed to have ranges less than150 km and were thus allowed under U.N. resolutions, to maintain the te
hni
al expertiseand infrastru
ture for missile produ
tion [57℄. Presumably, Iraq's ballisti
 missile programended with the fall of the Hussein regime.3.2 Histori
al Patterns of ICBM DevelopmentHistori
al patterns of ICBM development and deployment may be useful in estimating thelikely 
hara
teristi
s of the �rst long-range missiles that would be deployed by North Koreaor Iran if they 
ontinue their programs to develop su
h missiles.Countries beginning development of ICBMs have all used liquid propellants initially,be
ause liquid-propellant ro
ket te
hnology is easier to master than solid-propellant te
h-nology. There has been a steady de
rease in the total burn time of the �rst liquid-propellantICBM deployed by a given 
ountry during the past 45 years; ea
h new 
ountry that �eldeda liquid-propellant ICBM deployed a missile with a shorter burn time for the same pay-load mass and range than the �rst missile deployed by the 
ountry that pre
eded it (seeTable 3.2).The United States was �rst to �eld an ICBM, deploying the Atlas D in 1958. It had apayload of roughly 1.5 to 2 tonnes and a total burn time of 309 s [60℄, longer than any ofthe missiles in its 
lass that 
ame after it. The mu
h larger Titan II, whi
h was deployed bythe U.S. in 1962, had a payload of 3.5 tonnes and a total burn time of 331 s [61, pp. 456{458℄, longer than any other missile in its payload 
lass and the longest of any �rst- orse
ond-generation ICBM.
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teristi
s of Early ICBMsICBM Deployed Country Range Payload Boost(year) (km) (tonnes) Phase (s)Atlas D [60, 62℄ 1958 US 12,000 �1.5{2 309 [60℄Titan II [61, 63℄ 1962 US 10,000 �3.5{4 331 [61℄SS-6 (R-7) [60, 64, 65℄ 1960 USSR 8,000(10,000+a) 5.4 (3a) 286 [60℄SS-7 (R-16) [66, 65℄ 1961 USSR 11,000 1.5{2.2 {SS-8 (R-9A) [65℄ 1965 USSR 12,000 1.7{2.1 {SS-9 (R-36) [67, 65℄ 1967 USSR 10,000{15,000 4{5.8 280 [60℄SS-11 (UR-100) [65℄ 1966 USSR 11,000{12,000 0.8{1.5 267 [68℄DF-5 [69℄ 1981 China 12,000 3 231 [61℄aRange and payload for a longer-range missile.The Soviet Union was the se
ond 
ountry to �eld long-range missiles. Its �rst ICBMs hadtotal burn times 20 to 50 s shorter than the �rst U.S. ICBMs, for missiles with 
omparableranges and payloads. The long-range version of the Soviet SS-6 was deployed in 1960, had apayload of roughly 3 tonnes, and burned out in 286 s, more than 20 s faster than the Atlas D,even though the SS-6 
arried a larger payload. The SS-11, whi
h was �elded in 1966 and
arried a 0.8- to 1.5-tonne payload, had a 267-se
ond boost phase, a full 40 s shorter thanthe boost phase of the Atlas D. Larger Soviet missiles followed the same trend. The SovietSS-9 had a payload and range 
omparable to those of the Titan II, but 
ompleted its boostphase in 280 s, 50 s faster than the U.S. Titan II. After the Titan II, the United Statesdeployed only solid-propellant ICBMs, whereas the Soviet Union 
ontinued to develop anddeploy liquid-propellant ICBMs.China was the third 
ountry to deploy an ICBM. Its DF-5 (CSS-4) was tested in 1971,but was not �elded until 1981, roughly 20 years after the Soviet Union deployed its �rstICBM [70℄. The DF-5 had the same range (12,000 km) and twi
e the payload (3 tonnes)of the SS-11 but 
ompleted its boost phase in only 231 s, 36 s faster than the Soviet SS-11and nearly 100 s faster than the U.S. Titan II.To date, no other 
ountry has deployed an ICBM. Several have tested or deployed SLVsthat 
arry only small payloads to ICBM ranges, too small to be 
onsidered militarily useful.The 
losest that any of the three 
ountries 
onsidered in this study has 
ome to testing anICBM was when North Korea attempted to laun
h a satellite using its Taepo Dong 1 in1998. The 
ore two-stage liquid-propellant missile used in this spa
e-laun
h attempt had arange of only about 2,000 km, but it 
arried a small solid-propellant third stage to pla
e asmall satellite into orbit. The attempt failed. The total burn time of this 
obbled-togetherro
ket was 293 s, in
luding substantial time between stages 1 and 2, when the missile was
oasting [44℄.3.3 The Changing Context of Missile Development ProgramsThe 
ontext in whi
h 
ountries of 
on
ern are 
urrently developing ballisti
 missiles di�erssigni�
antly from the 
ontext in whi
h they were developed by the United States, the So-viet Union, and China. The 
ountries of 
on
ern enjoy a mu
h wider a

ess to te
hnology,
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 Missile Threats to the United Statesinformation, and expertise that 
an be and is being used to speed the development anddeployment of nu
lear, 
hemi
al, and biologi
al munitions, as well as long-range ballisti
missiles 
apable of delivering them to targets at inter
ontinental distan
es [30℄. This a

essis also being used to develop denial and de
eption te
hniques that 
ould impede U.S. intel-ligen
e gathering about the development and deployment programs of these 
ountries [36℄.The 
hange in 
ontext in
reases the importan
e of several fa
tors related to boost-phasedefense, whi
h we summarize here.3.3.1 Di�eren
es in possible goalsThe motives that North Korea and Iran may have for developing and possibly using ICBMsand the goals they may hope to a
hieve 
ould be signi�
antly di�erent from the motives andgoals the United States, the Soviet Union, and China had when they developed and deployedsu
h missiles [39℄. For example, what is required te
hni
ally for a 
rude terror weapon is verydi�erent from what is required for a weapon that is militarily useful. A

ura
y requirementswould be mu
h less, as would the numbers needed. Safety and reliability might be lessimportant. Consequently there is a possibility that North Korea or Iran might deploy oreven, in some 
ir
umstan
es, laun
h long-range ballisti
 missiles against the United Statesthat had been tested very little, if at all [30, 39, 36℄.3.3.2 Transfer of ballisti
 missile te
hnology and systemsThe in
reased transfer of missile te
hnology to and among states that are 
urrently begin-ning to develop long-range missiles has several important 
onsequen
es:� Countries that are just beginning to develop long-range missiles now have easiera

ess to the te
hnologies that were used in early generations of U.S. and Sovietmissiles [36℄.� Proliferation of ballisti
 missile-related te
hnologies, materials, and expertise hasenabled emerging missile states to a

elerate the development timelines for theirexisting programs, deploy missiles with little, if any, 
ight testing, a
quire turnkeysystems to gain previously non-existent 
apabilities, and lay the groundwork for theexpansion of domesti
 infrastru
tures to potentially a

ommodate even more 
apableand longer-range future systems [30, 37℄.� Commer
e in ballisti
 missile and warhead te
hnology and hardware has been grow-ing, whi
h may make proliferation self-sustaining among 
ountries of 
on
ern to theUnited States [36℄. North Korea has be
ome the manufa
turing and te
hnologysour
e for many missile programs [30℄. North Korea has helped 
ountries a
quirete
hnologies to serve as the basis for domesti
 development e�orts [30℄. Iran is ex-panding its e�orts to sell missile te
hnology [30℄.� North Korea has been willing to sell 
omplete systems as well as 
omponents andhas re
eived help from Russia and probably China [30, 53℄. Iran has re
eived 
ru
ialassistan
e from Russia and China, as well as North Korea [30℄. Some experts believethere is a possibility that 
omplete, long-range ballisti
 missile systems 
ould betransferred from one nation to another and that su
h missiles 
ould be equippedwith nu
lear, 
hemi
al, or biologi
al warheads [36℄.
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hnologySin
e the 1960s, the trend in ballisti
 missile programs has been toward development anddeployment of solid-propellant systems be
ause of their redu
ed logisti
al requirements andsimpli
ity of operation. The spread of ballisti
 missile-related te
hnologies, materials, andexpertise has led to in
reasingly widespread development of solid-propellant missiles:� Beginning in the mid-1960s, China fo
used its missile programs on large solid-propellant missiles [37℄. It is 
urrently developing three solid-propellant ICBMs: theCSS-X-10 (also 
alled the DF-31), whi
h is now being 
ight tested; a longer-range ver-sion of the DF-31; and the JL-2 submarine-laun
hed ballisti
 missile [30, 32℄. In 2003,China also 
ight tested a 4-stage version of its solid-propellant ICBM [71℄. A

ordingto the U.S. intelligen
e 
ommunity, China has 
arried out extensive proliferation ofliquid and solid SRBM and MRBS ballisti
 missiles te
hnology and has provided 
om-plete missile systems to 
ountries of 
on
ern, in
luding Iran and Pakistan [72℄. Somebelieve China has sought to 
ompete with Russia, whi
h has dominated 
ommer
e inliquid-propellant missiles and te
hnology, by marketing solid-propellant te
hnologyand missiles [37℄.� Iran, with China's assistan
e, has developed a solid-propellant ro
ket infrastru
turefor building short-range missiles. It is able to produ
e short-range ro
kets on its ownand is seeking long-range solid-propellantmissile te
hnology from outside sour
es [36℄.� Pakistan has developed a two-stage, solid-propellant medium-range ballisti
 missile,the Shaheen II, whi
h reportedly 
ould 
arry a 1,000-kilogram payload to a rangeof about 2,500 km [30, 32℄. (The various types of ballisti
 missiles are des
ribed inAppendix A.) Some experts argue that missiles with signi�
antly in
reased perfor-man
e 
ould be based on the more modern, all-solid design of the Shaheen II, or onolder liquid-propellant te
hnologies [37, p. 8℄.� There has been 
onsiderable 
ommer
e in medium- and short-range solid-ro
ket te
h-nology from supplier nations parti
ularly Russia, China, and North Korea to Iran,Iraq, Pakistan, and possibly others [30, 72℄. A

ording to the intelligen
e 
ommu-nity, the Chinese, who have developed or a
quired this te
hnology and are using itin their spa
e and military ro
ket programs, are providing it to several 
ountriesof 
on
ern [72, 36, 37℄. It is possible that the several de
ades that it took Russiaand China to develop reliable ICBM-
lass solid ro
kets 
ould be shortened for those
ountries if they re
eive te
hni
al assistan
e.� The North Korean Taepo Dong 1 was laun
hed with a solid-propellant third stagein 1998, although it failed [30℄.Based on these developments and intelligen
e estimates, the Study Group 
on
luded that
ountries of 
on
ern might deploy solid-propellant ICBMs within 10 to 15 years, if they wereable to pur
hase or otherwise a
quire solid-propellant missiles or te
hnology from 
ountrieswith more advan
ed missile programs.3.3.4 MunitionsCountries that are developing long-range ballisti
 missiles 
ould arm them with biologi
alor 
hemi
al weapons [52℄. These weapons 
ould take the form of a single, large warhead or
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 Missile Threats to the United Statesdozens or hundreds of bomblets [36℄. The knowledge needed to design and build a nu
learweapon is now widespread [73℄, and emerging ballisti
 missile powers may gain a

ess tothe needed �ssile material through domesti
 e�orts and foreign 
hannels [36℄.The U.S. intelligen
e 
ommunity judged in the mid-1990s that North Korea had pro-du
ed enough plutonium for one or possibly two nu
lear weapons [73℄. The status of NorthKorea's nu
lear program remains an open question. North Korea also has 
hemi
al andbiologi
al weapons programs [30℄.The U.S. intelligen
e 
ommunity judges that Iran does not yet have a nu
lear weapon [30℄.Most agen
ies assess that it 
ould have one by the end of the de
ade; the time required 
ouldbe redu
ed by several years with foreign assistan
e [30℄. Iran has biologi
al and 
hemi
alweapons programs [30℄.Prior to 1990, Iraq had a 
rash program to develop a nu
lear weapon for delivery byballisti
 missiles, but bombing by 
oalition for
es during the 1991 Gulf War and subsequentdisarmament a
tivities by the International Atomi
 Energy Agen
y (IAEA) and the UnitedNations Spe
ial Commission (UNSCOM) set ba
k the e�ort signi�
antly [30℄. In 2001, theU.S. intelligen
e 
ommunity estimated that, if unrestrained, Iraq would have been able toprodu
e within a few years enough �ssile material to make a nu
lear weapon [30℄. Iraqadmitted to having biologi
al and 
hemi
al weapons programs before the 1991 Gulf Warand was thought to have maintained those programs [30℄. However, all of Iraq's nu
lear,
hemi
al, and biologi
al weapon programs presumably ended in 2003 with the se
ond GulfWar and the fall of the Hussein regime.3.3.5 CountermeasuresThe U.S. intelligen
e 
ommunity judges that many 
ountries with ballisti
-missile programs,in
luding North Korea, Pakistan, Iran, India, and China, probably have 
onsidered ballisti
-missile-defense 
ountermeasures [29℄. Histori
ally, the development and deployment ofmissile-defense systems has been a

ompanied by the development of 
ountermeasures andpenetration aids by potential adversaries, either in rea
tion to the threat or in anti
ipationof it [29℄. The Russians and Chinese have had 
ountermeasures programs for de
ades andmay be willing to transfer some related te
hnology to others [29℄. The U.S. intelligen
e
ommunity expe
ts that 
ountries of 
on
ern that are developing long-range ballisti
 mis-siles will respond to the U.S. national missile defense program by deploying penetrationaids and 
ountermeasures [29℄.3.3.6 Un
ertaintiesA

ording to re
ent reports [29, 30, 36℄, the U.S. intelligen
e 
ommunity's ability to providetimely and a

urate estimates of ballisti
 missile threats to the U.S. is eroding. As a result,the prospe
ts that the U.S. will have advan
e knowledge of the detailed 
hara
teristi
s andperforman
e of newly deployed threatening ballisti
 missiles are being redu
ed. This erosionof warning time has several impli
ations.� De
eption and denial e�orts are intense, and U.S. 
olle
tion and analysis assets arelimited. These fa
tors 
reate a high risk of 
ontinued surprise [36℄. There are plausibles
enarios that 
ould result in an in
reased missile threat to the United States forwhi
h there would be little or no warning [34℄.
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ations for the Study S39� In parti
ular, the U.S. intelligen
e 
ommunity judges that it may not be able toprovide mu
h warning if a 
ountry pur
hases an ICBM or already has a spa
e-laun
h
apability [29, 34℄. In some s
enarios|in
luding re-basing or transfer of operationalmissiles, sea- and air-laun
h options, shortened development programs that mightin
lude testing in a third 
ountry, or some 
ombination of these|the U.S. mighthave little or no warning of an operational deployment [36℄. The U.S. intelligen
e
ommunity may not be able to provide mu
h, if any, warning of a forward-basedballisti
-missile threat to the United States, su
h as would be posed by forward sea-basing of short-range ballisti
 missiles or medium-range ballisti
 missiles [29℄.� The U.S. intelligen
e 
ommunity has more 
on�den
e in its ability to warn of e�ortsby 
ountries to develop ICBMs than to des
ribe a

urately the missile 
on�gurationsthat will 
omprise the threat [29℄. For example, North Korea test �red the TaepoDong-1 missile roughly on the timetable proje
ted by the U.S. intelligen
e 
ommu-nity, but with a 
ompletely unanti
ipated vehi
le 
on�guration that in
luded a thirdstage [29℄.3.3.7 Forward-based sea-laun
h of Short-Range Ballisti
 Missiles (SRBMs) orMedium-Range Ballisti
 Missiles (MRBMs)A

ording to the U.S. intelligen
e 
ommunity, several 
ountries of 
on
ern have the te
hni
alexpertise required to develop ballisti
 missiles laun
hable from a forward-based platform,su
h as a surfa
e ship positioned o� a U.S. 
oast [29, 30, 34℄. Forward-basing on dedi
atedvessels or freighters 
ould pose a new threat to the United States in the near term|wellbefore 2010 [34℄.An SRBM or MRBM 
ould be laun
hed against the United States from a forward-basedsea platform positioned in international waters within a few hundred kilometers of U.S.
oastal regions. A

ording to the U.S. intelligen
e 
ommunity [29, 30, 32℄, using su
h a seaplatform would not pose major te
hni
al problems and would be mu
h less te
hnologi
allydemanding than laun
hing an ICBM atta
k. Although the a

ura
y of the missile probablywould be redu
ed signi�
antly be
ause of the movement of the o
ean's surfa
e, it wouldprobably still be better than that of some early ICBMs [29, 30℄. Adapting missiles forlaun
h from a 
ommer
ial ship 
ould be a

omplished 
overtly, and probably with little orno warning [34℄. Mu
h of the population, 
ommer
e, and infrastru
ture of the United Statesis lo
ated within 100 km of its East and West 
oasts and would therefore be vulnerable tosu
h an atta
k.Sea laun
h of shorter-range ballisti
 missiles 
ould enable a 
ountry to pose a dire
tterritorial threat to the United States sooner than it 
ould by developing an ICBM forlaun
h from its own territory [36℄. Sea-laun
hing 
ould also allow a 
ountry to target alarger area of the United States than it 
ould with a missile �red from its home territory [36℄.3.4 Impli
ations for the StudyThe Study Group used the information summarized in Se
tions 3.2 and 3.3 to de�ne (1) the
hara
teristi
s of the ballisti
 missiles 
onsidered in the Study, (2) possible 
ountermeasuresthat might be employed by states of 
on
ern, and (3) the un
ertainties a missile defensewould likely en
ounter. This se
tion summarizes these de
isions and the basis for them.The Study Group de
ided to model a spe
trum of ICBMs that might be developedor a
quired by 
ountries of 
on
ern during the next 10{15 years, in
luding solid-propellant
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 Missile Threats to the United StatesICBMs that might be deployed in response to prospe
tive or a
tual �elding of a boost-phaseinter
ept missile defense system by the United States.3.4.1 Liquid-propellant ICBMsThe �rst ICBMs that might be deployed by 
ountries of 
on
ern are likely to use liquidpropellants, be
ause this te
hnology is easier to master. The Group 
hose a liquid-propellantmodel ICBM with a 240-se
ond boost phase as its baseline liquid-propellant long-rangethreat missile. This model is similar to the �rst liquid-propellant ICBMs deployed by theSoviet Union and China 20 to 40 years ago.To fa
ilitate 
omparisons with previous studies, the Study Group also 
onsidered aliquid-propellant ICBM with a 300-se
ond boost phase.These 
hoi
es were made for the following reasons:� Ea
h new 
ountry that has �elded a liquid-propellant ICBM has deployed a missilewith a shorter burn time for the same payload mass and range than the 
ountry thatpre
eded it (Se
tion 3.2).� The boost phases of the �rst liquid-propellant ICBMs deployed (in the mid-1960s)by the Soviet Union lasted 265 to 285 s (Se
tion 3.2). The boost phase of the �rstliquid-propellant ICBM tested (in 1971) and deployed (in 1981) by China lasted onlyabout 230 s (Se
tion 3.2).� The transfer of ballisti
-missile te
hnology from Russia and China is playing animportant role in the development of missiles by states of 
on
ern (Se
tion 3.3).� The histori
al trend toward faster-burning liquid-propellant ICBMs 
ombined withthe ongoing transfer of ballisti
-missile te
hnology from Russia and China to 
ountriesof 
on
ern suggests that the next new ICBM is likely to have a boost phase no longerthan the �rst ICBMs deployed by Russia and China.� The studies of boost-phase inter
ept that have been published in the open liter-ature [74, 75, 76℄ 
onsidered liquid-propellant ICBMs and examined missiles withboost phases as long as the 330-se
ond boost phase of the U.S. Titan II.� The boost phase of the Titan II is substantially longer than that of any other �rst- orse
ond-generation liquid-propellant ICBM (Se
tion 3.2). Su
h a long boost phase re-du
es signi�
antly the performan
e requirements for any boost-phase missile defensesystem (Chapter 5). It therefore seemed imprudent to base the Study's analysis ofliquid-propellant ICBMs on su
h an extreme example.� Comparing results with previous studies is useful. Consequently, the Study Group
onsidered|but did not analyze in detail|a liquid-propellant model ICBM with a300-se
ond boost phase, even though the Group judged that deployment of a newliquid-propellant ICBM with su
h a long boost phase is unlikely.3.4.2 Solid-propellant ICBMsBased on un
lassi�ed intelligen
e 
ommunity statements, the Study Group 
on
luded that
ountries of 
on
ern might develop or a
quire solid-propellant ICBMs within 10 to 15 years



3.4. Impli
ations for the Study S41and that it would therefore be imprudent not to 
onsider su
h ICBMs in evaluating the feasi-bility of the boost-phase defense systems. The Study Group 
onstru
ted detailed 
omputermodels of two solid-propellant ICBMs having 170-se
ond boost phases. These 
omputermodels are based on 1960s solid-propellant missile te
hnology and are similar to the �rstsolid-propellant ICBMs deployed by the United States and the Soviet Union.The Study Group also 
onsidered|but did not analyze in detail|a solid-propellantICBM with a burn time of 130 s, to explore the impli
ations of faster-burning ICBMs forboost-phase defense systems.These 
hoi
es were made for the following reasons:� Although they are somewhat more te
hni
ally 
hallenging than liquid-propellant mis-siles, solid-propellant missiles are inherently attra
tive be
ause of their redu
ed lo-gisti
al requirements and simpli
ity of operation.� The short durations of solid-propellant missiles' boost phases in
rease the perfor-man
e required of a boost-phase defense system (Chapter 5).� Solid-propellant ICBMs have shorter boost phases than liquid-propellant ICBMsfor the same payload mass and range. Hen
e a
quisition and deployment of solid-propellant ICBMs is an e�e
tive 
ountermeasure to boost-phase defenses.� Countries of 
on
ern may seek to deploy solid-propellant ICBMs in response toprospe
tive or a
tual deployment of a boost-phase inter
ept missile defense systemby the United States, just as all previous 
ountries with ICBMs have developed
ountermeasures when fa
ing the possible deployment of a ballisti
-missile defense.� China has for more than 30 years 
on
entrated its long-range missile developmente�orts on solid-propellant ballisti
 missiles, has tested su
h ICBMs, and has beena provider of solid-ro
ket te
hnology to 
ountries of 
on
ern (Se
tion 3.3). It isnow 
ight testing the CSS-X-10 ICBM (also 
alled the DF-31) and has re
ently
ight tested a four-stage solid-propellant ro
ket 
apable of orbiting a 100-kg payload(Se
tion 3.3).� The transfer of ballisti
-missile-related te
hnologies, materials, and expertise has ledto the spread of solid-propellant missile te
hnology (Se
tion 3.3).� North Korea, Iran, and Iraq have re
eived solid-propellant missile te
hnology forshort-range missiles from supplier nations (Se
tion 3.3). North Korea and Iran havedeveloped and tested su
h ro
kets (Se
tion 3.3).� Pakistan has developed a two-stage, solid-propellant medium-range ballisti
 missile,the Shaheen II, whi
h reportedly 
ould 
arry a 1,000-kilogram payload to a range ofabout 2,500 km (Se
tion 3.3).� Pakistan has re
eived solid-propellant ballisti
 missile te
hnology from supplier 
oun-tries and has an extensive short- and medium-range solid-propellant ballisti
 missileprogram(Se
tion 3.3).� Countries of 
on
ern 
ould deploy solid-propellant ICBMs within the next 10{15years if they were able to pur
hase or otherwise a
quire solid-propellant missiles orte
hnology from 
ountries with more advan
ed missile programs (Se
tion 3.3). It



S42 Chapter 3. Ballisti
 Missile Threats to the United Statesis possible that a 
omplete, long-range ballisti
 missile system 
ould be transferredfrom one nation to another (Se
tion 3.3).� The a

elerations of the upper stages of solid-propellant ICBMs may vary signi�-
antly (Chapter 15). It therefore seemed prudent to analyze the impli
ations forboost-phase defenses of two di�erent upper-stage designs.3.4.3 CountermeasuresIn addition to deployment of solid-propellant ICBMs, whi
h is a natural 
ountermeasureto any boost-phase defense, the Study Group identi�ed several other 
ountermeasures that
ould be developed and deployed using te
hnologies or te
hniques that have been alreadyimplemented for one reason or another (Chapter 9).Illustrative 
ountermeasures were identi�ed for the following reasons:� It has been 
laimed that there are no 
ountermeasures to a boost-phase defense. The
ountermeasures identi�ed by the Study Group show that this statement is in
orre
t.� The U.S. intelligen
e 
ommunity estimates that many 
ountries of potential 
on-
ern have 
onsidered ballisti
-missile-defense 
ountermeasures and that some of these
ountries will develop 
ountermeasures to national missile defense over the next 15years (Se
tion 3.3).3.4.4 MunitionsThe Study Group 
onsidered missiles armed with 
hemi
al and biologi
al warheads, in
lud-ing submunitions (\bomblets"), as well as missiles with nu
lear warheads.These di�erent types of munitions were 
onsidered for the following reason:� The U.S. intelligen
e 
ommunity judges that 
ountries of 
on
ern that are developinglong-range missiles may arm them with biologi
al or 
hemi
al munitions, in
ludingbomblets, as well as nu
lear weapons (Se
tion 3.3).3.4.5 Un
ertaintiesThe Study Group 
onsidered the e�e
ts on the performan
e of boost-phase defenses ofun
ertainties about the physi
al 
hara
teristi
s and performan
e of the atta
king missile,as well as its intended target and traje
tory.The e�e
ts of su
h un
ertainties were 
onsidered for the following reasons:� Su
h un
ertainties 
an signi�
antly degrade the performan
e of a boost-phase inter-
ept system (Chs. 4 and 5).� Some 
ountries of 
on
ern appear willing to deploy a missile after just a single test
ight, whi
h makes it more diÆ
ult for the United States to gather detailed informa-tion about the physi
al 
hara
teristi
s and performan
e of the missile and its possible
ountermeasures (Se
tion 3.3).� The U.S. intelligen
e 
ommunity has expressed 
on
ern that testing may o

ur ina third 
ountry, that operational missiles may be transferred, and that the UnitedStates might therefore not know of a deployment mu
h before a missile is laun
hed(Se
tion 3.3).
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ations for the Study S433.4.6 Forward-based sea-laun
h of SRBMs or MRBMsMotivated by the assessment of the U.S. intelligen
e 
ommunity that an atta
k on U.S.territory by sea-based SRBMs or MRBMs is more likely than an atta
k by ICBMs (3.3),the Study Group examined the possible role of shorter-range boost-phase inter
ept systemsin 
ountering this threat (Chapters 15 and 5).Referen
es for Chapter 3[29℄ National Intelligen
e Coun
il, \Foreign Missile Developments and the Ballisti
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epting a ballisti
 missile during its boost phase requires, �rst, an inter
eptor that
an deliver a kill vehi
le 
lose to the target qui
kly enough, and with a velo
ity that isadequate in both speed and dire
tion, to permit the kill vehi
le to maneuver to hit thetarget. Se
ond, it requires a kill vehi
le that 
an home on and hit the target, disabling ordestroying it, even as the target a

elerates unpredi
tably.This 
hapter explains how the inter
eptor performan
e and basing required to a

om-plish the �rst task|getting to the target in time|
an be determined. We do this by ana-lyzing engagements of the model ICBMs (Chapter 15) with the model inter
eptors (Chap-ter 16), and using the results from the analysis of missile warning and tra
king systems(Chapter 10). The traje
tories of the missiles and inter
eptors were 
omputed as des
ribedin Appendix B. The sensor and kill-vehi
le performan
e, kill-vehi
le sizes and masses, andinter
eptor masses needed to a

omplish the se
ond task|homing on and disabling thetarget|are investigated in Chapters 11, 12, and 14. The methods des
ribed here are usedin the next 
hapter (Chapter 5) to explore the possibilities for terrestrial-based inter
eptorsto prote
t the United States in various geographi
al s
enarios, and to analyze the problemof debris from an inter
ept harming other 
ountries. Chapter 6 examines the unique re-quirements and trade-o�s between system performan
e and requirements for spa
e basingof boost-phase inter
eptors.The purpose of the engagement analysis presented here is to determine the spatialand kinemati
 relationships between the threat traje
tories with their variations, inter
ep-tor laun
h-time 
onstraints imposed by threat dete
tion and tra
king, inter
eptor 
y-outS47
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-Kill Engagement Fundamentalsperforman
e, and threat impa
t 
onstraints that determine when during threat burn theinter
ept must o

ur to prote
t the defended area. This analysis provides a method fordetermining the inter
eptor \rea
h"|the distan
e that the inter
eptor 
an travel withinthe time available|needed for any 
ombination of inter
eptor, ICBM, impa
t 
onstraint,�ring time, and geography. Inter
eptor ground range|the proje
tion of inter
eptor rea
hon Earth|
an then be used to 
al
ulate basing areas, i.e., the area in whi
h an inter
eptormust be lo
ated to inter
ept an ICBM in time to prevent it from hitting a defended area.The engagement analysis starts with the models of traje
tories for the postulated ICBMs(Chapter 15) and shows how the impa
t ranges of those missiles are a�e
ted when thrustis terminated early. Next it introdu
es a simpli�ed geometri
 model of an engagementwhere the ICBM and terrestrial-based inter
eptor are in the same plane to demonstratehow inter
eptor ground range (the distan
e from the inter
eptor laun
h point to a point onEarth dire
tly beneath the inter
ept point) and target ground range (the distan
e from thethreat missile laun
h point to that point on Earth dire
tly beneath the inter
ept point) aredeveloped for any engagement. Applying this model, the 
hapter then illustrates, for anyset of geographi
al 
onstraints, how to 
al
ulate the ground ranges of the inter
eptor andthe target for di�erent inter
ept times with several engagements, using the model ICBMtraje
tories and the inter
eptor 
yout envelopes or \fans" developed in Chapter 16. Then,a more generalized model is developed for 
al
ulating inter
eptor ground ranges and basingareas for non-planar engagements, whi
h is applied to postulated geographi
 s
enarios inthe next 
hapter.Many of the engagement issues are 
ommon to all inter
eptors, but spa
e basing requiresa separate dis
ussion of the engagement issues unique to that basing mode. This 
hapter
on
ludes with a dis
ussion of the methods used to analyze those spa
e-basing issues.The engagements in this 
hapter assume that the time delay from threat laun
h untilinter
eptor laun
h provides exa
t information about the threat missile traje
tory and that
onstraints on the lo
ation of inter
eptors relative to the threat are parametri
 rather thangeography-spe
i�
. The parametri
s must eventually take into a

ount the geographi
 s
e-narios used later. In Chapter 5, the pro
edures developed here are applied to real situationsand those assumptions are dropped. Other simpli�
ations used in this 
hapter, in
ludingthe assumption that the inter
ept is su

essful if the inter
eptor rea
hes the target mis-sile, are valid for these analyses, as long as the inter
eptor kill vehi
le has the 
apabilitiesdes
ribed in Chapter 12.4.1 ICBM Chara
teristi
s Key to This AnalysisIn 
arrying out this analysis, we used three di�erent models of o�ensive missiles (Chap-ter 15). These in
lude a two-stage liquid-propellant ICBM that burns for 240 s maximum,and two solid-propellant three-stage ICBMs that burn for a maximum of 170 s. The boosttraje
tory pro�les for these three missiles are shown in Figs. 4.1, 4.2, and 4.3.4.1.1 Traje
tory variationBoost-phase defense systems are sometimes analyzed assuming that atta
king ICBMs 
ytheir maximum-range traje
tories. Figures 4.1, 4.2, and 4.3 show the boost-phase traje
-tories to burnout. However, a given ICBM model laun
hed from a parti
ular laun
h siteagainst a target at less than its maximum range generally 
ould terminate its thrust earlyor 
y any of a broad range of boost-phase traje
tories. The latter 
ould in
lude traje
tories
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tory in the altitude-range plane. The �rst- and se
ond-stage boost-phase traje
tories are shown respe
tively by the heavyand light lines. Inset: A

eleration pro�les of the two stages. The a

eleration of the se
ond stagerea
hes 12 g before it burns out.that are lofted or depressed relative to the maximum-range traje
tory and traje
tories thathave in-plane or out-of-plane dog-legs. Su
h traje
tories may be 
own to expend ex
essenergy to hit a parti
ular target.1Evasive maneuvers may be employed to a
hieve either or both of two basi
 goals: (1) tofor
e the defensive system's inter
eptors to travel farther in essentially the same time,restri
ting the areas where inter
eptors 
ould be based and/or (2) to 
ause the inter
eptors'kill vehi
les to exhaust their propellant without a
hieving inter
ept. The e�e
t of evasivemaneuvers on the rea
h of inter
eptors is 
onsidered in this 
hapter; the e�e
t of su
hmaneuvers on the ability of the kill vehi
le to hit the target ro
ket is analyzed in Chapter 12.As shown in Fig. 4.4, an atta
ker 
ould program the ICBM to maneuver after it is out ofthe atmosphere to 
y any traje
tory within a fairly large 
oni
al volume in spa
e 
enteredon the maximum-range traje
tory, with only a modest redu
tion in the missile's range. Forexample, any of the model ICBMs 
onsidered here 
ould easily 
hange its azimuth by � 10degrees without 
hanging the range to defended area targets dramati
ally. Consequently,there 
an be a total un
ertainty of 20 degrees in the azimuth of the intended target.From North Korea, Iran, or Iraq, the azimuth spread for traje
tories to the U.S, Eastand West Coasts is approximately 40 degrees. This means that missiles apparently aimed atthe eastern half of the United States 
ould divert to U.S. and Canadian population 
entersanywhere within that 20 degrees. Similarly a missile aimed at the western half of the nation
ould divert to within that 20 degree un
ertainty to anywhere in the western United Statesand in addition 
ould divert even more to threaten most of Alaska.1Solid-propellant ro
ket motors normally burn until the propellant is exhausted but to hit a target 
loserthan its maximum range, the thrust of a solid-propellant missile would have to be terminated while itspropellant 
ontinues to burn. Alternatively, it 
ould 
y dog-legs or exe
ute other maneuvers designed toexpend ex
ess energy during its boost phase (see Chapter 15), to obfus
ate a missile's intended target or
ight path, or to evade inter
eptors.
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Figure 4.2. Solid-propellant ICBM model S1 maximum-range and lofted boost-phase traje
tories inthe altitude-range plane. The traje
tories during �rst-, se
ond-, and third-stage boost are indi
atedby the heavy, light, and dotted lines, respe
tively. The 
ight-path angle at the time of burn-outmeasured from the horizon at laun
h is 19Æ for the maximum-range traje
tory and 27Æ for the loftedtraje
tory. Inset: A
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Figure 4.4. Examples of the variety of planar traje
tories that are possible for solid-propellant ICBMmodel S1 by lofting it slightly at laun
h or by 
hanging its 
ight path angle after the aerodynami
shield that prote
ts the warhead is eje
ted. (The numbers for the traje
tory are keys for the text inChapter15.) The large-s
ale traje
tory variations shown redu
e the range of the missile by at most12 per
ent of its maximum range. Out-of-plane deviations by similar distan
es redu
e the range bya similar amount. Traje
tory variations like these are also possible for the liquid-propellant ICBMmodel L and solid-propellant ICBM model S2, with similar range penalties. The volume in spa
ethat these traje
tories span represents the volume that inter
eptors must be able to 
over to ensurethat a boost-phase inter
ept is possible.The point to be made here is that this un
ertainty must be 
onsidered in the requiredtime of inter
ept. (A 50 per
ent redu
tion would still allow any of the model ICBMs used inthe Study to atta
k targets anywhere in Alaska from laun
h sites in North Korea.) Dog-legs,like any unpredi
ted maneuvers, must be dealt with by the kill vehi
le's own 
apability to
hange its velo
ity (see Chapter 12).4.1.2 Payload deploymentAn ICBM's munitions and devi
es to aid in penetrating any defenses (\penetration aids")
an be deployed in a variety of ways (see Chapters 15 and 9 and Appendix A). The simplestis to release the payload after the propellant of the missile's �nal boost stage has beenexhausted or its thrust has been terminated, but while its attitude is still under 
ontrol.However, it is also possible to deploy multiple warheads and penetration aids while thero
ket motor of the �nal stage is still burning. Histori
ally this has been done by eje
tingwarheads from the a

elerating �nal boost stage. Consequently, when determining the latesttime a given missile 
an be inter
epted, we assume its warheads 
ould be deployed at anytime during �nal-stage boost, as well as at burnout.No matter how a missile's munitions are deployed, the only way to be 
ertain of pro-te
ting the defended area is to inter
ept the missile before it has a
hieved a velo
ity thatwould 
arry its munitions to that area.
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t on Impa
t Range of Terminating Missile ThrustThe fundamental prin
iple of boost-phase defense is that missiles inter
epted before theya
hieve their intended �nal velo
ity will fall short of their intended targets. The degree towhi
h a missile's range will be shortened depends on the spe
i�
 design of the missile andhow soon before burnout it is inter
epted. For hit-to-kill inter
eptors, longer threat missileburn times translate into greater inter
eptor rea
h and more 
exibility in where they 
anbe based.Figure 4.5 shows the e�e
t on range for our three model missile types as a fun
tion ofthe time when the thrust is 
ut o�, expressed as the time before normal burnout. The rangeof liquid-propellant ICBM L is mu
h more sensitive to terminating thrust than either of thesolids, whi
h is a dire
t result of the large a

eleration that it re
eives near the end of these
ond-stage burn, as shown in Chapter 15. For example, terminating the thrust of ICBML only 20 s before burnout 
uts the range of the missile by 70 per
ent. In 
ontrast, therange of solid-propellant ICBM S1 is redu
ed by less than 50 per
ent.The 
urves in Fig. 4.5 are used for the analysis in this 
hapter and the next to determinewhen a spe
i�
 type of missile must be inter
epted before it 
an rea
h the defended area.The uppermost shaded areas on the right shows when the missiles must be disabled to defendthe eastern or western portions of the United States from missiles laun
hed by North Koreaor the Middle East. Other shaded areas show when the missile must be disabled to avoidfalling on other 
ountries. The darkest areas on the right-hand side of the �gure indi
ate\safe" impa
t zones where disabled missiles would fall in the open o
ean. These safe impa
tzones 
an be easily related to inter
ept times for ea
h threat missile type on the left portionof the �gure.
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Figure 4.5. Payload range of the missiles modeled in this study as a fun
tion of the number ofse
onds before burnout that their thrust is terminated. The full burn range is 12,000 km. Thefull burn range for lofted traje
tories is 11,000 km (shown for the solid-propellant missiles). Fullburn for ICBM L is 240 s; full burn for ICBMs S1 and S2 is 170 s. Geographi
 impa
t 
onstraintsfor laun
hes from North Korea, Iraq, and Iran against the western and eastern 
ontinental UnitedStates are also shown. The darkest shaded regions are safe zones where inter
epts will 
ause thethreat missile debris to fall into open o
ean.
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eptors S53Table 4.1. Model Inter
eptorsaModel Vbo tb Length Diameter Mass(km/s) (s) (m) (m) (tnb)I-1 1.7 47 7.9 0.34 1.6I-2 5.0 47 6.4 0.53 2.3I-3 6.7 75 16.5 1.25 14.6I-4 6.5 40 15.5 1.6 16.9I-5 10 45 20 3 65.6atb is the total duration of the boost phase. Vbo isthe burnout velo
ity if the missile were �red verti
ally,taking into a

ount the e�e
ts of gravitational andaerodynami
 drag for
es (see Appendix B). For furtherdetails, see Chapter 16.btn= metri
 tonne = 1.1 ton.It should be noted that the �gure assumes defense knowledge of the a

eleration pro�lesand staging of the atta
king missile. In reality, there is un
ertainty in that knowledge. Forexample, the two solid-propellant ICBMs modeled in the �gure, S1 and S2, have the samemaximum range (12,000 km) and total burn times (170 s), yet their impa
t ranges di�ersigni�
antly for the same 
uto� time before burnout. The reason for this di�eren
e is thatthe missiles have di�erent staging ratios, parti
ularly for the third stage, from whi
h S2 getsmore of its a

eleration. Se
ondly, normal variations in propellant burn rates 
an easily be� 10 per
ent. The defense must provide margin in rea
h to a

ommodate su
h variations.These 
onstraints are 
onsidered in detail in Chapter 5 for terrestrial-based engagementsand must also be 
onsidered for spa
e-based engagements.4.3 Surfa
e-Based Inter
eptorsFive di�erent 
omputer models of inter
eptor missiles were developed by the Study Group(see Chapter 16). The basi
 physi
al and performan
e 
hara
teristi
s of the inter
eptorsare listed in Table 4.1. The models were 
onstru
ted to explore the range of 
apabilitiesrequired in several proposed system ar
hite
tures. The physi
al sizes of these inter
eptorsare illustrated in Fig. 4.6. Figure 4.7 shows a 
yout fan of planar traje
tories and thea

eleration pro�le 
al
ulated using the 
omputer model of the 6.5-km/s inter
eptor I-4.The engagements we analyzed were sele
ted to illustrate the sensitivity of the out
ometo the performan
e of the ICBMs and inter
eptors, as well as the �ring do
trine adopted.We also investigated engagements of shorter-range ballisti
 missile models M-1 and M-2by inter
eptor I-1 to understand the potential of an existing air-defense inter
eptor againstmedium-range missiles laun
hed o� U.S. 
oasts (Chapter 5).In this 
hapter, we illustrate our analyti
al approa
h with two engagements: inter
ep-tor model I-4 against liquid-propellant ICBM model L, and inter
eptor I-5 against solid-propellant ICBM model S1.
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-Kill Engagement Fundamentals4.4 Engagement TimelinesOur analysis assumes that the missile laun
h is dete
ted by spa
e-based infrared sensorsafter the missile a
hieves an altitude of 7 km whi
h is above almost all of the water vaporin the atmosphere (see Chapter 10). The liquid-propellant ICBM modeled in this studyrea
hes that altitude 45 s after laun
h. The solid-propellant missiles S1 and S2 rise faster,rea
hing 7 km in about 30 s. After about 15 s of tra
king the solid-propellant missile,the defense is assumed to have the minimum amount of information to determine the �rstpredi
ted engagement point and laun
h an inter
eptor. (This assumes that the UnitedStates has deployed a system similar to the SBIRS-High, as dis
ussed in Chapter 10.) Theliquid-propellant ICBM requires 20 s of tra
king, longer than the solid-propellant ICBM,be
ause at an altitude of 7 km, it is moving more slowly and on a more verti
al traje
tory.For the most optimisti
 
ase, we assume that the inter
eptors are �red as soon as themissile dete
tion and tra
king system has enough information to 
on�rm that a potentiallythreatening ro
ket is in 
ight and to 
onstru
t a �ring solution. We refer to this as the\zero de
ision time" 
ase. Under this optimisti
 s
enario, the �ring time for an inter
eptoris 65 s after laun
h for the liquid-propellant missile (45 s to dete
t and 20 s to establisha preliminary tra
k) and 45 s after laun
h for the solid-propellant missiles (30 s to dete
tand 15 s to tra
k). This �ring do
trine would give the inter
eptors the greatest possibleopportunity of a
hieving an inter
ept, but provides no margin, or \battlespa
e," that wouldallow repla
ing inter
eptor failures. In the next 
hapter we 
onsider both the zero-de
ision-time 
ase, as well as the e�e
t of delaying the de
ision to �re by 30 s.

6.7 km/s

I-3I-2
5 km/s 6.5 km/s 10 km/s

I-4 I-5Figure 4.6. Inter
eptor models used in the Study. The basi
 physi
al and performan
e 
hara
teristi
sof these inter
eptors are listed in Table 4.1. Further details are given in Chapter 16.
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Figure 4.7. Flyout fan of traje
tories and the a

eleration pro�le for the 6.5-km/s inter
eptor I-4.4.5 Terrestrial Planar EngagementsTo inter
ept an ICBM during boost, the inter
eptor and the ICBM must arrive at the samepoint in spa
e at the same time, and that point must be on the threat boost traje
torybefore the ICBM a
hieves the velo
ity ne
essary to hit a defended area. Modeling thisengagement requires solving the 
omplex simultaneous traje
tory equations for missile andinter
eptor in the same referen
e frame.The easiest way to both model and visualize the ability of our model inter
eptors to rea
hthe a

elerating target is by simulating a series of planar engagements in the 
on�gurationillustrated in Fig. 4.8. These planar engagements allow understanding the engagementspa
e as a fun
tion of the distan
e of the inter
eptor laun
h platform and the lo
ation ofsensors relative to the target missile laun
h sites, as well as the dete
tion and tra
king timesrequired for an initial inter
eptor �ring solution, assuming perfe
t kill-vehi
les performan
e.In Fig. 4.8, the threat missile is laun
hed from point M. The inter
eptor is subsequently�red from the inter
eptor-basing point, F. If the inter
ept is su

essful, the inter
eptor andthe threat missile arrive simultaneously at the inter
ept point IP. The ground inter
eptpoint P is the point on Earth's surfa
e dire
tly below IP. The threat missile's ground range(TGR) is the distan
e it moves over the surfa
e of the Earth to the inter
ept point, and the
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F    interceptor firing point
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TGR target ground range
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Figure 4.8. Geometry of a planar engagement.inter
eptor ground range (IGR) is the 
orresponding distan
e for the inter
eptor.The engagement analysis provides input values for the tra
king sensor analysis presentedin Chapter 10. It also provides the maximum 
losing velo
ity and range to the predi
tedinter
ept point as a fun
tion of time essential for establishing the requirements for the killvehi
le performan
e, as dis
ussed later in Chapter 12. In this 
hapter, however, we areinterested only in whether the inter
eptor is 
apable of rea
hing the predi
ted inter
eptpoint in the required inter
ept time.Two examples of the engagement simulation output are shown in Fig. 4.9. We used theinter
eptor and ICBM 
yout traje
tories des
ribed above to model planar engagements.Those planar engagements display the 
yout fan (range and altitude as a fun
tion of time)of 
andidate inter
eptors generated with the simulation models. Ea
h is plotted on thesame display with an opposing threat traje
tory positioned at any stando� range desired.(The stando� range is the distan
e between the threat missile laun
h point and the basinglo
ation of the inter
eptor. In the planar 
ase it is simply IGR + TGR.) By adjustingthis stand-o� range, we 
an evaluate the ability of any 
andidate inter
eptor to inter
ept athreat at any spe
i�
 time on the threat traje
tory by 
omparing the 5-se
ond time ti
kson the threat traje
tory with the time 
ontours of the inter
eptor 
yout, allowing for thedelay in inter
eptor laun
h from threat laun
h.In Fig. 4.9, the traje
tories of the target missile start from their laun
h point at theright-hand side of the �gure and 
urve upward to the left. The ICBM laun
h point is at anarbitrarily 
hosen inter
eptor stando� distan
e of 1,000 km. The inter
eptor is �red fromthe origin. \Fans" of possible 
yout traje
tories for the inter
eptor are shown rising fromthe lower left-hand 
orners of the �gure. The ar
s that traverse the inter
eptor traje
toriesare 
ontours of 
onstant elapsed time from the moment the inter
eptor is �red.In the parti
ular example shown in Fig. 4.9, top, a 6.5-km/s inter
eptor (I-4) is laun
hedagainst a 240-se
ond, liquid-propellant ICBM model L from a stando� distan
e of 1000 km.The inter
eptor is �red 65 s after the missile is laun
hed, 
onsistent with the zero-de
ision-time 
ase for liquid-propellant ICBM L, as des
ribed in the previous se
tion. The 
yout fanis shown having 10-se
ond 
ontours. Figure 4.9 
an be used to determine graphi
ally theearliest inter
ept that is possible by mat
hing target missile time ti
ks to inter
eptor time
ontours for the desired rea
h to the inter
ept point, a

ounting for the time delay fromtarget missile laun
h to inter
eptor laun
h.This pro
ess 
an be demonstrated by 
al
ulating the earliest inter
ept point for the set
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Figure 4.9. Engagement diagrams for planar engagements, 1000-km stando� distan
e. Top:liquid-propellant ICBM model L engaged by the 6.5 km/s inter
eptor I-4 �red 65 s aftermissile laun
h. The ICBMs are laun
hed from 1000 km, and the inter
eptors are �red from0 km. A series of possible inter
eptor traje
tories is shown. The ti
k marks on the ICBMtraje
tory are at 5-se
ond intervals. The earliest possible inter
ept point is en
ir
led. The
urves show the inter
eptor positions at the times indi
ated, measured from the time theinter
eptor is �red. The shaded regions along ea
h traje
tory 
orrespond to \safe" zonesdepi
ted for the North Korean laun
hes shown in Fig. 4.5 Bottom: solid-propellant ICBMmodels S1 and S2 engaged by the 10-km/s inter
eptor I-5 �red 45 s after missile laun
h.of parameters in the �gure. This point is where the time 
ontour of the inter
eptor plusthe �ring delay time 
rosses the equivalent time ti
k on the ICBM traje
tory. In Fig. 4.9(top), they are roughly equivalent 210 s into the ICBM's powered 
ight and 145 s afterinter
eptor laun
h (210 s minus the 65-s �ring delay). The earliest inter
ept point for ea
hICBM traje
tory is en
ir
led and o

urs about 30 s before the propellant of the ICBM's
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ond stage would be depleted. A

ording to the �gure, the earliest inter
ept would beat an inter
eptor ground range (IGR) of about 620 km. The 
orresponding target groundrange at inter
ept would be about 380 km.If inter
epting the ICBM 30 s before burnout is not soon enough to prevent debris andwarheads from striking the defended area, the inter
eptor must be lo
ated 
loser to theICBM laun
h point. Graphi
ally, the ICBM laun
h point would be moved to the left untilthe equivalent time 
ontours and ti
ks 
orrespond to the inter
ept time required to prote
tthe defended area. Conversely, the inter
eptor 
ould be moved farther away (the ICBMlaun
h point slid to the right in the �gure) if the inter
ept 
ould o

ur later and still dropthe missile debris short of the defended area.In short, Fig. 4.9 graphi
ally solves the two 
omplex sets of simultaneous equations forthe inter
ept time for a planar engagement. Using this basi
 approa
h, a straightforwardmethod for determining the e�e
t of 
hanging the time between target missile laun
h andinter
eptor laun
h will be shown in Chapter 5. Su
h a 
hange 
ould re
e
t either an earlieror later dete
tion of the target missile, or a longer de
ision time. Moreover, by sliding theinter
eptor 
yout fan to greater or lesser distan
e, approximate inter
eptor ground rangerequired to inter
ept this target missile at an earlier or later time 
an be determined. Notethat Fig. 4.9 shows the ICBM traje
tory to burnout. In most 
ases, however, a missilewould have to be inter
epted before burnout to assure that debris from the 
ollision doesnot strike the United States. With a suitable map or globe, the 
ountry and lo
ation fromwhi
h an ICBM is laun
hed, the missile's azimuth, and traje
tory pro�le and the area tobe defended, one 
an determine when inter
ept must o

ur to prote
t a defended area, andfrom this one 
an determine both the TGR and the IGR. By examining the traje
tory indetail, one 
an also determine what inter
ept times should be avoided to prevent a disabledmissile from striking other territory. (These times 
an be found graphi
ally from the shadedzones in Fig. 4.5).In general, and inter
eptor traje
tory will not lie in the same plane as the missile tra-je
tory, so that the 
o-planar geometry is a spe
ial 
ase. However, from an analysis of
o-planar engagements, it is a straightforward matter to analyze non-planar engagements.Knowing the required ground ranges, we 
an use the planar engagement simulation todetermine what size inter
eptor 
an meet the requirement for 
andidate defense-basing lo-
ations at sea, ashore, or in the air. While inter
eptor rea
h is two-dimensional in range andaltitude, it is 
onvenient to use IGR and TGR as key engagement measures of inter
eptorrea
h and threat position, as illustrated in Fig. 4.8, be
ause ground range 
an be dire
tlyrelated to basing areas 
onstrained by a
tual geography in any s
enario. A look at anyof the inter
eptor 
youts shows that at the altitudes where boost-phase inter
epts o

ur,the inter
eptor 
yout time 
ontours 
hange very little with altitude, making IGR a validmeasure of rea
h.4.6 Non-planar Engagements and Inter
eptor Basing AreasUp to this point we have 
onsidered only planar engagements; that is, engagements in whi
hthe planes of the target missile and inter
eptor traje
tories 
oin
ide. In most 
ases, however,the traje
tories of the target missile and inter
eptor will lie in di�erent planes.Fortunately, the planar 
ase 
an be easily generalized to the non-planar 
ase be
ausethe IGRs are the same, de�ned only by the 
hara
teristi
s of the inter
eptor and the timeavailable to inter
ept the missile and independent of the relationship between the traje
toryplanes of the inter
eptor and the target. In other words, the inter
eptor 
ould be rotated



4.6. Non-planar Engagements and Inter
eptor Basing Areas S59
M    target missile launch point
F      interceptor firing point
IP    intercept point
P    ground intercept point
TGR target missile ground range
IGR  interceptor ground range
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Figure 4.10. Geometry of a non-planar engagement. The stando� distan
e has its maximum valueDmax when the traje
tories are in the same plane. The 
ir
le 
entered on P and passing through Fde�nes the inter
eptor basing area.around the inter
ept point and still rea
h the missile at the same time, as long as it remainswithin the IGR of the ground inter
ept point. Figure 4.10 shows this basi
 geometry of su
ha non-planar engagement. This 
onstru
tion shows that an inter
eptor based anywhere onor within the 
ir
le 
entered on the ground inter
ept point, whose radius is the inter
eptorground range, 
an inter
ept the missile within the required time. This area is 
alled theinter
eptor basing area. Figure 4.11 shows this same geometry proje
ted onto Earth. Boththe threat missile TGR and the IGR depend on the time within whi
h the missile must beinter
epted to prevent it from striking the United States. This time depends on the missiletype and its intended target. The non-planar model developed here is used extensively inChapter 5.Figures 4.10 and 4.11 illustrate the 
ase for whi
h the IGR is greater than the TGR,sin
e inter
eptors are generally faster than ICBMs in early 
ight. The reverse 
ould o

urif there were a signi�
ant delay in the inter
eptor laun
h or if the inter
eptor were slow. Insu
h 
ases, the missile laun
h point would lie outside of the inter
eptor basing area.The situation des
ribed here is highly idealized. In reality, un
ertainties in the missiletype and traje
tory, normal variations in missile performan
e, the possible need to defend
P

M

IGR

TGR

Figure 4.11. Proje
tion of the traje
tories of the non-planar engagement shown in Fig. 4.10 ontothe Earth's surfa
e. The target missile is laun
hed from M, TGR is the target missile ground range,and IGR is the inter
eptor ground range. The permitted inter
eptor basing area for this engagementis the shaded area 
entered on the ground inter
ept point P.
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Figure 4.12. Coverage provided by a single spa
e-based inter
eptor. The height of the inter
ept isdetermined by the altitude at whi
h the inter
eptor is based and the distan
e it 
an 
y out in thetime that is available to inter
ept the target.targets on several azimuths from a single inter
eptor base, and other fa
tors all serve toredu
e the area available for e�e
tive inter
eptor basing. These issues are addressed inChapter 5.4.7 Spa
e-Based Engagement of ICBMsSpa
e-based hit-to-kill inter
eptors share many of the same te
hni
al issues as terrestrialengagements. However, while the basing of land-, sea-, and air-based inter
eptors is de-termined by the geography near the threat ICBM laun
h points, spa
e-based inter
eptors(SBIs) are free of this 
onstraint. Instead, spa
e basing is governed by orbital me
hani
sand the mass of the 
onstellation of inter
eptors that must be pla
ed in orbit. Spa
e-basedinter
eptors are still subje
t to two 
onstraints that depend upon the geography|the lasttime to inter
ept a missile before it 
an rea
h the United States and the time window for asafe impa
t of the missile's munitions with respe
t to other 
ountries. The number of SBIsand the rea
h of ea
h SBI in the time available determine the 
overage over the latitudesof interest. A large number of SBI satellites would be needed to ensure that at least onesatellite would always be 
lose enough to every potential boost-phase ICBM traje
tory tointer
ept ICBMs during the 100 or so se
onds available.We approa
hed the SBI engagement analysis by 
reating a \baseline" system that 
ouldinter
ept a single, solid-propellant ICBM 5 s before burnout with zero de
ision time. Liketerrestrial-based inter
eptors, the 
overage of an SBI is determined by the distan
e it 
an
y from the time t0 when it is �red to the time when it must inter
ept the target missile.The 
hange in the distan
e of a spa
e-based inter
eptor from the 
enter of Earth duringan engagement is generally very small 
ompared to the radius of its orbit. In this limit,the position at time tn of an SBI �red at an earlier time t0 is displa
ed from the positionit would have o

upied had it not been �red by the distan
e r
yout it has 
own in the timeinterval tn � t0. Consequently, the volume it 
ould 
over at tn is approximately a sphere
entered on the position it would have o

upied at tn, with its radius equal to r
yout. Thisis illustrated in Fig. 4.12. Assuming that the altitude of the satellite's orbit is horbit andthat the inter
ept o

urs at altitude hinter
ept, a given SBI 
ould inter
ept a ro
ket thatrises through this altitude anywhere within the 
ir
ular area of radiusa = qr2
yout � (horbit � hinter
ept)2 (4.1)



4.8. Summary S61shown in Fig. 4.12.The 
yout distan
e depends on the a

eleration pro�le and the terminal velo
ity of theinter
eptor. Both are important for 
yout times in the range 100 s to 150 s, whi
h aretypi
al for this appli
ation, and both are key fa
tors in the size of the SBI. In addition, theinter
eptor would need to use some of its range in diving down from its parking altitude tothe inter
ept altitude, and this requirement must be 
onsidered in 
overage 
al
ulations. Inany 
ase, the range would be measured in hundreds rather than thousands of kilometers,so a large number of inter
eptors would be needed.For a given performan
e, SBIs 
an be smaller than their terrestrial-based relatives be-
ause they are already at high altitude and are not subje
t to aerodynami
 drag or gravitydrop as they 
y out to their targets. The penalty for over
oming drag and gravity hasalready been paid by the ro
ket that put them in orbit. Furthermore, the ro
ket nozzle onthe inter
eptor 
an be tuned for a single external pressure (i.e., zero), and no aerodynami
stru
ture, su
h as a shroud, is needed. On the other hand, a SBI would need life-support(i.e., system support) and station-keeping systems during its multiyear lifetime on orbitthat terrestrial-based inter
eptors do not. These issues are dis
ussed in Chapter6.On
e the inter
eptor has been boosted toward the intended target missile, the kill vehi
lerequirements are virtually the same for SBIs and terrestrial-based inter
eptors, and the samekill-vehi
le sizing methodology is used.4.8 SummaryThe time at whi
h a given threat missile must be inter
epted to prevent it from hittingthe United States 
an be found by 
al
ulating how its range varies with inter
ept time.Given this inter
ept time plus an estimate of the time required to 
on�rm the missile'slaun
h, the remaining time available for an inter
ept 
an be determined. The area wherean inter
eptor would have to be based to inter
ept an ICBM is de�ned by the inter
eptorground range, whi
h is the distan
e over the ground that an inter
eptor 
an travel in theavailable time. The analyti
al methods derived here provide the essential tools needed toanalyze engagements in geographi
 s
enarios of interest, whi
h is the subje
t of Chapter 5.The unique aspe
ts of spa
e-based engagement issues and the methods used to examinethem summarized here are dis
ussed in depth in Chapter 6.
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epting the missile during its as
ent phase . . . . . . . . . S1015.9.6 Defending by slower inter
eptors . . . . . . . . . . . . . . . . . S101This 
hapter analyzes the feasibility of preventing munitions laun
hed by atta
king missilesfrom landing on U.S. territory by inter
epting the missiles during their boost phase usingterrestrial (land-, sea-, or air-based) inter
eptors. In a

ordan
e with the stated poli
y ofthe 
urrent U.S. administration, we take as our baseline goal the defense of all 50 states.1We also 
onsider the e�e
ts on inter
eptor performan
e and basing requirements if onlythe 
ontiguous 48 states or, alternatively, only a few major U.S. 
ities were defended. Thedefense of Hawaii is treated as a spe
ial 
ase. Finally, we dis
uss the problem of managinginter
epts so that munitions do not fall on populated areas short of the target.We investigate the inter
eptor performan
e and basing that would be needed to defendthe United States against ICBMs laun
hed from North Korea, Iraq, and Iran. The U.S.intelligen
e 
ommunity has judged these 
ountries to be of 
on
ern and to be 
apable ofdeveloping or a
quiring ICBMs within the next 10 to 15 years (see Chapter 3). Thesethree 
ountries also have dimensions and geographies that illustrate the range of problemsa boost-phase defense system might have to over
ome.Toward the end of this 
hapter, we dis
uss brie
y boost-phase defense of the UnitedStates against short- or medium-range ballisti
 missiles laun
hed from ships or other sea-based platforms positioned o� U.S. 
oasts. It is the judgment of the U.S. intelligen
e
ommunity that some 
ountries of 
on
ern are likely to develop and deploy su
h systemsbefore 2015 (see Chapter 3). Spe
i�
ally, we examine the boost-phase inter
ept 
apabilityof the existing Aegis air-defense system in this role.The following material underlies the dis
ussion in this 
hapter: the threat missiles andthe rationales for their 
hoi
e that are des
ribed in Chapter 15, the speeds and 
youtproperties of the inter
eptors that are des
ribed in Chapter 16, and the times for dete
tinga ro
ket laun
h and generating a �ring solution that are des
ribed in Se
tion 10.1.Also underlying this dis
ussion is the assumption that if the inter
eptor 
an rea
h thethreat missile, it 
an destroy the missile. The analysis that supports this assumption formsPart B of the Report. Its impa
t on this 
hapter is indire
t: given the assumed inter
eptor
yout pro�le and tra
king 
apability, the mass of the kill vehi
le is established (Chapter 14),and the kill-vehi
le mass then determines the total mass of the inter
eptor. The inter
eptormasses listed in Chapter 16 were determined by this pro
edure. However, inter
eptor massesare not of primary importan
e in this 
hapter, only their 
yout properties.1\Our missile defense must be designed to prote
t all 50 states|and our friends and allies and deployedfor
es overseas|from missile atta
ks by rogue nations, or a

idental laun
hes", G. W. Bush, spee
h atthe National Press Club, Washington, D.C., May 23, 2000; see also President G. W. Bush's spee
h at theNational Defense University, Washington, D.C., May 1, 2001.



5.1. Key Assumptions for the Basing Analysis S65Table 5.1. Model ICBMs ConsideredaModel tb (s) Vbo (km/s) Payload (kg)L 240 7.2 2545S1 170 7.2 918S2 170 7.2 1040aAll these models have nominal ranges of 12,000 km. Forfurther details, see Chapter 15. We also dis
uss, but do not
onsider in detail, a liquid-propellant missile with a 300 sboost phase (ICBM L2) and a fast-burn solid-propellantmissile with a 130-se
ond boost phase (ICBM S3). Theduration of the boost phase is tb, and Vbo is the burnoutvelo
ity5.1 Key Assumptions for the Basing AnalysisThis se
tion dis
usses various key assumptions whi
h are part of the analysis. The e�e
t ofrelaxing these assumptions is dis
ussed in Se
tion 5.9.5.1.1 ICBM models, basing, and 
ightICBM models Sin
e the three states 
onsidered in this study do not 
urrently have in-ter
ontinental ballisti
 missiles, our analysis fo
used on the three illustrative ICBM modelsdeveloped in Chapter 15: liquid-propellant model L, whi
h has a total boost time of 240 s,and solid-propellant models S1 and S2, both of whi
h have total boost times of 170 s (seeTable 5.1).2 All three have nominal non-rotating-Earth maximum ranges of 12,000 km.Their di�eren
es illustrate the di�erent performan
e 
hara
teristi
s that are possible evenfor ICBMs having identi
al maximum ranges.We 
onsider only brie
y liquid-propellant ICBMs with the very long burn times (300 sor more) used in some previous studies. Obviously an additional 60 s of burn time wouldallow a mu
h more optimisti
 view of boost-phase inter
ept. We note, however, that allthe ICBMs that have been developed during the past three de
ades, in
luding the �rstliquid-propellant ICBM developed by China more than 30 years ago, have had boost phasessigni�
antly shorter than 300 s (see Chapter 3). At the other extreme, we dis
uss onlybrie
y defense against \fast-burn" solid-propellant ICBMs, su
h as model S3, whi
h has a130-se
ond boost phase. No terrestrial-based inter
eptor ro
kets 
ould rea
h su
h an ICBM,even if it were laun
hed from a very small 
ountry, whi
h would allow 
loser basing of theinter
eptors to the laun
h point.ICBM laun
h sites To redu
e the number of 
ases analyzed, we fo
us on the laun
h sitesin ea
h 
ountry that would be most advantageous for an atta
ker, but without 
onsideringease of a

ess or the lo
al topography. We generally pla
e laun
h sites at least 100 km insidea 
ountry's border, to make them less vulnerable to preemptive atta
k. The ex
eption isNorth Korea, where we 
onsider a laun
h site 
loser to its border with China, be
ause of2The reasons for our fo
us on these three models are explained in more detail in Chs. 2 and 15.
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e-Based Inter
eptorsChina's histori
al support of North Korea's missile program and the advantage su
h a sitewould have for evading inter
ept by a boost-phase defense system.Lo
ation of inter
eptor bases We assume that inter
eptor bases and air
raft must be atleast 100 km from the borders of potentially hostile 
ountries, or, in the 
ase of sea-basedinter
eptors, at least 100 km from the 
oasts of potentially hostile 
ountries, so that shipsare beyond the horizons of land-based radars and have adequate room for maneuvering.Basing inter
eptor batteries at a single site or at multiple sites are both 
onsidered.ICBM traje
tories ICBMs laun
hed from a given site in North Korea or the Middle East
ould atta
k a variety of targets in the United States. Missiles 
ying to di�erent targetswould 
y outward from their laun
h site along di�erent azimuths, as illustrated by Figure 5.1for missiles laun
hed from North Korea and Iraq or Iran. The ground tra
ks shown are great
ir
les from the laun
h sites to the targets and negle
t the e�e
t of the Earth's rotationon the missile's 
ight path.3 Table 5.2 lists the great-
ir
le distan
es from laun
h sites inNorth Korea, Iraq, and Iran to various 
ities in the United States and the azimuths of thesegreat 
ir
les at the laun
h sites. The spread of possible initial azimuths is about 40 degreesfor ICBMs 
ying from any of these 
ountries to targets in the 48 
ontiguous states.It is important to re
all that all of these ICBMs 
an easily 
hange their azimuths duringlate boost (after inter
eptor booster burn-out) by 10 degrees with little degradation inrange. Thus, a North Korean missile initially on an azimuth to Los Angeles 
ould easilydivert to Seattle, or from Dallas to Seattle.The traje
tory4 that an ICBM would follow from a given laun
h site to a spe
i�
 tar-get depends on the missile's type and performan
e 
hara
teristi
s. In parti
ular, solid-propellant ICBMs typi
ally a

elerate mu
h faster and burn out mu
h sooner than liquid-propellant ICBMs, even if their maximum ranges are the same (see Chapter 15). Forexample, the boost phase of the solid-propellant ICBM model S2 is 70 s shorter than theboost phase of the liquid-propellant ICBM model L. Moreover, when both are 
ying theirmaximum-range traje
tories, ICBM S2 burns out 100 km 
loser to the laun
h site but 50 kmhigher than ICBM L. Their traje
tories are so di�erent that a boost-phase defense mighthave to �re two or more inter
eptors at ea
h potentially threatening ro
ket, unless the de-fense knows in advan
e or 
an determine within a few se
onds after the ro
ket has beendete
ted whether it is powered by a liquid- or a solid-propellant motor. Even two ICBMswith the same type of propulsion and the same maximum range 
an have signi�
antly di�er-ent 
ight pro�les. As an example, solid-propellant ICBM model S1 burns out 50 km furtherdownrange than model S2, when both are 
ying their maximum-range traje
tories. Conse-quently, in analyzing inter
eptor basing areas, laun
h engagement areas, and the feasibility3The most important e�e
ts of the Earth's rotation on a missile's 
ight are the eastward velo
ity at laun
h
ontributed by the motion of the laun
h site and the motion of the target relative to the point from whi
hthe missile was laun
hed during the missile's 
ight. We have in
luded the Earth's rotation when 
omputingthe initial azimuths of traje
tories from North Korea to targets in North Ameri
a and from Iraq and Iranto Hawaii, be
ause Earth's rotation has a signi�
ant impa
t on the feasibility of boost-phase inter
ept ofICBMs 
ying these traje
tories. We have negle
ted Earth's rotation when 
omputing other traje
tories,be
ause the rotation does not have a signi�
ant impa
t on the feasibility of boost-phase inter
ept in those
ases.4The term \traje
tory" is sometimes used to denote the path followed by a missile. Here we use it todenote the path of the missile as a fun
tion of time. Time is important, be
ause missiles may follow similarpaths but arrive at the same position at di�erent times after they have been laun
hed. The time dimensionis 
riti
al for inter
epting them.
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Figure 5.1. Great 
ir
les from North Korea (top) and Iraq or Iran (bottom) to Boston,Washington, D.C., Dallas, San Fran
is
o, Fairbanks, and Honolulu.
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e-Based Inter
eptorsTable 5.2. Great-Cir
le Ranges and Azimuths to Various U.S. CitiesaFrom North Korea From Iraq From IranRange Azimuth Range Azimuth Range AzimuthCity (km) (deg) (km) (deg) (km) (deg)Portland, Maine 10,500 11 9,000 319 10,000 324Boston 10,700 13 9,400 319 10,200 324Washington, D.C. 10,900 18 10,300 319 10,800 325Dallas 10,800 36 12,000 328 12,300 336Fairbanks, Alaska 5,900 32 9,300 6 9,000 10Seattle 8,000 42 11,000 345 11,300 360San Fran
is
o 8,900 49 12,100 351 12,300 360Los Angeles 9,400 51 12,400 340 12,900 355Honolulu 7,300 82 13,700 27 13,050 36Spread of azimuthsb � 40 � 40 � 40aRanges are approximate great-
ir
le distan
es from the 
ountry listed to the U.S. 
ity. Azimuthsare relative to lo
al north at the laun
h site. The pre
ise distan
es and azimuths would depend onthe assumed lo
ation of the laun
h site.bNot in
luding Alaska or Hawaii.of inter
ept, we 
onsider both ICBM models S1 and S2, as well as model L.Threat missile range 
ontrol We assume for this part of the analysis that all ICBMmodels would atta
k targets 
loser than their maximum range by one or a 
ombination ofthree alternatives: (A) by shutting down the �nal stage early; (B) by traje
tory-shaping,su
h as dog legs or lofting; and (C) by eje
ting the payload on the 
y during boost. Inlater 
hapters where the kill-vehi
le requirements are dis
ussed, we also 
onsider that solid-propellant missiles 
ould also redu
e range by exe
uting energy-management maneuvers. Inthe latter 
ase, the �nal stage would 
ontinue burning until burnout (i.e., for 170 s).5.1.2 Inter
eptor models, �ring, and 
ightInter
eptor models For this analysis we employed the model inter
eptors 
onstru
ted inChapter 16, fo
using on the three inter
eptors listed in Table 5.3. Inter
eptor I-2 is smallenough to be �red either from the existing Verti
al Laun
h System of Aegis-
lass ships orfrom a large air
raft, but it has a relatively low burnout velo
ity. Inter
eptor I-4 has ahigher burnout velo
ity, but it is also mu
h larger and heavier. Comparable in size to theSpartan inter
eptor deployed in North Dakota in the early- to mid-1970s, it is too large to be�red from an air
raft but 
ould be �red from a ship. Inter
eptor I-5 has a high a

elerationand a very high burnout velo
ity, but it is larger and heavier than most ICBMs (its laun
hweight is more than twi
e that of the U.S. Minuteman III, and it is 25 per
ent longer). It istoo large to be laun
hed from an air
raft or existing ships. We did not analyze the basingoptions for an 8-km/s inter
eptor. Su
h an inter
eptor would be more manageable thanthe 10-km/s inter
eptor, though still massive. In situations where the 10-km/s inter
eptor
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eptors ConsideredaVbo Burn time Mass(km/s) (se
onds) (kg)I-2 5 47 2,300I-4 6.5 40 16,900I-5 10 45 65,600aFor further details, see Chapter 16.would provide more than adequate battlespa
e,5 using a smaller inter
eptor 
ould naturallybe 
onsidered.For simpli
ity, we analyze one-on-one engagements: a single potentially threateningro
ket by a single inter
eptor.In this 
hapter we assume that if an inter
eptor is able to rea
h the target missile, itskill vehi
le will home on and disable or destroy the missile. The kill-vehi
le performan
ethat would be needed is 
onsidered in Chapters 11 to 14.In analyzing the e�e
tive range of an inter
eptor when �red against a spe
i�
 ICBM, weassume the defense has knowledge of the traje
tory that will be 
own by the ICBM. Thissidesteps the problems involved in tra
king, homing on, and hitting the target booster.The sensor and kill-vehi
le performan
e needed to 
arry out these tasks is analyzed inChapters 10 and 12 and in Appendix C. This assumption is valid as long as suÆ
ientlyfrequent and pre
ise data on the position of the target are available to the inter
eptor duringits 
yout and as long as the kill vehi
le is sized to handle the large un
ertainty remainingafter inter
eptor boost.5.1.3 Margins for un
ertaintiesIn reality, the United States 
annot know in advan
e the intended target of ea
h missile orthe pre
ise traje
tory ea
h has been programmed to 
y. It also may not know the pre
iselaun
her lo
ations.These un
ertainties, together with tra
king un
ertainties, the variability of boost tra-je
tories, and maneuvers during 
ight make it more diÆ
ult for the defense to predi
t theinter
ept point for a parti
ular missile. Therefore, when estimating the basing requirement,the defense must in
lude a margin of safety large enough to ensure that its inter
eptors 
anget to the atta
king missile at the desired time, despite these un
ertainties. The un
ertain-ties also make it more diÆ
ult for inter
eptors to home on and hit atta
king missiles; thisproblem is analyzed in Chapter 12 and Appendix C.Firing solution The defense is able to predi
t only roughly where and when inter
ept mightbe a
hieved at the time it must laun
h an inter
eptor. Therefore, the inter
eptor must be
apable of re
eiving 
ontinued tra
king data while it is in its own boost phase. It mustalso be 
apable of altering its traje
tory during 
yout as additional information about thebehavior of the target be
omes available. The boost burntime for our 
andidate inter
eptors5As used here, battlespa
e is the volume in spa
e and time within whi
h a defense system 
an engage thetarget su

essfully.
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e-Based Inter
eptorsis optimized at 40 to 45 s after the inter
eptor is 
ommitted. After inter
eptor booster burnout, the kill vehi
le must be 
apable of over
oming the remaining un
ertainties.De
ision time We refer to the time interval between the moment an a

eptable �ringsolution is �rst obtained and the moment an inter
eptor is �red as the de
ision time. Atbest, the de
ision time 
ould be essentially zero, with the system �ring an inter
eptor themoment a �ring solution is available. However, more time is likely to be required, given the
omplexity of a boost-phase inter
ept system and the 
onsequen
es of �ring an inter
eptor.If the de
ision time is in
reased, the 
yout time available for the inter
eptor is de
reased,with a 
orresponding de
rease in the rea
h of a given inter
eptor and the size of the areawhere inter
eptors 
ould be based. On the other hand, waiting another 30 s, for example,before 
ommitting the inter
eptor would allow observing a staging event from most solid-propellant ICBMs. This delay in turn 
ould help in typing the missile and potentiallyavoiding having to �re two inter
eptors to bra
ket the large di�eren
es between liquid- andsolid-propellant threats. Therefore, in our geographi
 analysis, we present two 
ases|ade
ision time of zero and a de
ision time of 30 s|to show the sensitivity of the engagementto this parameter.Available de
ision time Any robust defense system seeks to have suÆ
ient time margin orbattlespa
e to permit repla
ement in 
ase of an inter
eptor laun
h failure, provide additionalde
ision time, or even a se
ond-shot opportunity. We refer to the time interval betweenthe moment an a

eptable �ring solution has �rst been obtained and the last moment aninter
eptor 
an be �red and still a
hieve inter
ept soon enough to prote
t the defended areaas the available de
ision time. We use the available de
ision time as a �gure of merit forboost-phase inter
ept systems intended to defend against ICBMs laun
hed from the three
ountries of 
on
ern, estimating it for the liquid- and solid-propellant ICBM models andthe three inter
eptor models we 
onsider.5.2 Analysis of Options for Basing Inter
eptorsAs noted earlier, the missile must be inter
epted before it has a
hieved the velo
ity neededto 
arry its munitions to the defended area. Here we show how to apply the methodologydeveloped in Chapter 4 to a
tual geographi
 situations. We �rst show how to determine thelast safe inter
ept time for a given ICBM traje
tory and then use this time to determinethe inter
eptor ground range|the maximum distan
e an inter
eptor 
an travel to rea
hthe missile in time for a su

essful engagement. We then show how the results for a singletraje
tory 
an be 
ombined to determine the basing area to 
over a range of laun
h sites,targets, and traje
tories.5.2.1 Determining the latest time to inter
ept safelyThe a

eleration of an ICBM's �nal stage in
reases as it approa
hes burnout, 
ausing thepayload impa
t range to lengthen rapidly but idiosyn
rati
ally for the di�erent models ofICBM. This phenomenon is illustrated by Figure 5.2, whi
h shows the payload impa
t rangefor the three model ICBMs as a fun
tion of the time before burnout at whi
h the thrust isterminated. In this plot, the liquid-propellant ICBM model L is on the boost segment of itsmaximum-range traje
tory, while the solid-propellant ICBM models S1 and S2 are eitheron the boost segments of their maximum-range traje
tories or on lofted traje
tories having
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Figure 5.2. Payload range of the missiles modeled in this study as a fun
tion of the number ofse
onds before burnout that their thrust is terminated. The full burn range is 12,000 km. The fullburn range for lofted traje
tories is 11,000 km (shown for the solid-propellant missiles). Full burnfor ICBM L is 240 s; full burn for ICBMs S1 and S2 is 170 s.Table 5.4. Range and Velo
ity for Early Thrust TerminationaICBM S1, Solid ICBM S2, Solid ICBM L, Liquid�t Range Vf Vd Range Vf Vd Range Vf Vd(s) (km) (km/s) (km/s) (km) (km/s) (km/s) (km) (km/s) (km/s)0 12,000 7.20 0 12,000 7.20 0 12,000 7.25 05 9,980 6.98 0.22 8,780 6.72 0.48 7,740 6.71 0.5410 8,450 6.73 0.47 6,800 6.31 0.89 6,982 6.26 0.9915 7,310 6.51 0.59 5,400 5.94 1.26 4,500 5.87 1.3820 6,430 6.30 0.90 4,580 5.62 1.58 3,730 5.53 1.7225 5,730 6.12 1.08 3,900 5.32 1.8830 5,160 5.94 1.2640 4,290 5.63 1.67a�t is the time before normal burnout, when the thrust of the �nal stage is terminated byshutting down its ro
ket motor (ICBM L), blowing thrust-termination ports (ICBMs S1 and S2),or 
ollision with a kill vehi
le. The ICBMs are assumed to be 
ying their maximum-rangetraje
tories. ICBMs S1 and S2 would normally burn out after 170 s, whereas ICBM L wouldnormally burn out after 240 s. Vf is the velo
ity of the �nal stage at thrust termination; Vd �Vbo � Vf is the velo
ity de
rement relative to the normal burnout velo
ity Vbo 
aused by earlythrust termination.
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e-Based Inter
eptorsa normal impa
t range of 11,000 km. Table 5.4 lists the payload ranges for the ICBMs asa fun
tion of the time before burnout �t, at whi
h the thrust is terminated. Also listedare the velo
ity Vf when the thrust is terminated and the velo
ity de
rement Vd relative tothe normal burnout velo
ity Vbo of the �nal stage. This velo
ity de
rement is potentiallyavailable for exe
uting a dog-leg or other maneuver, as des
ribed in Se
tion 9.1.4. Note thatthe last 10 s of �nal-stage burn in
rease the impa
t range of the payloads of ICBMs L, S1,and S2 by 6,000 km, 3,500 km and 5,000 km, respe
tively.Using results presented in Figure 5.2 and Table 5.4, we 
omputed the impa
t range
ontours 
orresponding to inter
epts at 5-se
ond intervals for ea
h model ICBM. These
ontours are shown for ICBMs �red from North Korea toward the United States in Figure 5.3and later in the 
hapter for missiles laun
hed from Iran and Iraq.5.2.2 Determining required inter
eptor performan
eFigure 5.4 shows that the maximum feasible stando� distan
e D between the inter
eptorbase and the missile laun
h site is greatest for the planar 
ase. The feasible inter
eptorbasing area for a parti
ular target missile, target-missile traje
tory, and inter
eptor under
onsideration is the shaded 
ir
ular area 
entered on the ground proje
tion P of the inter
eptpoint IP; its radius is equal to the inter
eptor ground range for the engagement.It is helpful to plot inter
eptor ground range (IGR) and threat or target ground range(TGR) vs. time after target laun
h as shown in Figure 5.5. The 1000-km stando� rangeused in this example is a nominal value that happens to be about the right value to getthe desired IGR for solid-propellant missile laun
hes from North Korea to the U.S. EastCoast, where a minimum IGR of about 550 km is needed. The plot 
an be adjusted for anys
enario or 
andidate inter
eptor-threat 
ombination to get the IGR desired for the sele
tedinter
ept time along the threat traje
tory. In this display, it is easier to see the 
onsequen
esof 
hanging the de
ision time or inter
eptor 
yout 
hara
teristi
s. By shifting the threat
urve to the left, the maximum possible inter
eptor ground range 
an be estimated if theinter
ept is 
onstrained to o

ur at any earlier time.These plots 
an be used to determine whi
h inter
eptor 
an be used in various situations.For example, 
onsider the engagement of the liquid-propellant ICBM model L by the 10-km/s inter
eptor shown in the top panel of Figure 5.5. The dark solid 
ontinuous 
urverising from the right at a ground range of 1,000 km is the ICBM time history, (1,000 km-TGR). The light dotted 
urve rising from the left is the IGR time history of the 10-km/sinter
eptor when �red with zero de
ision time. It interse
ts the ICBM traje
tory at 171 s,when the inter
eptor's ground range is 775 km. For this engagement, the target missile'sground range at the inter
ept point is (1; 000 � 775) km, or 225 km.Now suppose the defense requires 30 s after a �ring solution is �rst obtained to de
ideto �re at the missile. We 
an make a good estimate of the inter
ept point for a 30-se
ondde
ision time by shifting the inter
eptor 
urves for zero de
ision time (the light dotted 
urvein the top panel of Fig. 5.5) upward by 30 s. The result for the 10-km/se
 inter
eptor isthe dark dotted 
urve rising from the left, whi
h begins at 95 s and interse
ts the ICBMtraje
tory at 196 s, when the inter
eptor's ground range is 690 km. The target missile'sground range at the inter
ept point is 310 km.Inter
ept times and inter
eptor and target missile ground ranges 
an be estimated forother �ring times in the same way. As another example, note that the 6.5-km/s inter
eptorwould inter
ept the liquid-propellant ICBM model at a ground range of about 550 km, at225 s, or 130 s [(225�30) s de
ision time �65 s �ring-solution time℄ after the inter
eptor was
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Figure 5.3. Ground tra
ks of illustrative traje
tories of the liquid-propellant ICBM model L (top)and the solid-propellant ICBM models S1 (middle) and S2 (bottom) from North Korea to four 
itiesin North Ameri
a. These traje
tories were 
omputed negle
ting Earth's rotation, the mid-se
tion ofthe a
tual traje
tories would be shifted somewhat farther north. The 
ontours that 
ross the groundtra
ks show where the munitions of the missiles would fall if their �nal stages burned normally untilthe time in se
onds after laun
h that their thrust was terminated, as indi
ated by the numbers. For
omparison, the full burn times of the liquid- and solid-propellant ICBMs would be 240 and 170 s,respe
tively.
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M    target missile launch point
F      interceptor firing point
IP    intercept point
P    ground intercept point
TGR target missile ground range
IGR  interceptor ground range
D    standoff distance

F

IP

P

D

MTGR
IGRFigure 5.4. Planar missile and inter
eptor traje
tories and the feasible inter
eptor basing area foran idealized boost-phase engagement.�red. This inter
ept would o

ur 15 s before the missile's �nal stage burnout. However,with this de
ision time, the 6.5-km/s inter
eptor would be unable to rea
h either of thesolid-propellant ICBM models before their �nal stages burned out (see the bottom panelof Fig. 5.5), making it unable to defend the United States. If �red with zero de
ision time,the 6.5-km/s inter
eptor 
ould inter
ept ICBM S1 at a ground range of about 550 km a fewse
onds before burnout but would be unable to rea
h ICBM S2 before burnout and 
ouldnot rea
h ICBM S1 if it were on a slightly lofted traje
tory.To inter
ept a solid-propellant ICBM and allow 30 s of de
ision time, the 6.5-km/sinter
eptor would have to be based 
loser to the threat traje
tory plane and �red on adi�erent traje
tory.5.2.3 Determining inter
eptor basing areasFor ea
h geographi
al situation 
onsidered in this 
hapter, we determined the last safeinter
ept time for a given ICBM, traje
tory, and defended area. We then 
omputed the
orresponding IGR and TGR for an inter
ept at that time with an algorithm equivalent tothe graphi
al method des
ribed above. These results were then used to determine feasiblebasing areas by the method we now des
ribe.The inter
eptor basing area is the area within whi
h inter
eptors of a parti
ular type 
anbe laun
hed to inter
ept in the required time an ICBM 
ying out on a spe
i�
 traje
tory.This 
ir
ular area has a radius equal to the inter
eptor's ground range at the inter
ept pointand 
entered on the point on the ground dire
tly beneath the inter
ept point, shown as the
ir
ular shaded area in Figures 5.4 and 5.6-a.Defending against missiles laun
hed on di�erent azimuths Defending against missiles oneither of two azimuths by inter
eptors at a single lo
ation results in the almond-shaped areashown in Figure 5.6-b.6 If lo
ating inter
eptors within that area is pre
luded by geographi
or operational 
onsiderations, that range of azimuths 
an be 
overed only by inter
eptorslo
ated in two di�erent pla
es, one anywhere in the left-hand 
ir
le in Figure 5.6-b, and theother anywhere in the right-hand 
ir
le. Su
h positioning is possible in some geographi
lo
ations, but not others.6The shaded area is symmetri
 in the �gure be
ause the IGRs for traje
tories on the two azimuths areassumed to be identi
al. However, this would not generally be the 
ase. If additional azimuths between thetwo extremes are to be defended, the bottom of the almond would be rounded o� or possibly indented.
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Figure 5.5. Plots of ground range vs. time for the liquid-propellant ICBM model with 
andidateinter
eptors (top panel) and the two solid-propellant ICBM models with the same inter
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e of 1000 km. Light 
urves: zero de
ision time;dark 
urves: 30-se
ond de
ision time. The results 
an be generalized to other stando� distan
es andinter
ept times.
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Figure 5.6. a) Ideal inter
eptor basing geometry; b) area for defending against missiles laun
hed ontwo azimuths with a single inter
eptor base; 
) redu
tion in area due to un
ertainty r in lo
ation ofmissile base; d) redu
tion in area due to normal un
ertainties in missile 
youts and possible tra
kingun
ertainty.Redu
tions to inter
eptor basing areas The a
tual inter
eptor basing areas would besmaller than those we show in this 
hapter for zero de
ision time, whi
h assume knowledgeof the ICBM traje
tories. As noted earlier, the defense may not know the lo
ations of allICBM laun
h sites or the performan
e 
hara
teristi
s of the ICBMs that 
ould be laun
hedfrom ea
h site, and almost 
ertainly would not know the intended target of ea
h missile orthe exa
t traje
tory it had been programmed to 
y. To ensure that its boost-phase defensesystem would be e�e
tive, the defender would have to 
ompensate for la
k of knowledgeand un
ertainty by pla
ing the system's inter
eptors 
lose enough to all possible inter
eptpoints to be 
ertain that the system 
ould inter
ept ICBMs of any plausible type laun
hedfrom any possible laun
h site 
ying out on any possible threatening traje
tory before theirmunitions 
ould rea
h the United States. Figure 5.6-
 and -d illustrate how the defensewould be a�e
ted by those un
ertainties. If the laun
h point is un
ertain by distan
e r,the radius of the inter
eptor basing area is also redu
ed by r (Fig. 5.6-
). In addition totarget laun
her lo
ation, un
ertainties in the inter
ept point 
aused by normal variationsin missile 
youts and possible tra
king un
ertainty result in a total un
ertainty of R. Thusthe radius of the inter
eptor basing area must be redu
ed by R (Fig. 5.6-d).5.2.4 Determining the available de
ision timeFor ea
h geographi
 s
enario we 
onsidered, we �rst determined the boundaries of thefeasible inter
eptor basing area for zero de
ision time and for a 30-s de
ision time. In general,the possible lo
ations for inter
eptor bases do not lie on either of these boundaries. If alo
ation lay between the boundaries, then the available de
ision time would be somewherebetween zero and 30 s. If the lo
ation lay inside the 30-s boundary, the available de
isiontime would be greater than 30 s. Using the basing area map for the geographi
 s
enarioof interest, the available de
ision time for ea
h inter
eptor basing lo
ation of interest wasestimated from its position with respe
t to the zero and 30-s de
ision-time boundaries, usinglinear interpolation. In doing this, we rounded the available de
ision time to the nearest5 s.
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lusions S775.3 Basing Analysis Con
lusionsDefending the entire United States We �nd in Se
tions 5.4, 5.5, and 5.6 following thissummary that defending the United States against liquid-propellant ICBMs laun
hed from
ountries su
h as North Korea, Iraq, and Iran to be te
hni
ally feasible. Defending againstthe liquid-propellant missiles with more than 30 s of de
ision time appears pra
ti
al againstlaun
hes from North Korea and Iraq although not from Iran. Furthermore, defending theUnited States against solid-propellant ICBMs laun
hed from Iran is unlikely to be pra
ti
al,when all fa
tors are 
onsidered. Even defense against solid-propellant ICBMs laun
hed fromNorth Korea would require inter
eptors having 
y-out velo
ity in ex
ess of 8 km/s. Toa
hieve a de
ision time of 30 s would require using 10-km/s inter
eptors, whi
h we judge tobe a limiting and perhaps impra
ti
al 
ase in a
hievable speed and a

eleration. All things
onsidered, we 
on
lude that defending against typi
al solid-propellant ICBMs with burntimes of 170{180 s is unlikely to be pra
ti
al.The analysis of boost-phase engagement fundamentals in Chapter 4 shows that theshort duration of ICBM boost phases limits the maximum inter
eptor stando� distan
e(the distan
e from the ICBM laun
h site to the inter
eptor base) to less than approxi-mately 1,000 km, for typi
al ICBMs and inter
eptor speeds. Consequently, a boost-phaseinter
ept defense system that employs terrestrial-based inter
eptors generally would not bee�e
tive against ICBMs laun
hed from the interiors of 
ountries having dimensions greaterthan 1,000 km. Unless violation of the adversary's sovereign airspa
e by airplanes 
arry-ing inter
eptors were to be 
ontemplated, airborne inter
eptors also would not be e�e
tiveagainst missiles laun
hed from su
h 
ountries, whi
h in
lude Russia and China.7 A systemusing terrestrial-based inter
eptor ro
kets would be most e�e
tive against missiles laun
hedfrom small 
ountries that border international waters or that have neighbors willing to hostinter
eptors.The available de
ision times for inter
epting missiles from North Korea, Iraq, and Iran todefend all 50 states are summarized in Table 5.5, based on the results of analyses presentedin Se
tions 5.4, 5.5 and 5.6. Whether an inter
ept is feasible requires making a judgmentas to whether the de
ision time is adequate.Defending only the 48 
ontiguous states Defense of only the 48 
ontiguous states, or ofonly the major 
ities, is not signi�
antly easier than defending the entire United States.Shortfall Unless the warhead 
an be 
on�dently destroyed in a boost phase inter
ept,whi
h seems improbable, we know of no way to adequately 
ontrol where the warheads ormunitions of an inter
epted threat missile would land, other than short of the defendedarea.Warhead kill The ability to destroy the warhead or munitions would not extend the timein whi
h the defense must a
hieve an inter
ept, though it would eliminate 
on
erns aboutlive munitions falling to Earth.Defense against sea-laun
hed medium-range ballisti
 missiles Theater ballisti
 missiles�red from ships at sea present a potential threat to the United States. A boost-phase7In 
ontrast to terrestrial-based inter
eptors, spa
e-based inter
eptors 
ould, in prin
iple, provide global
overage. The advantages and disadvantages of spa
e-based inter
eptors are analyzed in Chapter 6.
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e-Based Inter
eptorsTable 5.5. Available De
ision Times for Defending All 50 StatesaICBMb Inter
eptor Time (s)
 CommentsN. KoreadLiquid I-2 (5-km/s) 0 For inter
eptors in the Sea of Japan" I-4 (6.5-km/s) 40 "" " 50 For inter
eptors near Vladivostok" I-5 (10-km/s) >100 Inter
eptors this fast are not requiredSolid I-2 (5-km/s) | Inter
ept not possible" I-4 (6.5-km/s) � 0 For inter
eptors in the Sea of Japan" I-5 (10-km/s) 30 For thrust termination or warhead deployment at 137 seIraqfLiquid I-2 (5-km/s) | Inter
ept not possible" I-4 (6.5-km/s) 40 Provides some 
exibility in basing" I-5 (10-km/s) 100 Inter
eptors this fast are not requiredSolid I-2 (5-km/s) | Inter
ept not possible" I-4 (6.5-km/s) | Inter
ept not possible" I-5 (10-km/s) 30 For inter
eptors in extreme southeastern Turkey" " 10 For inter
eptors in the Persian GulfIrangLiquid I-2 (5-km/s) | Inter
ept not possibleI-4 (6.5-km/s) | Possible only from un
onventional basesI-5 (10-km/s) 15 For inter
eptors in the Persian GulfSolid I-2 (5-km/s) | Inter
ept not possibleI-4 (6.5-km/s) | Inter
ept not possibleI-5 (10-km/s) | Inter
ept not possibleaAssumes that missiles are laun
hed from the lo
ation that would be most 
hallenging for thedefense and that inter
eptors are stationed in or over a

essible international waters or the territoryof traditional allies and at least 100 km from the borders of potentially hostile 
ountries. Defense ofthe United States by systems with inter
eptors based in other, un
onventional lo
ations and optionsfor partial defense of the United States are dis
ussed in Se
tions 5.4, 5.5, and 5.6.bThe liquid-propellant ICBM is model L; the solid-propellant ICBM is model S1.
This is the time interval between the moment a �ring solution has �rst been obtained and thelast moment an inter
eptor 
an be �red and still inter
ept the ICBM early enough to defend all 50states. Un
ertainties in ICBM laun
h times, performan
e 
hara
teristi
s, and traje
tories have beenignored; they would redu
e the available de
ision time.dFor details, see Se
tion 5.4.eBased on impa
t on Fairbanks, Alaska.fFor details see Se
tion 5.5. Potential basing sites 
onsidered here are in Turkey and the PersianGulf.gFor details, see Se
tion 5.6. Potential basing sites 
onsidered here are in Turkey and the PersianGulf. For a dis
ussion of boost-phase defense options using inter
eptors stationed in un
onventionallo
ations, su
h as in or over the Caspian Sea, Turkmenistan, and other 
ountries to the east andnorth of Iran, see Se
tion 5.6.
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Figure 5.7. (left) North Korea and adja
ent 
ountries. (right) Azimuths for missiles laun
hed fromNorth Korea to targets in the United States. These di�er from great 
ir
le azimuths be
ause of thee�e
t of the Earth's rotation. The great 
ir
le azimuth for Boston is shown dashed to illustrate themagnitude of this e�e
t.defense appears readily a
hievable by an inter
eptor similar to a Standard Missile 2, �redfrom a ship within a distan
e of about 40 km of the threat laun
h platform.In the following three se
tions, we estimate the de
ision time available to boost-phasedefense systems that use the three model inter
eptors we 
onsider to inter
ept ICBMslaun
hed by the three 
ountries of 
on
ern.5.4 Defending Against ICBMs Laun
hed from North KoreaDefending against ICBMs laun
hed from North Korea would be easier than defendingagainst ICBMs laun
hed from other 
ountries of 
urrent 
on
ern, be
ause North Koreais relatively small and borders seas that 
ould be a

essible to ship-based inter
eptors.Figure 5.7 illustrates the Korean peninsula and its immediate surroundings and also theazimuths of ICBM traje
tories to targets spanning the United States. Figure 5.3 shows theground tra
ks (the proje
tion on the ground verti
ally below the position of the missile)of traje
tories of liquid-propellant ICBM model L and solid-propellant ICBM models S1and S2 from North Korea to Boston, Washington, D.C., Dallas, and San Fran
is
o.8 Thedefense of Hawaii is a spe
ial 
ase that will be examined separately in Se
tion 5.4.1.The U.S. 
ity 
losest to North Korea is Fairbanks, Alaska (Table 5.2). In general,the 
loser the target the more diÆ
ult the inter
ept, a 
lose target permits a relatively8These maps, and the similar maps below that show the ground tra
ks of ICBM traje
tories from Iraqto North Ameri
a, are in the orthophani
 or Robinson proje
tion. The s
ale is uniform with longitudebut varies with latitude; it is true along the 38Æ parallels. This proje
tion is not equal-area, 
onformal, orequidistant, but is 
onsidered to \look right" for world maps and is used by Rand M
Nally, the NationalGeographi
 So
iety, and others. The traje
tories are great 
ir
les; taking Earth's rotation into a

ount wouldshift the 
entral regions of the tra
ks slightly to the North.
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Figure 5.8. Timelines for engaging liquid-propellant ICBM model L and solid-propellant ICBMmodel S1 when laun
hed from North Korea toward the middle of the United States on a traje
toryover Alaska.short burn time, thus limiting the 
yout distan
e of the inter
eptor. However, the easeor diÆ
ulty of any parti
ular inter
ept also depends on lo
al geography. In the 
ase ofmissiles laun
hed from North Korea, it will be shown that missiles to the East Coast ofthe United States, whi
h require almost the maximum burn time, 
an be more diÆ
ult todefend than the Alaska traje
tory, be
ause their boost-phase traje
tories lie far to the westof the Sea of Japan and require relatively long IGRs. For the same reason, the northwest ofthe United States is relatively easy to defend, in spite of the relatively short range, be
ausethe boost-phase traje
tories of these missiles lie 
lose to the Sea of Japan. Consequently,we shall 
onsider two baseline 
ases: defense against missiles headed toward Fairbanks (orthe 
enter of the United States) on a traje
tory toward Alaska, and missiles headed to theEast Coast, on a traje
tory toward Boston.From Figure 5.3, we take the latest time to safely inter
ept a missile on the Alaskatraje
tory to be 227 s for the liquid-propellant missile ICBM L, and 137 s for the solid-propellant ICBM S1. (Requirements for defense against ICBM model S2 are less stringentthan S1 and will not be analyzed separately.) The timelines for the Alaska traje
tory areillustrated in Figure 5.8. The timelines for the Boston traje
tory with zero and 30-se
onddelays are illustrated in Figure 5.3|239 s for the liquid-propellant ICBMs and 167 s for thesolid-propellant ICBMs.The inter
ept times and the 
orresponding TGRs are shown in Table 5.6. The TGRswere obtained from the traje
tory 
al
ulations for the missiles (Appendix B). For ea
h ofthe inter
ept times determined above, we 
al
ulated inter
eptor ground ranges (IGRs) forinter
eptors I-2, I-4, and I-5 for zero de
ision time and 30-se
ond de
ision time, using themethods des
ribed in Se
tion 5.2. These IGRs are listed in Table 5.7.Using the values of target missile and inter
eptor ground ranges from Tables 5.6 and 5.7,
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hed from North Korea S81Table 5.6. Inter
ept Timesa and ICBM Ground Ranges from NorthKorea Fairbanks Boston SeattleICBM model Lb inter
ept time(s) 227 239 235TGR (km) 460 539 500ICBM model S1b inter
ept time(s) 137 167 158TGR (km) 320 492 430aTimes are latest time for safe inter
ept to target shown.bProperties of the missiles are des
ribed in Chapter 15.we 
onstru
ted inter
eptor basing areas for defense against the liquid- and solid-propellantICBMs and plotted them for the two baseline traje
tories (Fairbanks and Boston). Theresults are shown in Figures 5.9 and 5.10. These �gures provide the key information forunderstanding the options for defending the 
ontinental United States from ICBMs laun
hedfrom North Korea. The ground tra
ks for ea
h traje
tory are shown in the �gures; the last
han
e to inter
ept the missile is indi
ated by an \x" on ea
h ground tra
k. The inter
eptormust be based inside the shaded 
ir
le for it to rea
h the missile with at least 30 s of de
isiontime. It must be based on the dashed 
ir
le to rea
h the missile in the limiting 
ase of zeroTable 5.7. Ground Ranges of Inter
eptors Fired Against ICBMsLaun
hed from North Korea to the United StatesaICBM De
ision Inter
eptor Nominal Range IGR
 (km)Model Time (s) Modelb Fairbanks Boston SeattleLiquidb 0 I-2 530 570 5700 I-4 740 800 7500 I-5 1,220 1,330 125030 I-2 410 460 45030 I-4 570 640 60030 I-5 950 1,060 1000Solid 1b 0 I-2 260 380 3500 I-4 350 530 4700 I-5 590 880 80030 I-2 140 270 23030 I-4 190 370 30030 I-5 310 600 530a The latest times to inter
ept safely and the 
orresponding TGRs arelisted in Table 5.6bThe basi
 
hara
teristi
s of these model inter
eptors are listed inTable 5.3.
Values obtained from Fig. 16.5 for I2, and Fig. 4.9 for I4 and I5. Theminimum required ground range 
an be seen in Figs. 5.9 and 5.10.



S82 Chapter 5. Defending the United States Using Surfa
e-Based Inter
eptorsde
ision time.Defense against liquid-propellant ICBM model LFigure 5.9 (bottom) reveals that the most diÆ
ult traje
tory to defend against for ICBM Lis the traje
tory to the northeastern United States|the Boston traje
tory. To defend thistraje
tory, the 5-km/s inter
eptor would have to be �red with zero de
ision time. However,this inter
eptor 
ould defend the Alaska traje
tory with about 40 s of de
ision time andstill remain based 100 km o� the 
oast. The 5-km/s inter
eptor 
ould be deployed by theNavy's Aegis system, based on ships near the 
oast. A 5-km/s inter
eptor 
ould also belaun
hed from air
raft, but its operational area would be subje
t to essentially the samerestri
tions as the surfa
e-based 5-km/s inter
eptor.The 6.5-km/s inter
eptor 
ould provide about 40 s of de
ision time, if based at sea. Ifit were ground-based at Vladivostok, the de
ision time would be about 60 s.Defense against solid-propellant ICBM model S1Defense against the solid-propellant missile ICBMmodel S1 is 
onsiderably more 
hallengingthan for the liquid-propellant missile. Figure 5.10 reveals that, for the solid-propellantmissile, the most 
hallenging traje
tory is to Boston. The 5-km/s inter
eptor (not shown)
ould not be used. The lower-left panel of Figure 5.10 reveals that even the 6.5-km/sinter
eptor 
ould be used to defend Boston only if it were �red very 
lose to the 
oast withzero de
ision time. The giant 10-km/s inter
eptor (Fig. 5.10, lower right) 
ould be usedwith about 30 s of de
ision time. Deploying su
h a large missile at sea 
ould present a
hallenge, but it might be possible to land-base it in Vladivostok, whi
h would permit thede
ision time to be in
reased by about �ve se
onds.5.4.1 Defending HawaiiHawaii lies 7300 km from North Korea at an azimuth of 82Æ. For the solid-propellant missileS1, the TGR at latest inter
ept is 435 km, putting the inter
ept point well o� the 
oast.The inter
ept point would lie in the Sea of Japan at a lo
ation that is well suited for aboost-phase defense. Figure 5.11 shows that even for the most stressing 
ase|atta
k by asolid-propellant missile|a defense would be possible with the 5-km/s inter
eptor �red froma ship or plane.5.4.2 Defending against missiles from North Korea with multiple ground sitesFor the liquid-propellant missile, a single 6.5-km/s inter
eptor 
ould defend both the 
onti-nental United States and Hawaii (See Figs. 5.9 and 5.11). For the solid-propellant missile,defense of the 
ontinental states would require the 
apability of the 10-km/s inter
eptor.This same inter
eptor easily defends the Hawaii traje
tory, though a smaller missile mightprovide operational advantages. Nevertheless, employing a se
ond basing site would noto�er any essential advantage for a boost-phase defense system to defend against missilesfrom North Korea.
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Figure 5.9. Inter
eptor basing areas for defending the 
ontiguous United States against the liquid-propellant missile ICBM model L laun
hed from North Korea. The position of the missile at thelast 
han
e it 
an be inter
epted su

essfully is indi
ated by the \x" on the traje
tory line. Thedashed outer 
ir
les are the areas within whi
h the inter
eptors must be based for the limiting 
asein whi
h they are �red the instant a �ring solution is 
onstru
ted. The shaded inner 
ir
les arethe areas within whi
h the inter
eptors must be based if they are �red with a 30-se
ond de
isiontime. Top: traje
tory toward Fairbanks, Alaska. (left) The model 5-km/s inter
eptor. (right) The6.5-km/s inter
eptor. Bottom: same, but for a traje
tory to Boston.
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Figure 5.10. Inter
eptor basing areas for defending the 
ontiguous United States against the solid-propellant missile ICBM model S1 laun
hed from North Korea. The position of the missile at thelast 
han
e it 
an be inter
epted is indi
ated by the \x" on the traje
tory line. The dashed outer
ir
les are the areas within whi
h the inter
eptors must be based for the limiting 
ase in whi
hthey are �red the instant a �ring solution is 
onstru
ted. The shaded inner 
ir
les are the areaswithin whi
h the inter
eptors must be based if they are �red with a 30-se
ond de
ision time. Top:traje
tory toward Fairbanks, Alaska. (left) The model 5-km/s inter
eptor. (right) The 6.5-km/sinter
eptor. Bottom: same as above but for a traje
tory to Boston.
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500km500km solid ICBM, 6.5 km/s interceptorsolid ICBM, 6.5 km/s interceptor

HawaiiHawaii HawaiiHawaii

solid ICBM, 5 km/s interceptorsolid ICBM, 5 km/s interceptorFigure 5.11. Basing areas for defending Hawaii from the solid-propellant missile model S1 laun
hedby North Korea. (left) 5 km/s inter
eptor. (right) 6.5 km/s inter
eptor.5.4.3 Possibility of an inter
eptor being mistaken as a threatInter
eptors having a velo
ity of 5 km/s or more would have suÆ
ient speed and range tobe mistaken for a threat. The inter
eptor traje
tories from North Korea are generally tothe northwest and head a
ross China to Russia. Thus, an inter
eptor �red in defense runsthe risk of triggering retaliatory a
tion by China or Russia.5.5 Defending Against ICBMs Laun
hed from IraqWe turn now to the defense of ICBMs laun
hed from Iraq and Iran. These nations are mu
hlarger than North Korea, and the 
onsiderations for siting have little in 
ommon with thosefor North Korea. Figure 5.12 shows how Iraq and Iran are situated with respe
t to nearby
ountries and bodies of water.5.5.1 Defending the 
ontiguous statesThe latest time that the defense 
ould safely inter
ept missiles from Iraq to the 
ontiguousstates 
an be found from Figure 5.13, whi
h shows the ground tra
ks of traje
tories of ICBMmodels L, S1, and S2 from Iraq to Washington, D.C., Dallas, and San Fran
is
o.As before, the numbered 
ontours that 
ross the ground tra
ks show where the missiles'munitions would fall if their �nal stages terminated at the time indi
ated after laun
h. Theliquid-propellant ICBM L would have to be inter
epted no later than 237 s after laun
h,3 s before �nal stage burnout, at whi
h point its ground range would be 520 km. Thesolid-propellant ICBM S1 would have to be inter
epted no later than 161 s after laun
h,8 s before burnout, at whi
h point its ground range would be 460 km. The IGRs for theseinter
ept times are displayed in Table 5.8. For a 30-se
ond de
ision time, the IGRs for
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Figure 5.12. Map showing Iraq and Iran and nearby 
ountries and bodies of water.inter
epting ICBM model L vary from about 450 km to about 1050 km; for inter
eptingICBM model S1, they vary from about 250 km to about 550 km.The possibilities for defending the 
ontinental United States are shown in Figure 5.14,whi
h displays the initial portions of planar traje
tories from southeastern Iraq to Washing-ton, D.C. (or Boston) and San Fran
is
o; the last safe inter
ept points on the Washington,D.C. and San Fran
is
o traje
tories; and the feasible basing areas for four ICBM-inter
eptor
ombinations and two de
ision times. The ICBM laun
h site 
hosen is one of the most 
hal-lenging for a boost-phase defense. The inter
eptor basing areas are almond-shaped, be
ausethey indi
ate where a single inter
eptor base must be lo
ated to 
over all possible traje
to-ries. Defending with inter
eptors based at more than one lo
ation is dis
ussed below.Defense against liquid-propellant ICBM LThe top left-hand panel of Figure 5.14 shows that a boost-phase inter
ept system based insoutheastern Turkey employing 5-km/s inter
eptors 
ould defend the 
ontiguous 48 statesfrom atta
k by Iraq with a liquid-propellant ICBM like model L, with a de
ision time of30 s. However, the inter
eptors would have to be based 
loser than 100 km from the Iraqiborder. The top right-hand panel shows that the 6.5-km/s inter
eptors would provide up to60 s of de
ision time and would allow the inter
eptors to be based 
omfortably away fromIraq.
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Figure 5.13. Ground tra
ks of illustrative traje
tories of the liquid-propellant ICBM model L (top)and the solid-propellant ICBM models S1 (middle) and S2 (bottom) from Iraq to San Fran
is
o,Dallas, and Washington, D.C. These traje
tories were 
omputed negle
ting Earth's rotation. Thee�e
t of Earth rotation would shift their mid se
tions slightly further south. The 
ontours that 
rossthe ground tra
ks show where the munitions of the missiles would fall if their �nal stages burnednormally until the time in se
onds after laun
h that their thrust was terminated, as indi
ated bythe numbers. For 
omparison, the full burn times of the liquid- and solid-propellant ICBMs wouldbe 240 and 170 s, respe
tively.
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e-Based Inter
eptorsTable 5.8. Ground Ranges of Inter
eptors FiredAgainst ICBMs Laun
hed from Iraq or Iran to theUnited StatesICBM De
ision Inter
eptor NominalModel Time (s) Modela Ranged (km)Liquidb 0 I-2 5700 I-4 7900 I-5 1,31030 I-2 45030 I-4 63030 I-5 1,040Solid 1
 0 I-2 3500 I-4 4900 I-5 80030 I-2 23030 I-4 31030 I-5 530aThe basi
 
hara
teristi
s of these model inter
eptorsare listed in Table 5.3.bThe latest time to inter
ept safely liquid-propellantICBM model L is 237 s after laun
h.
The latest time to inter
ept safely solid-propellantICBM model S1 is 161 s after laun
h.dThe required ground ranges 
an be seen in Figs. 5.14and 5.15.Defense against solid-propellant ICBM S1The lower left panel of Figure 5.14 shows that defending the United States from atta
kby solid-propellant ICBMs like model S1 laun
hed from Iraq with the 6.5-km/s inter
eptorwould have a de
ision time of zero. The very large 10-km/s inter
eptor, based in thesoutheastern 
orner of Turkey near the Iraqi border, 
ould 
over all potential laun
h siteswith a de
ision time of about 30 s.5.5.2 Defending Alaska and HawaiiThe range from Iraq to Fairbanks is about the same as its range to Boston, and the targetground ranges would be similar. The Fairbanks azimuth is east of the azimuth to SanFran
is
o. Hawaii's azimuth is even further to the east. Thus, if Hawaii 
an be defended,so 
an Alaska. Consequently, we turn our attention to the defense of Hawaii.The range to Hawaii|13,700 km|is larger than the range of the ICBMs we have studied,and so we 
an only roughly estimate what might be possible. Hawaii's great 
ir
le azimuthis 27Æ, or 36Æ east of the San Fran
is
o azimuth. The stress of defending this traje
toryis somewhat redu
ed by the e�e
t of the Earth's rotation on the traje
tory. We havedetermined the rotating Earth azimuth to be approximately 15Æ west of the great 
ir
leazimuth of 27Æ, or 12Æ.



5.5. Defending Against ICBMs Laun
hed from Iraq S89

solid ICBM, 10 km/s interceptorsolid ICBM, 10 km/s interceptorsolid ICBM, 6.5 km/s interceptorsolid ICBM, 6.5 km/s interceptor

W
ashington, D.C.

W
ashington, D.C.

S
an Francisco

S
an Francisco

liquid ICBM, 5 km/s interceptorliquid ICBM, 5 km/s interceptor 500 km500 km liquid ICBM, 6.5 km/s interceptorliquid ICBM, 6.5 km/s interceptor

W
ashington, D.C.

W
ashington, D.C.

W
ashington, D.C.

W
ashington, D.C.

W
ashington, D.C.

W
ashington, D.C.

S
an Francisco

S
an Francisco

S
an Francisco

S
an Francisco

S
an Francisco

S
an Francisco

Figure 5.14. Inter
eptor basing areas for defending the 
ontiguous United States against ICBMslaun
hed from Iraq. The liquid-propellant ICBM is model L (above); the solid-propellant is model S1(below). Shown are the ground tra
ks of planar traje
tories to Washington, D.C., Dallas, and SanFran
is
o. The last 
han
e to inter
ept missiles to Washington, D.C. and San Fran
is
o is shownby an \x" on their traje
tories. (The traje
tories negle
t Earth's rotation, whi
h would rotate themslightly 
ounter
lo
kwise.) Feasible basing areas for 30-se
ond de
ision time are shaded, and for zerode
ision time are outlined by dashed 
urves. In the bottom panels, the ICBM laun
h site has beentaken to be further south than in the top panels, where it is more 
hallenging for the defense. Thedotted 
urves show the western boundaries of the redu
ed basing areas if Alaska and Hawaii arein
luded in the defense.
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e-Based Inter
eptorsBy inspe
ting the basing areas whose western borders are limited by the dotted 
urvesin Figure 5.14, it 
an be seen that, for a liquid-propellant missile, both Alaska and Hawaiimight be defended by a 5-km/s inter
eptor sited in extreme southeast Turkey. However,for sites at least 100 km from the border with Iraq, the de
ision time would be no morethan about 20 s. The 6.5-km/s inter
eptor 
ould provide about 45 s of de
ision time. Forthe solid-propellant missile, the 10-km/s inter
eptor, based in southeast Turkey, would berequired and 
ould provide about 30 s of de
ision time.5.5.3 Defending against missiles from Iraq with multiple inter
eptor sitesThe dis
ussion of defending against missiles from Iraq has been limited until now to inter-
eptors based at a single site. We now examine how the results might 
hange if a se
ondsite were employed.The defense of the entire United States against the liquid-propellant missile by a single5-km/s inter
eptor in Turkey would require a site very 
lose to the borders of Iraq andIran. A se
ond site 
ould potentially ease the tight time 
onstraints and vulnerability ofthe defense by permitting the inter
eptor base to be moved further from these borders.The possibilities are shown in Figure 5.15 (left), whi
h displays the extreme azimuths fordefending all of the United States: from Washington, D.C. to Honolulu (whi
h also 
oversAlaska). It is evident that the se
ond site must be in the Caspian Sea 
lose to the 
oast ofIran, a less attra
tive alternative than 
arrying out the defense with a 6.5-km/s inter
eptorat a single site.Figure 5.15 (right) shows the possibilities for defending against the solid-propellantICBM S1 from Iraq using 6.5-km/s inter
eptors based at two sites. However, the onlysites to the east would be in Iran, and 
ould not be employed. Thus, there would be noalternative to using a faster inter
eptor, for instan
e the 10-km/s inter
eptor I-5, and therewould be no advantage to employing a se
ond site.5.6 Defending Against ICBMs Laun
hed from IranThe large size of Iran poses a serious 
hallenge for a boost-phase defense system. Potentialbasing sites for defending against ICBMs laun
hed by Iran that are easily a

essible in
ludethe Persian Gulf and Turkey. We des
ribe su
h lo
ations as \
onventional", for they arein a

essible international waters or within the borders of traditional allies. For purposesof 
ompleteness, however, we have also 
onsidered sites that are attra
tive geographi
allybut problemati
 be
ause of operational or politi
al 
on
erns. These in
lude the land-lo
kedCaspian Sea. Other sites would be in Turkmenistan, Kazakhstan, Uzbekistan, Afghanistan,or Azerbaijan. We des
ribe su
h sites as \un
onventional".The traje
tories from Iran to U.S. targets are similar to those from Iraq, and the rangesand inter
ept times from Iran are taken to be the same as for Iraq (see Table 5.8).5.6.1 Defending the 
ontiguous statesFigure 5.16 shows the initial portions of planar traje
tories from 
entral Iran to Washington,D.C. and San Fran
is
o; the last safe inter
ept points for defense on the Washington, D.C.,and San Fran
is
o traje
tories; and the feasible basing areas for four ICBM-inter
eptor
ombinations and two de
ision times.The most desirable lo
ations for a defense are in the Caspian Sea or Turkmenistan.Be
ause the Caspian is land-lo
ked, it is questionable whether su
h a site is pra
ti
al. For
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Figure 5.15. Defending all of the United States against missiles laun
hed from Iraq, using inter
ep-tors based at two sites.politi
al reasons, it is questionable whether basing inter
eptors within Turkmenistan wouldbe pra
ti
al. Be
ause of the problemati
 nature of these lo
ations, we shall in
lude themin our basing analysis only in parentheti
al 
omments.Defense against liquid-propellant ICBM L The top left-hand panel of Figure 5.16 showsthat, for 6.5-km/s inter
eptors and 30-se
ond de
ision times, the only options for defendingthe 
ontiguous United States from atta
k by a liquid-propellant ICBM like model L wouldbe the un
onventional lo
ations of the Caspian Sea or Turkmenistan. The top right-handpanel shows that the very large 10-km/s inter
eptor 
ould be based in the Persian Gulf witha 30-se
ond de
ision time. However, this lo
ation would be vulnerable be
ause it 
ould bedefeated by ICBMs laun
hed from areas further to the east. Basing in southeast Turkeywould provide about 15 s of de
ision time with the 10-km/s inter
eptors. The inter
eptors
ould also be lo
ated in the Caspian Sea or Turkmenistan, or other un
onventional lo
ationssu
h as Afghanistan or Azerbaijan. Armenia is a possibility for the inter
eptor laun
hlo
ation, but it would be ine�e
tive if the ICBM laun
h site were moved slightly to theeast. Basing in the southern tip of the Russian Cau
asus would be similarly vulnerable.Defense against solid-propellant ICBM S1 The bottom panels of Figure 5.16 showthat the 6.5-km/s inter
eptor 
ould not defend the United States from atta
k by a solid-propellant ICBM like model S1 laun
hed from southern Iran. For the 10-km/s inter
eptor,the only basing options would be in un
onventional lo
ations: the southern end of theCaspian Sea or Turkmenistan. These basing areas would permit a de
ision time of up to30 s, though this 
ould be redu
ed if Iran lo
ated its laun
h site further to the south.
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Figure 5.16. Inter
eptor basing areas for defending the 
ontiguous United States against ICBMslaun
hed from Iran. The liquid-propellant ICBM is model L (above); the solid-propellant is model S1(below). Shown are the ground tra
ks of planar traje
tories to Washington, D.C., Dallas, and SanFran
is
o. The last 
han
e to inter
ept missiles to Washington, D.C. and San Fran
is
o is shownby an \x" on their traje
tories. (The traje
tories negle
t Earth's rotation, whi
h would rotate themslightly 
ounter
lo
kwise.) Feasible basing areas for 30-se
ond de
ision time are shaded, and for zerode
ision time are outlined by dashed 
urves. In the bottom panels the ICBM laun
h site has beentaken to be further south than in the top panels, where it is more 
hallenging for the defense. Thedotted 
urves show the western boundaries of the redu
ed basing areas when Alaska and Hawaii arein
luded in the defense.
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Figure 5.17. Defending all of the United States against missiles laun
hed from Iran, using inter
ep-tors based at two sites.5.6.2 Defending Alaska and HawaiiThe 
onsiderations for defending Alaska and Hawaii from Iran are similar to those dis
ussedabove for defense against Iraq. The great-
ir
le range and azimuth from Iran to Hawaii are13,050 km and 36Æ. We have taken the rotating Earth azimuth to be 21Æ.By inspe
ting the basing areas whose western borders are limited by the dotted 
urvesin Figure 5.16, it 
an be seen that basing in the Persian Gulf or southeast Turkey wouldno longer be options for the liquid-propellant missile. Defense against the solid-propellantmissile appears not to be feasible.
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e-Based Inter
eptors5.6.3 Defending against missiles from Iran with multiple inter
eptor sitesThe pre
eding dis
ussion has fo
used on �nding a single site that 
ould defend the entireUnited States. Using a se
ond lo
ation 
ould in
rease 
exibility but would still requireinter
eptors to be based in un
onventional lo
ations. Figure 5.17 shows the possibilities fordefending all of the United States against the liquid- and solid-propellant missiles from Iranusing two inter
eptor sites.Defending against the liquid-propellant missile by the 6.5-km/s inter
eptor with a singlesite would require the site to be lo
ated in the Caspian Sea or Turkmenistan (Fig. 5.16,upper left). As Figure 5.17 (upper left) shows, the only new opportunity that would beo�ered by employing a se
ond site would be the possibility of lo
ating one site in Azerbaijanand a se
ond site in Afghanistan. However, a single site lo
ated in Azerbaijan 
ould providea 
omparable defenseFigure 5.17 (upper right) reveals that employing a se
ond site for the 10-km/s inter
eptorwould permit one inter
eptor to be based in Turkey or the Persian Gulf, provided that these
ond 
ould be based in Pakistan or one of the other 
ountries to the east of Iran. However,a single inter
eptor base lo
ated in Afghanistan, Turkmenistan, Uzbekistan, Kazakhstan,or the Caspian Sea, would suÆ
e.Figure 5.17 (lower left) shows that for defense against a solid-propellant missile fromIran, a se
ond site would not make it possible to employ the 6.5-km/s inter
eptor. InFigure 5.17 (lower right), it appears that by basing a 10-km/s inter
eptor in the CaspianSea and a se
ond one in Afghanistan or Turkmenistan, all 50 states 
ould be defended.However, if the laun
hing site for solid-propellant missiles destined for the East Coast (theWashington, D.C. traje
tory) were moved about 200 km to the southeast, this defense wouldbe pre
luded.In summary, employing a se
ond base would not permit defense of all 50 states from asolid-propellant missile laun
hed from Iran.5.6.4 Possibility of an inter
eptor being mistaken as a threatInter
eptors having a velo
ity of 5 km/s or more would have suÆ
ient speed and range tobe mistaken for a threat. The inter
eptor traje
tories from Iran 
ould be to the north, overRussia, or to the southeast, towards Pakistan and India. An inter
eptor �red in defenseruns the risk of inadvertently triggering a retaliatory a
tion by these 
ountries.5.7 Other Engagements Considered5.7.1 Defending against sea-based medium-range ballisti
 missilesSo far we have been 
on
erned with the feasibility of defending the United States fromatta
k by ICBMs. However, as dis
ussed in Chapter 3, the U.S. intelligen
e 
ommunityjudges that an atta
k on the United States by medium-range ballisti
 missiles (MRBMs)laun
hed from platforms su
h as ships, barges, or submarines positioned o� the 
oasts of theUnited States is a more serious threat. Consequently, the Study Group also analyzed therequirements for a boost-phase inter
ept system that 
ould defend the United States againstsu
h an atta
k using ship-based inter
eptors. In this parti
ular s
enario, the dete
tion andtra
king time is only a few se
onds sin
e the Aegis radar 
an see a ta
ti
al ballisti
 missilepra
ti
ally at laun
h. We believe the total tra
k and engagement de
ision time 
ould be aslittle as 10 s, sin
e any missile laun
h 
ould be presumed to be hostile.



5.7. Other Engagements Considered S95Table 5.9. Model Medium-Range Ballisti
MissilesaModel tb (s) Vbo (km/s) Range (km)M1 65 2.2 600M2 95 3.2 1300atb is the total duration of the boost phase andVbo is the burnout velo
ity. For further details,see Chapter 15.The Chinese M-9 missile, whi
h is estimated to have a total burn time of about 65 sand a range of 600 km, and the Shahab or No Dong missiles, whi
h are estimated to haveburn times of about 95 s and a range of 1,300 km, were 
hosen as representative examplesof missiles that 
ould be laun
hed against the United States from a sea-based platform.Their 
hara
teristi
s are summarized in Table 5.9. Models of these two missiles, denotedM1 and M2 respe
tively, were 
onstru
ted as des
ribed in Chapter 15. As an example ofa ship-based missile that 
ould be used as an inter
eptor, we 
hose inter
eptor model I-1,whi
h is similar to the U.S. Navy's existing Standard Missile 2 and is small enough to �tin the existing Verti
al Laun
h System of Aegis-
lass destroyers and 
ruisers.Figure 5.18 shows illustrative engagements of these MRBM models by inter
eptor I-1lo
ated 40 km down range from the missile laun
h point. (We assume that the Aegis ship istrailing the suspe
ted hostile ship and is 
lose enough to dete
t the MRBM with its radar.)This inter
eptor uses aerodynami
 for
es to maneuver and 
onsequently must inter
ept thetarget missile while it is still in the atmosphere. The two model MRBMs would have to beinter
epted within about 45 s after they were laun
hed, or they would be above the altitudewhere the inter
eptor 
ould maneuver e�e
tively. A detailed analysis of su
h engagementsis outside of the s
ope of this study.5.7.2 Defending against a 300-se
ond burn-time missileThe possibilities for a boost-phase defense are obviously sensitive to missile burn time. Forthe reasons dis
ussed in Chapter 3 and Chapter 15, we have 
hosen to base our analysison a 240-se
ond burn time liquid-propellant missile. However, sin
e some prior work wasbased on a 300-se
ond liquid-propellant missile it may be of interest to note approximatelyhow the results would 
hange for defense against su
h an ICBM.As might be expe
ted, the in
reased burn time of a 300-se
ond missile would make thedefense mu
h easier. For any given basing area, the de
ision time would be in
reased by60 s. Or, for a given de
ision time, the basing area would be signi�
antly in
reased. Toa good approximation, the additional in
rement in ground range for the extra burn time
an be estimated by taking the produ
t of the in
reased time and the ground speed of themissile, whi
h is somewhat less than its 
yout speed be
ause of its angle of in
lination.Table 5.10 gives values for three inter
eptors.For the 5-km/s inter
eptor, it 
an be seen from the lower left panel of Figure 5.9 thatan in
reased range of 230 km would extend the basing area for North Korea far out to sea.For the other missiles, the de
ision time 
ould be further in
reased.
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Figure 5.18. Illustrative planar engagements of medium-range ballisti
 missiles by inter
eptor I-1,whi
h is similar to the U.S. Navy's Standard Missile 2, shown in the altitude-range plane. Theinter
eptor stando� distan
e is 40 km. The dark 
ontinuous 
urves rising from the right at a rangeof 40 km are the traje
tories of MRBM models M1 and M2, whi
h have total burn times of 65and 95 s, respe
tively. The dots along their traje
tories show the missiles' positions at the timein se
onds after laun
h as indi
ated by the number in the adja
ent gray box. A fan of inter
eptor
yout traje
tories rises from zero range. The inter
eptor was assumed to be �red 10 s after themissile was �red. The numbered 
ontours that 
ross the inter
eptor traje
tories show the positionsof the inter
eptor at the indi
ated time in se
onds after the MRBM was laun
hed. The inter
eptoruses aerodynami
 for
es to maneuver; the dashed horizontal line shows the altitude above whi
h itwould be unable to do so.5.8 Avoiding Harming Other CountriesThe dis
ussion in this 
hapter has so far fo
used on defending the United States againstICBMs laun
hed by North Korea, Iraq, and Iran. We turn now to the question of whatfurther steps would be needed to prevent possibly live munitions|nu
lear, biologi
al, or
hemi
al|that survive an inter
ept from harming other 
ountries. This is the problem of
ontrolling shortfall. There would be no shortfall problem if the munitions 
ould be reliablydestroyed in the inter
ept. However, destroying the munitions is mu
h more diÆ
ult thanhitting the booster (see Chapter 13), and in this se
tion we assume that the munitions havea good 
han
e of surviving the inter
ept.In general, 
ontrolling shortfall requires inter
epting a missile within a narrow windowin time: not too late for the munitions to fall on the United States (or on Canada, whi
h wehave not 
onsidered so far), and not so early that they fall on other 
ountries. Ideally, themunitions would fall into the sea. Note that the munitions would almost never fall withinthe threat 
ountry itself.All traje
tories to the 
ontiguous states from North Korea pass over Canada and Russia,so that these nations are potentially at risk. Traje
tories from Iraq and Iran pass overEurope and Canada, putting many nations at risk. Traje
tories from Iran and Iraq toAlaska and Hawaii pass over 
entral Asia and Russia.We dis
uss here the problem of timing an inter
ept so that it o

urs within a given
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rement in RangeInter
eptor V
yout (km/s) Vground (km/s)a In
rement in Range (km)bI-2 5.0 3.8 230I-4 6.5 5.5 350I-5 10 9.1 560a The ground speed depends on the angle of in
lination, whi
h depends in turnon the range and altitude of the inter
ept. The ground speeds are for inter
eptsanalyzed in this 
hapter.b In
rease in range for a booster with 300 s of burn time, whi
h would provide anadditional 60 s relative to the 240-s liquid-propellant missile.window and does not 
ause harm to other nations. We 
on
lude that 
ontrolling shortfallto avoid damage to other 
ountries would be diÆ
ult and perhaps even impossible.5.8.1 Controlling shortfall for North Korea and Iraq or IranAssuming for the moment that the inter
ept 
ould be timed pre
isely, let us examine whatwould be required to 
ontrol shortfall in defending against missiles laun
hed by North Koreaand Iraq or Iran. Figures 5.3 and 5.13 provide a helpful orientation for this dis
ussion. Ofthe three s
enarios studied for defending the United States, North Korean laun
hes posethe most diÆ
ult shortfall problem.North Korea Managing shortfall for a missile from North Korea would require timing theinter
ept so that munitions do not fall on Canada or Russia. The situation varies withazimuth, and so we will dis
uss traje
tories to the West Coast, interior, and East Coast ofthe United States.U.S. West Coast Shortfall for these traje
tories would generally 
ause the munitions to fallin the o
ean, and so these need no further 
onsideration.Interior of the United States These traje
tories generally pass over Alaska. We assume thatthe latest inter
ept time would prevent munitions from rea
hing Alaska. For su
h traje
-tories, Russia is highly vulnerable to shortfall. To avoid munitions from falling in Russia,they would have to be dropped into the sea. Figure 5.13 shows that the window for thiss
enario is extremely short, 10 s or less. A
hieving su
h 
ontrol would be problemati
. Itshould be noted, however, that these traje
tories 
ross over a great deal of wilderness area,and the window 
ould be expanded somewhat if it were deemed a

eptable.U.S. East Coast Be
ause the �rst landfall for East Coast traje
tories is northern Canada, themajor problem in 
ontrolling shortfall is to avoid hitting Canada. For the liquid-propellantmissile on a traje
tory to Washington, DC, the �rst landfall would o

ur at a burn time ofabout 233 s. The basing areas des
ribed in Se
tion 5.4 are for a burn time of 239 s. Su
h ade
rease in the inter
ept time would not alter the basing area enough to require abandoningthe 6.5-km/s inter
eptor for defense.The earliest inter
ept time is set by the requirement that the munitions not fall on
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e-Based Inter
eptorsRussia. The liquid-propellant missile leaves Russia territory after a burn time of about220 s, and a

elerates for 10 to 15 s more before a
hieving a velo
ity that would 
arry it toCanada. Thus, the timing window for the liquid-propellant ICBM is about 10 to 15 s.The solid-propellant ICBM on the traje
tory to Washington, D.C. would have to beinter
epted at a burn time of 155 s to avoid hitting Canada. The inter
ept time used inSe
tion 5.4 was 167 s. The di�eren
e made by this 14-se
ond de
rease in the radius of thebasing area in Figure 5.10 (lower right) would be about 125 km, thus making defense bythe 10-km/s inter
eptor even more diÆ
ult.Iraq and Iran The situation for these 
ountries is straightforward. The de
rease in inter-
ept times to avoid hitting Canada is about 5 s for the liquid-propellant ICBM and 10 sfor the solid-propellant ICBM. Su
h inter
epts would signi�
antly redu
e the inter
eptorbasing areas. Avoiding Greenland and I
eland would be diÆ
ult. Many of the traje
toriespass over western Europe. The window for an inter
ept that avoids western Europe is about10 s for the liquid-propellant ICBM, and 20 s for the solid-propellant ICBM.In summary, the inter
ept time windows for safely 
ontrolling shortfall are only 10 to 20 sin duration|only slightly more than the un
ertainties surrounding the threat traje
tories.Controlling the time of inter
ept in the fa
e of these un
ertainties would be diÆ
ult.5.8.2 The problem of timing an inter
eptIn an idealized situation, the ro
ket is known to be a threat missile and its properties andlaun
hing time are pre
isely known. Initially, however, there is some un
ertainty in themissile's traje
tory. The �ring solution must allow for the possibility of inter
epting themissile on a traje
tory to any of the potential targets in the defended area, and it willgenerally 
all for laun
hing the inter
eptor early enough to inter
ept the missile if it is onthe most stressing traje
tory.As the inter
eptor 
ies out and the missile's traje
tory be
omes better known, it mayturn out that the missile is not on the most stressing traje
tory. Alternatively, the missilemay undertake a maneuver, su
h as a dog-leg, that puts it on a new traje
tory. To avoidshortfall, the inter
ept time must now be delayed. It might seem that delaying the inter
eptwould make it easier, but that turns out not to be the 
ase.The best way to time an inter
ept pre
isely would be to 
hoose the 
orre
t �ring timeand inter
ept point, but be
ause of the un
ertainties in the missile's traje
tory, that isnot possible; a se
ond-best approa
h would be to 
ompensate for the error in the �ringtime by 
ontrolling the inter
eptor's traje
tory during its boost phase. (The a

elerationof a solid-propellant inter
eptor 
annot be 
ontrolled but it 
an be e�e
tively redu
ed bytraje
tory maneuvers.) However, that 
ontrol is possible only until the inter
eptor's boostit terminated, some 40 to 45 s after its laun
h. Be
ause the threat missile 
ontinues toa

elerate and maneuver after the inter
eptor boost has ended, a signi�
ant burden for
ontrolling the exa
t time of inter
ept will be pla
ed on the kill vehi
le's guidan
e anddivert systems.Delaying the inter
ept time requires �nding a guidan
e strategy for timing the inter-
ept. Guidan
e algorithms, su
h as Proportional Navigation or Augmented ProportionalNavigation (des
ribed in Chapter 12), are designed to assure that an inter
ept will o

ur,but the a
tual time of the inter
ept is not 
ontrolled. We have not examined this issue indetail, but our preliminary analysis suggests that the guidan
e laws generally used in thehoming phase of a kill vehi
le, whi
h keep the line-of-sight to the missile 
onstant, will in
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ompensate for about half of the variation and might in some
ases a
tually worsen the problem of 
ontrolling shortfall. We 
on
lude that a strategy fortiming an inter
ept pre
isely is mu
h more demanding than a strategy for merely assuringthat it o

urs. Signi�
ant analysis would be needed to understand this issue.5.9 Sensitivity to Other AssumptionsSo far in this 
hapter, we have examined the e�e
t of varying ICBM types, inter
eptortypes, and de
ision time on our results. We dis
uss here the impli
ations of 
hangingother assumptions: defending less than all 50 states, relying on existing early-warningsystems, a

ounting for dog-leg maneuvers, hitting the warheads and not the boosters, andinter
epting during the missile's as
ent phase.5.9.1 Redu
ing the defended areaAs des
ribed at the beginning of this 
hapter, the stated poli
y of the 
urrent U.S. adminis-tration is the prote
tion of all 50 states. However, the short time for boost-phase inter
eptsstresses every aspe
t of a boost-phase defense system, and redu
ing the goals of the defense
ould make it easier to deploy a system. Su
h a system might 
onstitute the initial phase ofa more extensive boost-phase system or an in
omplete �rst layer of a layered defense. Wedis
uss here whether a boost-phase system designed to defend only a portion of the UnitedStates, or some of the major 
ities, would be easier to deploy than a system that 
oulddefend the entire United States.Defense of the 
ontiguous states only For North Korea, an inter
eptor that 
ould defendthe 48 
ontiguous states against the liquid-propellant ICBM L 
ould defend also Alaska andHawaii. For the solid-propellant ICBM S1, Alaska is slightly more diÆ
ult to defend thanthe 
ontiguous states be
ause of the shorter burn time. However, the 10 km/s inter
eptorwould be needed in any 
ase, and it 
ould defend either traje
tory. Thus, for missileslaun
hed from North Korea, limiting the defense to the 
ontiguous states would not o�eran advantage.For Iraq, Figure 5.14 shows that if the 
ontiguous states 
an be defended, so 
an Alaskaand Hawaii, though the inter
eptor site would have to be in extreme southeast Turkey. ForIran, however, Figure 5.16 shows that, although the 
ontiguous states 
ould be defendedagainst the liquid-propellant missile by the large 10 km/s inter
eptor lo
ated in the PersianGulf (or possibly in southeast Turkey), the Hawaii traje
tory 
ould not be defended unlessan un
onventional site to the east of Iran were employed. Be
ause the distan
e from Iran toHawaii is longer than to any of the other states, Hawaii is an unlikely target. Consequently,defending the 
ontiguous states 
annot be regarded as signi�
antly easier than defendingthe entire United States.Defending only some major 
ities The major 
ities in the United States tend to be nearthe nation's borders. Furthermore, the inter
ept times for 
ities a
ross the United Statesdi�er by only a few se
onds. Thus, defending any of the major 
ities is equivalent todefending the 
ontiguous states, as Figures 5.3 and 5.13 reveal.Partial defense of the 
ontiguous United States Finally, defending only those parts ofthe 
ontiguous United States that were easiest to a
hieve might be 
onsidered. This 
ould be
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e-Based Inter
eptorsdone by attempting to inter
ept only those missiles with traje
tories that take them withinrea
h of inter
eptors, or by inter
epting missiles too late to defend the 
losest targets butsoon enough to defend targets farther away. A defense 
ould use both approa
hes. Anexample of the �rst would be a defense only against North Korean ICBMs headed to theWest Coast. Su
h an approa
h would be possible, but would leave the interior and theEast Coast undefended. The se
ond approa
h|arriving too late to defend the targets onthe 
losest 
oast|
ould, in prin
iple be useful against laun
hes from the Middle East. Inpra
ti
e, however, no more than about 5 s of burn time would separate the 
losest targetsfrom the farthest. Given that the un
ertainties in the missile traje
tories are likely to belarger than 5 s, it would be diÆ
ult to plan on defending only a portion of the 
ontiguousstates by arriving late.5.9.2 Using the existing early-warning satellite systemThe timelines used in this 
hapter presume the ability to 
on�rm a ro
ket laun
h by a systemwith the 
apability of the notional spa
e-based system (NSBS) des
ribed in Chapter 10.The NSBS is intended to illustrate the 
apabilities that a modern, spa
e-based missileearly-warning and tra
king system, su
h as the high-altitude Spa
e-Based Infrared System(SBIRS-High) 
ould have. The SBIRS-High, whi
h is 
urrently under development, isintended to repla
e the existing Defense Support Program (DSP) system.We note here that if a system like SBIRS-High is not available and the early-warningsystem does not have the 
apabilities assumed for the NSBS, then any boost-phase inter-
ept system would have to rely on the DSP for early warning and tra
king of potentiallythreatening ro
kets. A

ording to the analysis in Se
tion 10.1.2, however, this system wouldneed to be supplemented by a higher-sample-rate, o�-board sensor, su
h as radar. La
kingsu
h a sensor, the time required to 
onstru
t a �ring solution would be extended by a fewtens of se
onds, and the system's performan
e would be 
orrespondingly diminished. Thee�e
t would be to require a faster inter
eptor for a given ground range. However, su
h aninter
eptor 
ould be suited only for use against long-burning liquid-propellant ICBMs.5.9.3 E�e
t of dog-leg traje
tories on basingIn prin
iple, a dog-leg maneuver might stress the defense by moving the last point where themissile 
ould be su

essfully inter
epted away from the inter
eptor's base or station. Forinstan
e, the liquid-propellant ICBM 
ould exe
ute a 10Æ out-of-plane dog-leg on the North-Korea-to-Boston traje
tory that would shift the last point where it 
ould be su

essfullyinter
epted 60 km to the west, away from the Sea of Japan. However, the additional timerequired to exe
ute this dog-leg maneuver would allow the inter
eptor to 
y farther. Thenet additional distan
e the 5-km/s inter
eptor I-2 would have to travel would be only about35 km. The net additional distan
e for I-4 would be only about 25 km, and for I-5, onlyabout 6 km.For the solid-propellant missile S1, whi
h has a lower-a

eleration �nal stage than theliquid-propellant ICBM, a dog-leg would a
tually be 
ounterprodu
tive: the inter
eptorwould be able to 
y farther during the dog-leg than the inter
ept point would be displa
ed.5.9.4 A
hieving warhead killOur analysis assumes that the inter
eptor aims for and hits the �nal stage of the ICBM,not its warheads. Having the ability to home on and hit the missile's munitions while they
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hed would have no e�e
t on where a given inter
eptor 
ould be based. It 
ould,however, redu
e the risk of a su

essful inter
ept 
ausing live munitions to strike other
ountries.To defend the United States, the �nal stage of the atta
king missile must be disabledbefore its munitions have a
hieved the velo
ity needed to 
arry them to any part of the
ountry. If the inter
eptor 
an disable the missile before this happens, having the abilityto home on and hit the missile's munitions would provide no additional prote
tion of theUnited States. If the inter
eptor 
annot disable the missile before this happens, beingable to destroy later any munitions that are still atta
hed to the missile would not reliablydefend the United States, be
ause some munitions 
ould already be separated from themissile. On
e the missile's munitions have been deployed, destroying them would requirethe 
apabilities of a mid
ourse defense system, whi
h are very di�erent from those of aboost-phase defense system.There would, however, be one real advantage to having the ability to destroy a missile'smunitions while they are still atta
hed: it would prevent an inter
ept that su

essfullyprote
ts the United States from 
ausing possibly live munitions to strike other 
ountries,in
luding U.S. friends and neighbors. The diÆ
ulty of avoiding this with an inter
eptorthat is not able to destroy the target missile's munitions is dis
ussed in Se
tion 5.8. The
hallenge of warhead kill is dis
ussed in Chapter 13.5.9.5 Inter
epting the missile during its as
ent phaseDuring a missile's as
ent phase|the period shortly after the motor of the missile's �nalstage has burned out, or its thrust has been terminated|it might be possible to home onand hit the body of the �nal stage using a
tive homing te
hniques, su
h as LIDAR (seeChapter 10). Although this would extend the time available to hit the missile's body, itwould not be useful for the following reason.As has been noted, a missile 
an deploy its munitions at any moment after it hasa
hieved the velo
ity needed to 
arry them to the target area. The missile's munitions
ould be deployed while the missile is still in powered 
ight but would likely be deployed nolater than immediately after the �nal stage has burned out or its thrust has been terminated.Homing on and hitting the body of the missile after it has deployed its munitions wouldnot help the defense. Consequently, an inter
eptor's ability to home on a missile body afterits boost phase has ended would be of no use.5.9.6 Defending by slower inter
eptorsOthers have suggested a possible role in boost-phase defense against ICBMs for slowerinter
eptors su
h as inter
eptor model I-1, whi
h is similar to the 1.7-km/s Standard Mis-sile SM-2, or a 3-km/s inter
eptor similar to the Standard Missile SM-3 that is 
urrentlyunder development by the Navy. However, be
ause we found the 5-km/s inter
eptor I-2 tobe only marginally useful in the most favorable engagement we 
onsidered|defending theUnited States against the liquid-propellant ICBM model L laun
hed from North Korea|wejudge that slower inter
eptors would not be useful in defending against ICBMs even if theyhave the ability to home on and hit a missile outside the atmosphere.
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ountries 
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on
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tion of a spa
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eptors (SBIs) raise many of the same te
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hapters. But operatingS103
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eptorsin spa
e also presents some unique 
hallenges. In parti
ular, be
ause of the rotation ofEarth and the orbital motion of the satellites, a large number of satellites (hundreds orthousands) would be needed to ensure that at least one satellite were always 
lose enoughto every potential boost-phase traje
tory to inter
ept missiles during this phase of their
ight. Also, the limited 
apa
ity of laun
hers and the high 
ost of pla
ing mass in orbit(on the order of $10,000 per pound to low-Earth orbit) puts a penalty on size and weight,pushing designers to make the inter
eptors as small and light as possible.Spa
e-based inter
eptors were not the 
entral fo
us of this study, but given the renewedattention they are re
eiving, the Study Group applied the methodology and relevant resultsfrom its analysis of surfa
e-based hit-to-kill boost-phase inter
eptors to illuminate someof the te
hni
al issues that would be involved in a spa
e-based system. Spe
i�
ally, weexamined the performan
e that SBIs would require to defend the United States against thesuite of target missiles that are presented in Chapter 15. We also examined the requiredsizes of kill vehi
les and inter
eptors based on the analysis in Chapter 14, as well as likelyengagement timelines based on the geographi
 
overage analysis presented in Chapter 5.Our approa
h was to illustrate the issues asso
iated with SBIs by 
ondu
ting a parametri
analysis that highlighted the trade-o�s that a system designer would fa
e.We approa
hed the analysis by 
reating a \baseline" system that 
ould inter
ept a single,solid-propellant ICBM 5 s before burnout with zero de
ision time. This baseline approa
hmade for easy 
omparisons a
ross parameters, but negle
ted some of the s
enario-spe
i�
requirements that we applied to the ground-based inter
eptors in Chapter 5, spe
i�
allythat the inter
ept had to o

ur earlier than 5 s before burnout to defend the United Statesand that some de
ision time might be required to provide operational margin. As a result,the baseline 
ase is optimisti
, underestimating perhaps by a fa
tor of two or more thenumber of satellites that 
ould be required for the more stressing s
enarios.For the baseline 
ase, our analysis suggests that the 
yout velo
ity of the inter
eptorsshould be about 4 km/s, and the 
yout a

eleration should be about 10 g to minimize theoverall system mass. At that velo
ity, roughly 1,600 inter
eptor satellites at an altitude of300 km would be required for a minimum of one (and an average of two) to be in positionto inter
ept a single, solid-propellant ICBM laun
hed from North Korea, Iraq, or Iran 5 sbefore burnout. The analysis presented in Chapter 12 indi
ates that, for the high 
losingvelo
ities that o

ur when inter
epting ICBMs from spa
e, the kill vehi
les should have aminimum divert velo
ity of 2.5 km/s, a total inter
eptor response lag of 0.1 s or less, andan a

eleration 
apability of 15 g during the endgame. These minimum requirements resultin a kill vehi
le with a fully fueled mass of 136 kg and a total inter
eptor mass of 820 kg.Altogether, this 1,600-SBI system would have a total mass of about 2,000 tonnes (1 tonne =1000 kg � 1.1 ton). Deploying this system in orbit would require a �ve- to ten-fold in
reasein 
urrent U.S. spa
e-laun
h 
apability.The sizes and masses of 
onstellations of SBIs 
ould be signi�
antly greater than thebaseline 
ase suggests if less optimisti
 assumptions were made. For example, defending theentire United States against ICBMs laun
hed by Iran would require inter
epts at least 12 sbefore burnout, whi
h would drive up the number of inter
eptors required by 25 per
ent.Providing the system with 30 s of de
ision time would more than double the number ofinter
eptors required.Defending against a single liquid-propellant ICBM (as 
ontrasted to a solid-propellantICBM) would require less than half the number of inter
eptor satellites (roughly 700) re-quired for the baseline 
ase. However, a system designed to 
ounter only liquid-propellantICBMs runs the risk of be
oming obsolete qui
kly, given the long time that it would take to
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eptor S105deploy the system and the in
entives that the development and deployment of that systemwould 
reate for emerging missile states to build or pro
ure solid-propellant missiles.The estimates presented here for 
onstellation size, kill-vehi
le mass, and inter
eptormass are signi�
antly higher than those of other authors, even for the baseline 
ase, be
auseof our more 
onservative assumptions regarding a number of fa
tors, in
luding warning time,duration of ICBM boost phases, divert velo
ity and a

eleration of the kill-vehi
le, tankagemass, lifeja
ket mass, and the mass penalties asso
iated with high 
yout a

elerations forthe inter
eptor.This 
hapter begins by 
al
ulating the 
overage of a single inter
eptor, the likely op-erating altitudes for inter
eptor satellites, and the number of satellites required for Earth
overage. Next, it explores the fa
tors that determine the sizes of the kill vehi
les. Basedon that analysis, it examines the optimum numbers of satellites and 
yout velo
ities tominimize the total mass in orbit for the baseline 
ase. Then it explores the e�e
ts of morerealisti
 assumptions about de
ision time and required inter
ept times. Finally, the 
hapterexplores strategies for redu
ing the mass of the kill vehi
le, whi
h is the key determinant ofthe total mass of the system.The 
hoi
e of threat missiles and the times for dete
ting a ro
ket laun
h and generatinga �ring solution are identi
al to those in Chapter 5. (These are des
ribed in Chapter 15 andSe
tion 10.1, respe
tively.) However, in 
ontrast to the analysis of boost-phase defense withterrestrial-based systems (Chapter 5), the kill-vehi
le mass is of primary, not se
ondary,importan
e. The interplay between the mass and the range of the kill vehi
le is 
entralto the analysis of spa
e-based boost-phase defense systems. Consequently, the material inChapter 14 is essential to the analysis in this 
hapter.6.1 Coverage by a Single Inter
eptorFor a spa
e system in low Earth orbit, there is always a large absentee ratio; that is, mostof the satellites are in the wrong pla
e when they are needed, due to the physi
s of orbitsand the rotation of Earth. The absentee ratio is governed by the 
overage a�orded by ea
hsatellite|the greater the 
overage, the lower the absentee ratio. The 
overage of an SBIis determined by the distan
e r
yout it 
an 
y from the time when it is �red to the time itmust inter
ept the target missile.The inter
eptor is �red at time t0. In general terms, the volume an inter
eptor 
an
over at a future time tn 
an be approximated by a sphere with a radius equal to its 
youtrange r
yout, the distan
e it 
an 
y in the interval tn � t0, 
entered on the position that itwould have o

upied at tn if it had not been �red from its storage or parking orbit. This isillustrated in Fig. 6.1. Assuming the inter
ept would o

ur at an altitude hinter
ept, a givenSBI 
ould inter
ept a ro
ket that rises through this altitude anywhere within a 
ir
ular areaof radius R = qr2
yout � (horbit � hinter
ept)2 ; (6.1)where horbit is the altitude of the satellite's orbit and hinter
ept is the altitude of the inter
eptpoint. For the times and distan
es of 
on
ern, the di�eren
e between the gravitational for
efelt by the inter
eptor on its new path and that on its former path is negligible, so that itmay be assumed one is working in an inertial frame moving with the original orbital velo
ityof the inter
eptor.The inter
eptor's 
yout range depends on its a

eleration pro�le and terminal velo
ity.Figure 6.2 shows this range as a fun
tion of time for inter
eptor burnout velo
ities of 2,
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Figure 6.1. The 
overage of a single inter
eptor at the height of an inter
ept is determined by thealtitude horbit of its orbit and its 
yout range r
yout, the distan
e it 
an travel in the time that isavailable to inter
ept the target. Here, the inter
eptor is �red at time t0, and the inter
ept o

ursat time t3. The arrowheads are at the inter
ept point; R is the inter
ept ground range.4, and 6 km/s, and mean a

elerations of 6, 8, and 10 g, assuming burn times of roughly20 s to 100 s. Both of these parameters are important for 
yout times in the range of 100 sto 150 s, whi
h are typi
al for this appli
ation. In any 
ase, the range will be measuredin hundreds rather than thousands of kilometers, so a large number of inter
eptors will beneeded. In addition, the inter
eptor will use some of its range in diving down from itsparking altitude to the inter
ept altitude, and this e�e
t must be 
onsidered in 
overage
al
ulations.Shorter inter
eptor burn times (higher a

elerations) were also 
onsidered but werefound to have mass penalties that more than o�set the potential bene�t. The basis of this
on
lusion is dis
ussed in Se
tion 6.7.6.2 Operational Altitudes for SBIsThe optimal basing altitude for a system of SBIs would be a 
ompromise between beinghigh enough to minimize the e�e
ts of atmospheri
 drag and low enough to rea
h theinter
ept point in time. Generally, the desired inter
ept altitude would be lower than thestorage altitude of a spa
e inter
eptor. The target missile typi
ally would burn out below analtitude of 200 km, whi
h is far too low for a long-lasting satellite, be
ause at that altitudethe atmosphere is dense enough that aerodynami
 drag would qui
kly 
ause it to spiral intothe lower atmosphere and burn up. To have a lifetime of many years without propulsion, asatellite must orbit at or above 500 km. To orbit below 500 km for many years, a satellitewould require a propulsion system with suÆ
ient propellant to maintain the desired orbit.The lifetime of a satellite at any altitude is a fun
tion of the ballisti
 
oeÆ
ient, whi
h isthe ratio of the satellite's mass to the produ
t of its drag 
oeÆ
ient and its 
ross-se
tionalarea normal to its dire
tion of motion through the atmosphere. The larger the ballisti

oeÆ
ient, the less e�e
t drag will have on the satellite. For a 
ompa
t, pen
il-shapedinter
eptor aligned with the velo
ity ve
tor, the ballisti
 
oeÆ
ient 
ould be as high as200 kg/m2 (200-kg mass, 1{m2 frontal area, and assuming a drag 
oeÆ
ient of unity).Orbital lifetime is also a strong fun
tion of the solar 
y
le. At solar maximum, theupper atmosphere is distended and satellite lifetimes are diminished. We must 
onsiderthis worst 
ase, be
ause solar maxima o

ur every 11 years and last for several years. Atsolar maximum, the lifetime of a 200-kg/m2 satellite without any propulsion is 3 years at
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Figure 6.2. Flyout range r
yout as a fun
tion of time, for a range of a

elerations and burnoutvelo
ities. In ea
h group of inter
eptors having the same burnout velo
ity, the three traje
tories are,from top to bottom, for a

elerations of 10, 8, and 6 g.500 km, 9 months at 400 km, 50 days at 300 km, and 1{2 days at 200 km ([77, Fig. 8-4,p. 210℄, [78℄).Atmospheri
 drag 
an be over
ome by thrust, however, provided by a ro
ket motor onthe satellite. This is an ideal appli
ation for a low-thrust, high-spe
i�
-impulse (Isp), ionengine. Given an atmospheri
 density at solar maximum of 6� 10�11 kg=m3 at an altitudeof 300 km [79, p. 261℄ and assuming an ion engine with an Isp of 2000 s, a satellite with a1 m2 frontal area 
an maintain that altitude for 2.5 years at solar maximum by 
onsuming30 kg in ion engine fuel, thereby balan
ing the momentum lost to drag with the momentumprovided by the engine. The mean thrust is very small, less than 1 millinewton. Maintainingaltitude for 3 years is long enough to survive a solar maximum, and it is unlikely that aninter
eptor satellite would need to survive more than one maximum.A bene�t of these low altitudes is that the inter
eptor would not have to 
y long distan
esto get down to the inter
ept altitude. Another advantage is that inter
eptors at thesealtitudes would not pose a spa
e debris problem when they rea
h the end of their servi
elives; on
e their thrust were terminated, they would qui
kly re-enter the atmosphere. Butthere is a tradeo� between the advantages of operating at low altitudes and the weightpenalty in thrusters and fuel needed to maintain orbit, whi
h probably pre
ludes basingbelow 300 km at solar maximum.Basing at altitudes above 300 km would redu
e the mass of the satellite by redu
ing theamount of fuel needed for the ion propulsion. But that may not redu
e the total mass-in-orbit|parti
ularly for spa
e-based inter
eptors designed to defend against solid-propellantICBMs|due to the extra distan
e that the inter
eptor would have to 
y to rea
h theinter
ept point and hen
e the extra propellant that it would need.
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e-Based Inter
eptors6.3 Cal
ulating the Number of Inter
eptors for Earth CoverageThere are several ways to estimate the number of SBIs that would be required so thatat least one inter
eptor would be in position at all times to engage an ICBM. Perhapsthe simplest approa
h is to assume that the satellites are �xed above Earth and uniformlydistributed. In that 
ase, the required number of inter
eptors is obtained by dividing thearea to be defended by the area within rea
h of a single inter
eptor. If we are 
on
ernedwith ICBMs laun
hed from anywhere between 45Æ N latitude and 45Æ S latitude, the areaof this spheri
al shell is: A
over = p22 h4�(REarth + hinter
ept)2i : (6.2)The radius of the area 
overed by one inter
eptor is given in Eq. 6.1. If the inter
eptors
ould be uniformly distributed around Earth, without overlap, a 
onstellation of N0 =A
over=(�a2) inter
eptors would provide one inter
eptor to 
over any laun
h.In reality, a number of fa
tors make N0 a signi�
ant underestimate of the number ofinter
eptors a
tually needed, be
ause the nature of satellite orbits around a rotating Earthmakes it diÆ
ult to provide uniform 
overage from low-Earth orbit. For any given orbit,satellite 
overage will be 
on
entrated at the same latitude as the in
lination of the orbit,leaving the equatorial region underpopulated, as dis
ussed in [80℄. (The in
lination of anorbit is the angle that it makes with the equator.) Although that 
on
entration would bebene�
ial if the defense needs only to inter
ept missiles from a very narrow latitude band,su
h as from North Korea, it makes 
omplete 
overage over a wide range of latitudes morediÆ
ult to a
hieve.Sin
e any holes in 
overage are highly undesirable, steps must be taken to address thisproblem. For example, a more 
omplex satellite 
onstellation 
ould be engineered havingseveral rings of satellites that have di�erent in
linations. This system must be engineeredto provide 
ontinuous 
overage without gaps. The solution does not lie in randomizing thesatellite distribution, whi
h would leave random gaps in 
overage that 
ould only be �lledby deploying a large number of satellites. A fully engineered 
onstellation, however, goesbeyond the s
ope of our study.Instead, we illustrate the approximate number of satellites that would be needed bystudying the simpler 
ase of a �xed-in
lination 
onstellation designed to defend againstlaun
hes from anywhere on Earth between the 45th parallels north and south. If we populatethe 
onstellation with 2�N0 inter
eptors, we obtain, on average, at least two inter
eptorswithin range of an inter
ept point at north latitudes between 34Æ (most of Iran) to 45Æ(North Korea). This 
overage is suÆ
ient to ensure that there would be virtually no gapsin 
overage within that band of latitudes, although there is sometimes just one inter
eptorwithin range, and therefore no redundan
y. That same number of inter
eptors (2N0) 
ouldprovide 
overage down to 30Æ North latitude and defend the United States against laun
hesfrom anywhere in Iran, although the 
han
e of a gap in 
overage would in
rease to a fewper
ent. This result 
omes from a satellite system simulation done by the Study Group thatin
ludes basi
 orbital and rotational e�e
ts. The satellites are in several orbital rings, butall are at an in
lination of 45Æ. For a �xed number of satellites, the 
overage is relativelyinsensitive to the exa
t partition between the number of satellites in a ring and the numberof rings. There is a small advantage to having more satellites in ea
h ring instead of morerings. The number of satellites would have to be doubled again to provide 
overage downto the equator; in that 
ase, a multiple-in
lination design might be preferred. However,
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Figure 6.3. Range, mass, and required number of hypothesized spa
e-based inter
eptors with a
yout a

eleration of 10 g as a fun
tion of 
yout velo
ity for a kill vehi
le with a total divert velo
ity
apability of 2.5 km/s. The mass does not in
lude the garage or \life-ja
ket" that would be requiredto provide long-term orbital servi
es, whi
h we assume would in
rease the total mass of ea
h satelliteby roughly 50 per
ent. The required number of inter
eptors is for at least one inter
eptor (and anaverage of two) to be able to inter
ept a solid-propellant ICBM 5 s before burnout|the baseline
ase.be
ause most threats from the three 
ountries of greatest 
on
ern to the United Stateswould be inter
epted within the approximately 30-degree to 45-degree North latitude band,we use this simple 
onstellation design, populated with 2N0 satellites, for a preliminaryestimate of 
onstellation size.This number of inter
eptors, 2N0, is shown as a fun
tion of 
yout velo
ity in Fig. 6.3for kill vehi
les with 2.5 km/s divert velo
ities against solid-propellant ICBMs like ICBMmodel S1. Our 
overage 
al
ulation in
ludes the additional range needed to 
y down fromthe storage orbits at 300 km to inter
epts at altitudes of 200 km; an inter
eptor witha 
yout range less than 100 km would be useless, be
ause it 
ould not even rea
h theinter
ept altitude.The 
yout range of an inter
eptor is determined by its 
yout velo
ity and 
yout time.The 
yout velo
ity is a fun
tion of the inter
eptor design, as dis
ussed in the previousse
tion. The 
yout time is determined by the ICBM, the dete
tion and tra
king timerequired of the spa
e-based early-warning sensors, and the geography of the engagement.The Study Group 
onstru
ted a baseline 
ase for the purposes of illustration that assumes:1. The target missile is a solid-propellant ICBM similar to model S1.2. The inter
eptor is �red 15 s after the ICBM rises above 7 km (zero de
ision time),whi
h is 45 s after the ICBM is laun
hed.3. The inter
ept o

urs 5 s before the ICBM burns out.
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e-Based Inter
eptorsThe �rst assumption is 
learly optimisti
 be
ause it does not take a

ount of the e�e
tsof geography on the required inter
ept time. For example, defending Fairbanks, Alaska,from North Korea would require that ICBM S1 be inter
epted no later than 137 s beforeburnout, or 28 s earlier than assumed in our baseline 
ase (see Chapter 5). The se
ondassumption|�ring 15 s after the missile rises to 7 km|is most 
ertainly optimisti
. It isthe same as the zero-de
ision-time 
ase dis
ussed in Chapter 5. The �nal assumption|thatthe system is designed to 
ounter solid-propellant ballisti
 missiles|is arguably pessimisti
,be
ause every state that has ICBMs today started with liquid-propellant missiles. If thesystem were designed to 
ounter only liquid-propellant ICBMs, the inter
eptors would have
onsiderably longer 
yout times and the 
onstellation size 
ould be redu
ed signi�
antly.Given the time that it will take to deploy an SBI system, however, su
h an assumption maybe reasonable to avoid the risk of the system's be
oming obsolete shortly after it is deployed(see Chapter 3).The result of those three assumptions is that the SBIs would have 120 s of 
yout time inthe baseline 
ase (an ICBM boost phase of 170 s, an inter
eptor �ring time of 45 s, and aninter
ept that o

urs 5 s before burnout). The rest of the analysis in this 
hapter is basedon those assumptions (the baseline 
ase) unless expli
itly stated otherwise.The downward-sloping 
urve in Fig. 6.3 indi
ates the number of inter
eptors that wouldbe suÆ
ient to 
over any point in spa
e and time in the region between approximately 30and 45 degrees North latitude with an average of two inter
eptors and a minimum of one.For our baseline 
ase of v
yout � 4 km/s, about 1600 orbiting inter
eptors would be needed.This number would be inadequate, however, if the atta
ker laun
hed several ICBMsnearly simultaneously from the same lo
ation; they would qui
kly deplete the one or twointer
eptors in the 
onstellation that would be 
lose enough to inter
ept them. Other fa
torsthat might drive up the size of the 
onstellation are dis
ussed in Se
tion 6.6.The numbers of inter
eptors that we estimate would be required is signi�
antly higherthan other authors have estimated be
ause of the more 
onservative assumptions in ourbaseline 
ase regarding warning and dete
tion time, duration of the boost phase, and a
-
eleration and 
yout velo
ity of the inter
eptor [81, 82, 83℄.6.4 Sizing the SBI Satellite: Kill Vehi
le, Inter
eptor, and LifeJa
ketFor a given performan
e, SBIs 
an be smaller than their terrestrial-based relatives be
ausethey are already at high altitude and are not subje
t to aerodynami
 drag or gravity dropas they 
y out to their targets. The penalty for over
oming drag and gravity has alreadybeen paid by the ro
ket that put them in orbit. Furthermore, the ro
ket nozzle on theinter
eptor 
an be tuned for a single external pressure (i.e., zero) for optimal performan
e,and no aerodynami
 stru
ture, su
h as a shroud, is needed.On the other hand, a spa
e-based inter
eptor would need life-support and station-keeping systems during its multiyear lifetime on orbit that terrestrial-based inter
eptorsdo not. Life-support systems are needed to keep the satellite fun
tioning. They in
ludesolar panels for power, 
ommuni
ation links, and radiation shielding. Station-keeping sys-tems in
lude thrusters to maintain orbit and an attitude 
ontrol system. They 
ould bebuilt into the inter
eptor itself, although it is more likely that they would be provided by anexternal stru
ture, a \garage" or \life ja
ket," to redu
e the mass that has to be a

eleratedfrom storage orbit to inter
ept.
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le, Inter
eptor, and Life Ja
ket S111This se
tion examines the sizing requirements for ea
h of the three 
omponents for SBIsatellites in turn: the kill vehi
le, the inter
eptor ro
ket, and the life ja
ket.6.4.1 Sizing the kill vehi
leBased on the analysis in Chapter 12, we estimate that the high 
losing velo
ities asso
iatedwith inter
epting ICBMs from spa
e would require the kill vehi
les to have a total divertvelo
ity of 2.5 km/s, a total inter
eptor lag of less than less 0.1 s, and an a

eleration
apability during the endgame of 15 g. Using the same te
hnology that we assumed forthe terrestrial-based inter
eptors (based on te
hnology that would be deployable within tenyears or so), a kill vehi
le that meets those requirements would have a wet mass of 136 kg,as dis
ussed in Chapter 14. (The wet mass of a kill vehi
le is its inert or dry mass plus themass of its propellant.) That kill-vehi
le mass is based on 
urrent te
hnology, extrapolatedforward somewhat in the areas of sensors and avioni
s to a
hieve more 
apability and lowermass. Sin
e kill-vehi
le mass drives the size of ea
h inter
eptor and the total mass ofthe 
onstellation, several possible approa
hes for redu
ing kill-vehi
le mass are explored inSe
tion 6.9.It should be re
ognized that kill-vehi
le mass is a strong fun
tion of the divert require-ment, whi
h we have estimated to �rst-order a

ura
y in this study. More agile ICBMs,whi
h would drive up the divert requirement, would have a pronoun
ed e�e
t on the re-quired kill-vehi
le mass. For example, the thrust of a solid-propellant booster varies in anunpredi
table way by as mu
h as 10 per
ent as it burns, for a number of reasons. Thesevariations are not knowable until after the inter
eptor booster has burned out. The kill-vehi
le would have to 
ompensate for this variation as it 
ies out, 
orre
ting the estimatedtime of the inter
ept by adjusting its 
losing velo
ity. These adjustments would requirevelo
ity 
orre
tions along the line of sight, in addition to the divert velo
ities 
al
ulatedhere. Liquid-propellant ICBMs would present the same problem; they 
ould easily throttletheir thrust up or down by 10 per
ent as a 
ountermeasure.6.4.2 Sizing the inter
eptorThe size of the inter
eptor is determined by the 
yout speed and a

eleration required of itand the mass of the kill vehi
le that it must propel. Figure 6.3 shows the range and massof the hypothesized inter
eptor with a 2.5 km/s divert 
apability as a fun
tion of 
youtvelo
ity, whi
h is 
ontrolled by fuel loading. Note that the masses in this �gure are forthe inter
eptors only and do not in
lude the lifeja
ket. We 
onsider one- and two- stageboosters for 
yout (two and three stages total, 
ounting the kill vehi
le). For a single-stage ro
ket, our masses are based on the assumption that the tankage and motors total 16per
ent of the propellant mass, plus an additional 5 per
ent of the payload. (The payloadin
ludes the wet kill vehi
le for a one-stage 
yout system; it in
ludes the wet kill vehi
leplus the 
yout upper stage for the �rst stage of the two-stage 
yout system). The Isp of the
yout system is taken to be 300 s. Those numbers are 
onsistent with 
urrent pra
ti
e forspa
e-laun
hed solid-propellant systems. The numbers for a two-stage ro
ket are based onthe same assumption, plus the assumption that the staging time and the mass of interstagestru
tures are negligible.For simpli
ity, the 
al
ulations of 
yout range assume that the inter
eptor has 120 s torea
h the target, based on the 170-se
ond duration boost phases of solid-propellant ICBMsS1 and S2, a 45-se
ond delay between target and inter
eptor laun
h, and the arbitrary
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e-Based Inter
eptorsassumption that the inter
eptor must hit the target at least 5 s before burnout. Thisassumption turns out to be very optimisti
 be
ause, in reality, the inter
eptor would haveto hit the target earlier to defend the United States. It is more optimisti
 than the valuesassumed in our analysis of geographi
 s
enarios in Chapter 5. More-realisti
 s
enarios thattake geography into a

ount are dis
ussed below in Se
tion 6.6. If the inter
eptor 
ouldbe �red earlier or the target missile burns longer, the 
overage that 
ould be provided byea
h inter
eptor would in
rease. Conversely, �ring delays longer than the optimisti
 45 sassumed here would de
rease the 
overage, as would any requirements to hit the boostersooner, before it 
ould give its warheads or munitions the velo
ity needed to rea
h theUnited States.A

ording to Fig. 6.3, an inter
eptor that 
ould propel the kill vehi
le to a speed of4 km/s with an a

eleration of 10 g would have a mass of 820 kg, in
luding the kill vehi
lebut not the lifeja
ket. As Fig. 6.3 indi
ates, there is an advantage to adding a se
ond stagefor 
yout velo
ities that are greater than 3 km/s. The mass of a single-stage inter
eptorin
reases sharply for 
yout speeds faster than 4 km/s. Beyond an optimum point (Fig. 6.5),the mass in
rease overwhelms the bene�t of in
reasing range. The range improvement wouldbegin to 
atten out at higher speeds be
ause the inter
eptor average a

eleration has beenlimited to 10 g. The 10-g a

eleration implies a 30{50 s inter
eptor burn time, so most of theinter
eptor's energy is expended early, allowing no reserve for major 
ourse 
orre
tions latein its traje
tory, su
h as a late re-
lassi�
ation of the target traje
tory. If the inter
eptorhas mistaken a liquid-propellant ICBM for a solid-propellant ICBM, it may overshoot andbe unable to 
orre
t, whi
h is similar to what may happen to surfa
e-based inter
eptors(see Se
tion 5.1.1).6.4.3 Total mass of an SBI satelliteThe inter
eptor mass is not the end of the story, however. The total weight of an SBIsatellite also in
ludes the \life ja
ket" or \garage" that provides the life-support and house-keeping servi
es that are ne
essary for long-term operations in spa
e. Those servi
es in
ludeion propulsion and propellant for maintaining orbit, radiation shielding, power, and otherfun
tions whose 
omponents are listed in Table 6.1. When all the subsystems listed in thetable are added, the life ja
ket 
an have a mass nearly as large as the SBI itself. For thepurposes of this analysis, we made what may be an optimisti
 assumption that the lifeja
ket mass would be 50 per
ent of the mass of the inter
eptor.6.4.4 The e�e
ts of divert velo
ity requirements on SBI massAs dis
ussed above, we use the 2.5 km/s divert velo
ity requirement for the kill vehi
le inour 
al
ulations, the assumption made in generating the two mass 
urves in Fig. 6.3. Other
hoi
es for divert velo
ities would a�e
t the SBI mass signi�
antly, although the divertvelo
ity and a

eleration requirements are determined primarily by the target missile andnot the design of the SBI or 
onstellation. Figure 6.4 shows the total mass for ea
h SBIsatellite (inter
eptor and life ja
ket) as a fun
tion of 
yout and divert-velo
ity, assuming atwo-stage inter
eptor. The 2.5 km/s divert-velo
ity 
urve in this �gure is the same as thetwo-stage mass 
urve in Fig. 6.3. Divert requirements 
ould be greater than the 2.5 km/sassumed in this 
hapter for two reasons: shorter inter
eptor burn times or higher 
losingvelo
ities. Inter
eptor burn times 
ould be signi�
antly shortened if high a

eleration motorsare used, as some have proposed to either in
rease SBI rea
h or to get to a target sooner
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ketSolar panelRadiatorMomentum wheels and 
ontrollerHorizon/star tra
ker sensorsDC to DC 
onverterBatteryHall-e�e
t ion engine and 
ontrolsStru
ture and shieldingAttitude 
ontrol system for momentum dumpCommuni
ation link and antennaMis
ellaneous
if geographi
 realities di
tate. However, if the inter
eptor burn times are less than 40 s,the kill-vehi
le must respond to guidan
e un
ertainties and unpredi
table variations in thetarget's traje
tory. (This issue is dis
ussed in Se
tion 6.7.) Se
ond, the higher 
losingvelo
ities that 
hara
terize SBI inter
epts 
ould in
rease kill-vehi
le divert requirementsrelative to ground-based inter
eptors if the kill vehi
le uses range-limited sensors for theendgame. In that 
ase, the kill vehi
le would have less time to respond to target maneuversand would have to be able to divert farther.
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Figure 6.4. The e�e
t of 
yout and divert velo
ities on total mass of a single SBI with a two-stagebooster. Total SBI mass in
ludes the mass of the lifeja
ket, whi
h we estimate to be 50 per
ent ofthe inter
eptor mass. The total divert velo
ity assumed for the kill vehi
le in generating ea
h 
urveis indi
ated next to it.
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Figure 6.5. Total mass of an orbiting 
onstellation for the baseline 
ase, in
luding lifeja
kets, for one-and two-stage SBIs against solid- and liquid-propellant missiles. The SBIs have 10-g a

elerationsand 
arry kill vehi
les 
apable of 2.5-km/s total divert velo
ity.6.5 Optimizing System Mass-in-OrbitThe goal in optimizing a system of on-orbit inter
eptors is to provide adequate 
overagewith a minimum 
onstellation mass. A tradeo� must be made between mass and rangefor ea
h individual inter
eptor, based on the amount of fuel that is loaded into it. (Theother signi�
ant fa
tors that a�e
t mass|kill-vehi
le divert velo
ity and a

eleration|aredetermined largely by the target missile.) The total system mass is very sensitive to thedry mass of the kill vehi
le: a one kilogram in
rease in dry mass of the kill vehi
le wouldin
rease the mass of the 
onstellation by roughly ten tonnes.To optimize the baseline system's on-orbit mass, we 
ombined the 
overage and inter-
eptor mass results presented in Fig. 6.3 and Se
tions 6.3 and 6.4. Figure 6.5 shows theresulting on-orbit 
onstellation mass for one- and two-stage inter
eptors against solid- andliquid-propellant missiles, assuming 136-kg kill vehi
les 
apable of a

elerations of 10 g,in
luding the 50 per
ent allowan
e for the mass of the lifeja
ket. The system mass in
reasessteeply at lower values of v
yout, where most of the range is used for 
ying down from theparking orbit, and in
reases steeply at higher values of v
yout where the inter
eptor massin
reases faster than the in
rease in 
overage. Against solid-propellant ICBMs, the mass ofthe single-stage system has a shallow minimum between 2.5 to 3.5 km/s. For the two-stagesystem, the minimum mass is a little lower and stret
hes from 2.5 to 5 km/s. The mass sav-ings appear to be worth the 
ompli
ation of in
orporating a se
ond stage for speeds greaterthan 3.5 km/s. Against the liquid-propellant missile, the masses on orbit are smaller andthe minima are 
atter and wider.We sele
ted a two-stage inter
eptor with a 
yout velo
ity of 4 km/s to minimize systemmass for our baseline system, whi
h assumes a 2.5-km/s divert kill vehi
le 
apable of 15 gin the endgame and having total lag in the inter
eptor's response of less than 0.1 s. Withthat 
yout velo
ity, roughly 1,600 inter
eptor satellites at an altitude of 300 km would berequired for two of them, on average, to be in position to inter
ept a single solid-propellantmissile (like ICBM S1) laun
hed from North Korea, Iraq, or Iran 5 s before its burnout(see Se
tion 6.3). The total mass would be 2000 tonnes. The number of inter
eptors
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Figure 6.6. Total mass-in-orbit as a fun
tion of divert velo
ity and 
yout velo
ity for a two-stageinter
eptor having an a

eleration of 10 g. Ea
h 
urve is labeled by the assumed kill-vehi
le divertvelo
ity.assumes that the inter
eptors 
ould be �red 45 s after the target missile is laun
hed (ourzero-de
ision-time 
ase).If the �ring of the inter
eptor were delayed by 30 s (our 30-se
ond de
ision time 
ase),the number of inter
eptors needed would in
rease, and the system mass would more thandouble (see Se
tion 6.6). The mass of the 
onstellations suggests that signi�
ant redu
tionsin the mass of the SBI would be ne
essary to make su
h a system pra
ti
al. Se
tion 6.9explores ways to redu
e kill-vehi
le mass.If the system were designed to 
ounter only liquid-propellant ICBMs, the inter
eptorswould have 
onsiderably longer 
yout times and the 
onstellation size 
ould be redu
edsigni�
antly. As an example, if the 
yout time were in
reased from 120 s to 170 s (240 sICBM burn, inter
eptor laun
h 65 s after target missile laun
h, zero de
ision time, and aninter
ept 5 s before burnout), the on-orbit mass would drop by almost 60 per
ent to about860 tonnes. This redu
tion would o

ur be
ause the inter
eptors would have extra time to
y out to the target. Thus, only about 700 inter
eptors would be needed, even though the
yout velo
ity and size of the inter
eptor would remain the same. A more realisti
 de
isiontime of 30 s would boost the on-orbit mass of a system designed to 
ounter liquid-propellantmissiles by about 60 per
ent, i.e., the total on-orbit mass would be 1,400 tonnes.Changing the required total divert velo
ity would also a�e
t the 
onstellation masssigni�
antly. Figure 6.6 shows the sensitivity of our results to the requirement that the killvehi
le have a total divert 
apability of 2.5 km/s. The 
onstellation mass in
reases linearlywith the kill-vehi
le mass, in
reasing by nearly a fa
tor of 2 for kill vehi
les with 3 km/sdivert. The total 
onstellation mass would drop by 30 per
ent if the divert requirementwere lowered to 2 km/s and by more than 50 per
ent if it were lowered to 1.5 km/s. Thedivert velo
ity requirements, however, are largely a fun
tion of the anti
ipated performan
eof the target missile and not the design of the SBI or the SBI 
onstellation. Divert velo
ityrequirements 
an also be driven by other design 
onsiderations (see Se
tion 6.4.4).
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e-Based Inter
eptorsTable 6.2. Number of Inter
eptors as a Fun
tion of v
yout, De
isionTime, and Geography against Solid-Propellant ICBM S1aBaseline 
ase Defend U.S. from Iranv
yout Zero De
ision 30-se
ond Zero De
ision 30-se
ond(km/s) time delay time delay3 2,800 6,100 3,700 12,4004 1,600 3,600 2,000 5,7005 1,100 2,600 1,400 3,700aThe number of SBIs required to inter
ept solid-propellant ICBM S1 as afun
tion of 
yout velo
ity and de
ision time for two di�erent 
ases: thebaseline 
ase where the ICBM is inter
epted 5 s before burnout, and the
ase where it is inter
epted 10 s before burnout, whi
h is what would berequired to defend the entire United States against an atta
k by Iran. Inall 
ases, the inter
eptor has an average 
yout a

eleration of 10 g.6.6 The E�e
t of De
ision and Inter
ept Time on System MassAs dis
ussed above, the baseline system is optimisti
 for the solid-propellant 
ase, parti
u-larly sin
e it is built on the assumption that the inter
eptor has 120-se
onds 
yout to thetarget. This time follows from two 
entral assumptions: a 45-se
ond �ring time (the zerode
ision time 
ase), and inter
ept o

urs 5 s before burnout.To illustrate the sensitivity of our results to the 45-se
ond �ring time, we present the
ase in whi
h the inter
eptor is laun
hed 30 s later (the 30-se
ond de
ision time 
ase). Forthe example 
onsidered in Fig. 6.3, a delay of 30 s would signi�
antly in
rease the numberof inter
eptors required. Table 6.2 illustrates the e�e
t of 
hanging the assumed de
isiontime for three di�erent 
yout velo
ities. In the baseline 
ase (4 km/s 
yout velo
ity and10 g), the required number of inter
eptors would more than double, from 1,600 to 3,600.With a 
yout speed of 5 km/s, the in
rease in the required number of inter
eptors to rea
hthe target missile after a 30-se
ond delay is similar, more than double the zero-delay 
ase.The e�e
t on 
onstellation mass is the same for ea
h 
yout velo
ity be
ause it is pro-portional to the number of satellites (see Table 6.3). The table also reveals that mass isminimized at 
yout velo
ities around 4 km/s.The required 
onstellation size would also in
rease if more realisti
 geographi
 s
enarioswere 
onsidered, as they were for ground-based inter
eptors in Chapter 5. For example,defending the United States against a solid-propellant ICBM S1 laun
hed from Iran wouldrequire the system to inter
ept the missile 160 s after laun
h, or 10 s before it burned out(see Chapter 5). This �nal inter
ept time is 5 s earlier than we have assumed in our baseline
ase for the SBI system and, although it represents only a small de
rease in burn time, itwould in
rease the number of inter
eptors and 
onstellation mass required by 25 per
entover the baseline 
ase (see Tables 6.2 and 6.3).If the two fa
tors are 
ombined and the inter
eptors must inter
ept a solid-propellantICBM from Iran 160 s after laun
h and after a 30-se
ond delay, the number of inter
eptorsand 
onstellation mass required would in
rease sharply, i.e., 250 per
ent higher than thebaseline 
ase.Defending Alaska from North Korea 
ould in
rease the size of the 
onstellation even
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t of High-A

eleration Inter
eptors on System Mass S117Table 6.3. Mass-in-Orbit as a Fun
tion of v
yout, De
ision Time, andGeography against Solid-Propellant ICBM S1aBaseline 
ase Defend U.S. from Iranv
yout Zero de
ision 30-se
ond Zero de
ision 30-se
ond(km/s) time delay time delay3 2,200 4,700 2,900 9,7004 2,000 4,500 2,500 7,0005 2,300 5,200 2,700 7,500aThe mass in tonnes of SBIs required to inter
ept solid-propellantICBM S1 as a fun
tion of 
yout velo
ity and de
ision time for two di�erent
ases: the baseline 
ase where the ICBM is inter
epted 5 s before burnout,and the 
ase where it is inter
epted 10 s before burnout, whi
h is whatwould be required to defend the entire United States against an atta
kfrom Iran. In all 
ases, the inter
eptor has an average 
yout a

elerationof 10 g.more than the Iranian 
ase, be
ause the inter
ept must o

ur before the missile rea
hedsuÆ
ient speed to deliver the payload to its destination, as dis
ussed in Chapter 5. Notonly would the inter
ept have to o

ur more than 25 s earlier than the baseline 
ase (morethan doubling the number of inter
eptors required), but the inter
eptor would have to diveabout 60 km lower to hit the ICBM in time, further in
reasing the number of inter
eptorsrequired.The e�e
ts of 
yout velo
ity and de
ision time on the number of inter
eptors andthe mass of the 
onstellation are similar in the 
ase of liquid-propellant ICBMs (see Ta-bles 6.4 and 6.5). The biggest di�eren
e between liquid- and solid-propellant ICBMs isthat the e�e
t of delay is less pronoun
ed for liquid-propellant missiles be
ause they burnfor a mu
h longer time. Geographi
 
onstraints from more realisti
 s
enarios are also lesspronoun
ed for liquid-propellant missiles, be
ause they a

elerate very rapidly at the end oftheir burn. In fa
t, there is no di�eren
e in the number of inter
eptors between the baselinesystem and defending against liquid-propellant missiles laun
hed from Iran|both requireinter
ept 5 s before burnout.6.7 The E�e
t of High-A

eleration Inter
eptors on System MassIntuitively, one might expe
t that redu
ing the burn time of the SBI by in
reasing thea

eleration of its booster would, for a �xed velo
ity, redu
e the number of SBIs on orbitand, therefore, the total orbital mass of the system.Although in
reasing a

eleration would redu
e the number of SBIs needed for 
overage,two fa
tors thwart the apparent mass savings: 1) a penalty related to divert velo
ity re-quirements that in
reases the propulsion requirements of the kill vehi
le as burn time isshortened, and 2) a penalty related to a

eleration that in
reases stru
tural and propulsionsystem masses. For the storage altitude (300 km) and SBI 
yout times used in this analysis(90 to 120 s), these two fa
tors would in
rease total orbital mass for inter
eptor burn timesless than 30{40 s. In situations where the storage altitude is higher or the inter
eptor 
youttime is less than we assumed, the minimum 
onstellation mass would be a
hieved with very-high-a

eleration inter
eptors. But the resulting 
onstellation mass would be more massive
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Table 6.4. Number of Inter
eptors as a Fun
tion of v
yout, De
isionTime, and Geography against Liquid-Propellant ICBM LaBaseline 
ase Defend U.S. against Iranv
yout Zero De
ision 30-se
ond Zero De
ision 30-se
ond(km/s) time delay time delay3 1,200 2,100 1,200 2,1004 700 1,200 700 1,2005 500 800 500 800aThe number of SBIs required to inter
ept liquid-propellant ICBM L as afun
tion of 
yout velo
ity and de
ision time for two di�erent 
ases: thebaseline 
ase where the ICBM is inter
epted 5 s before burnout, and the
ase where it is inter
epted from Iran, whi
h is also 5 s before burnout,to defend the entire United States against an atta
k. In all 
ases, theinter
eptor has an average 
yout a

eleration of 10 g.
Table 6.5. Mass-in-Orbit as a Fun
tion of v
yout, De
ision Time, andGeography against Liquid-Propellant ICBM LaBaseline 
ase Defend U.S. against Iranv
yout Zero de
ision 30-se
ond Zero de
ision 30-se
ond(km/s) time delay time delay3 1,000 1,700 1,000 1,7004 900 1,500 900 1,5005 1,000 1,600 1,000 1,600aThe mass in tonnes of SBIs required to inter
ept liquid-propellantICBM L as a fun
tion of 
yout velo
ity and de
ision time for two di�erent
ases: the baseline 
ase where the ICBM is inter
epted 5 s before burnout,and the 
ase where it is inter
epted from Iran, whi
h is also 5 s beforeburnout, to defend the entire United States against an atta
k. In all 
ases,the inter
eptor has an average 
yout a

eleration of 10 g.
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t of High-A

eleration Inter
eptors on System Mass S119than the baseline system, be
ause high a

eleration is not free.In fa
t, if the two penalties were 
ombined, they would add more to inter
eptor massthan the sum of their parts: the a

eleration penalty would be ampli�ed by the divertpenalty, whi
h would in
rease the mass of the kill vehi
le and therefore the stru
tural loadsthat must be handled by the booster stages. For simpli
ity we analyzed ea
h penaltyseparately and did not estimate the 
ombined e�e
t. As a result, the magnitude of thee�e
t of moving to higher a

elerations is likely to be somewhat understated here.For the analysis in this se
tion, we took as the point of departure the baseline 
asedes
ribed above|a two-stage inter
eptor having a 
yout velo
ity of 4 km/s, an a

elerationof 10 g, and a burn time of nearly 40 s that 
arries a kill vehi
le with a total divert velo
ityof 2.5 km/s. The total 
ight time of the inter
eptor is 120 s.6.7.1 Divert penalty: the e�e
t of booster burn time on massThe �rst mass penalty results from the inability of the guidan
e system on the kill vehi
leto measure and predi
t the a

eleration of the threat booster with pre
ision. As long as theinter
eptor booster is burning, 
orre
tions for threat traje
tory updates 
an be a

ommo-dated with negligible penalty. However, when the SBI booster burns out, any un
ertaintiesthat remain, along with the e�e
ts of unpredi
table variations in threat a

eleration afterSBI burnout, must be 
orre
ted by the kill vehi
le.As des
ribed in Chapter 10, the limited tra
king pre
ision, even with an X-band radar,would result in signi�
ant un
ertainties in the estimate of the threat a

eleration. For the�lters that we modeled, this un
ertainty does not improve after about 15 s of tra
king andremains on the order of 1 g (see Chapter 12). In addition, the unpredi
ted variations in thethreat missile's thrust and drag add to the residual un
ertainty and must be mat
hed bykill-vehi
le maneuvers after the inter
eptor booster burns out. Therefore, if the inter
eptorburns out in 20 s rather than 40 s, the kill vehi
le must mat
h any unpredi
ted a

elerationsfor 20 additional se
onds. For a nominal 1-g variation in a

eleration that must be mat
hedby the kill vehi
le, an additional 200 m/s in divert velo
ity must be delivered. This requiresextra fuel whi
h in
reases the size of the kill vehi
le, in turn in
reasing the size of theinter
eptor that is required to rea
h the same 
yout velo
ity.The e�e
t of varying inter
eptor burn time on inter
eptor mass, the number of inter-
eptors, and total mass-in-orbit is illustrated in Fig. 6.7 for the 4 km/s, two-stage baseline
ase. Total 
ight time is assumed to be 120 s for the 
ase of a solid-propellant missile. Asexpe
ted, the number of inter
eptors required de
reases and the mass of the inter
eptorin
reases as burn time gets shorter. While the number of SBIs required for 
overage isredu
ed as SBI burn time is shortened, the in
rease in mass per SBI from this e�e
t morethan o�sets the savings for burn times that are less than about 40 s, as the top 
urve inFig. 6.7 shows. For SBI burn times greater than 40 s, the system mass also in
reases be
ausethe redu
tion in inter
eptor mass is more than o�set by the need for more inter
eptors.This e�e
t 
an also be seen 
learly in Fig. 6.8, whi
h shows the total mass-in-orbit fora set of one- and two-stage inter
eptors. The lowest 
urve is for the 4 km/s, two-stageinter
eptor that we used as our baseline 
ase. In this 
ase, the mass-in-orbit is minimizedfor a burn time of about 40 s, whi
h 
orresponds to an average a

eleration of about 10 g.For single-stage inter
eptors, the mass-in-orbit is minimized for an inter
eptor having a
yout velo
ity of about 3.5 km/s and a burn time of about 40 s, whi
h 
orresponds to anaverage a

eleration of about 9 g. Sin
e the minimum is shallow for the assumed parameters,however, minor 
hanges in the assumptions would 
ause substantial 
hanges in the optimum
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Figure 6.7. Variation of the number of inter
eptors, mass of an individual SBI, and on-orbit massas a fun
tion of SBI burn time, in
luding the estimated \divert penalty" for a two-stage SBI with a
yout velo
ity of 4 km/s.a

eleration but only minor 
hanges in the mass-in-orbit.6.7.2 A

eleration penalty: the e�e
t of a

eleration on massThe se
ond fa
tor that works against higher a

eleration is the mass penalty asso
iatedwith the higher-thrust booster ro
ket and the inter-stage stru
ture. There are three basi

omponents to a booster's inert mass, whether it has a liquid- or solid-propellant motor.� The mass of the inter-stage stru
ture and release system whi
h is a fun
tion of thevehi
le mass forward of the inter-stage stru
ture and the bu
kling loads 
aused byboth axial and lateral a

eleration.� The dry or inert mass of tankage and the 
ombustion 
hamber, or the ro
ket pressurevessel, whi
h is a fun
tion of the propellant mass and the 
hamber pressure. Fora given total impulse, greater thrust requires either a higher 
hamber pressure or alarger nozzle throat or some 
ombination of the two. Higher 
hamber pressure meansheavier 
hamber walls, whi
h would be o�set somewhat in the 
ase of solid-propellantsystems by a redu
tion in the thi
kness of the 
ase insulator, whi
h would be madepossible by the shorter burn time.� The mass of the thrust ve
tor system and nozzle stru
tural sti�ness whi
h is a fun
-tion of the thrust or mass 
ow of the ro
ket. The in
reased mass 
ow for higher thrustrequires a heavier nozzle and a more massive thrust-ve
tor 
ontrol me
hanism.To illustrate the 
ombined e�e
ts of higher a

elerations on these three 
omponents, weuse an equation of the following form to des
ribe these relationships. The inert or dry mass
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Figure 6.8. Mass-on-orbit for a family of one- and two-stage inter
eptors 
arrying the baseline killvehi
le as a fun
tion of SBI burn time, in
luding the estimated \divert penalty."of the stage, Minert, is de�ned by C1 � f1(upstage mass), whi
h represents the inert massof the inter-stage stru
ture and separation hardware, plus C2 � f2(propellant mass), whi
hrepresents the mass of the basi
 motor 
ase and �xed nozzle exit 
one, plus C3�f3(thrust),whi
h represents the movable nozzle joint, nozzle stru
tural sti�ening for the a
tuator loads,and thrust-ve
tor 
ontrol hardware.Based on data for existing boosters, the best-�t linear relationship for a single-stagebooster was found to be:Minert = 0:05Mpayload + 0:087Mpropellant + 0:0009F; (6.3)where Minert is the boost-stage dry mass in kilograms, Mpayload is the mass in kilograms ofthe payload forward of the inter-stage, Mpropellant is the mass of propellant in kilograms,and F is the ro
ket thrust in newtons.This equation 
an also be used for two-stage inter
eptors, where Mpayload for the �rststage is the mass of the kill vehi
le plus the mass of the se
ond stage, and Mpayload for these
ond stage is the mass of the kill vehi
le.Figure 6.9 plots this equation for average a

elerations of 6, 10, and 20 g for a single-stage inter
eptor and a kill-vehi
le mass of 136 kg, whi
h 
orresponds to our baseline killvehi
le having a 2.5-km/s divert velo
ity 
apability. This �gure also shows the ki
k-stagemotor data that were used to generate the best-�t equation.One 
an debate the 
oeÆ
ients of this equation, but while no data points from existingki
k stages were found for the 20-g a

eleration 
ase, the equation �ts both intuition andthe available data points reasonably well. It should be generally valid for showing trendsfor either solid- or liquid-propellant stages and is used to illustrate how the mass of an SBI
an be expe
ted to vary with a

eleration for a �xed 
yout velo
ity.Figure 6.10 illustrates the sensitivity of the SBI mass to thrust a

eleration for a single-stage inter
eptor having a 
yout velo
ity of 3.5 km/s. For a given 
yout velo
ity, the
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Figure 6.9. The variation of SBI mass as a fun
tion of 
yout velo
ity for di�erent a

elerations ofan SBI with a 136-kg kill vehi
le. The 
urves represent the results of the best-�t equation for ea
ha

eleration. The data points used to generate the 
urves are also indi
ated. (Adj. = adjusted)a

eleration and SBI mass in
rease as the burn time is shortened. The �gure also shows thenumber of satellites that would be required, and the resulting mass-in-orbit, as a fun
tionof burn time. Here, the minimum mass-in-orbit o

urs for a burn time of about 30 s, whi
h
orresponds to an average a

eleration of about 12 g. As in Fig. 6.7, the minimum is shallowfor the assumed parameters; thus minor 
hanges in the assumptions will 
ause substantial
hanges in the optimum a

eleration but only minor 
hanges in the mass-in-orbit.Figure 6.11 shows the total mass-in-orbit for a set of one- and two-stage inter
eptors anda

ounting for the estimated a

eleration penalty. The total mass-in-orbit is minimized atabout the same value for either a one-stage, 3.5-km/s inter
eptor with a burn time of 30 s orthe baseline two-stage, 4.0-km/s inter
eptor with a burn time of nearly 40 s. Nevertheless,the minimum is shallow for the assumed parameters; minor 
hanges in the assumptionswill 
ause substantial 
hanges in the optimum a

eleration but only minor 
hanges in themass-in-orbit.6.7.3 SummaryIn summary, the mass-in-orbit of an SBI system 
an be optimized by sele
ting the appro-priate burn time, 
yout velo
ity, and number of stages. As burn times are shortened orlengthened from the optimal value, on-orbit mass will rise. This arises from two e�e
ts: a\divert penalty" where shorter burn times in
rease the number of 
ourse 
orre
tions thatthe kill vehi
le would have to make on its own, and an \a

eleration penalty" where thestru
tural and ro
ket-motor masses in
rease. For simpli
ity, those penalties are treatedseparately here. If they were 
ombined, the divert penalty would in
rease the a

elerationpenalty and result in a penalty that would be larger than the sum of the two parts.The minimum value for a parti
ular 
onstellation is determined by the time that the SBIhas to rea
h the target|its 
yout time. The more 
yout time that the inter
eptor has, thelower the optimal a

eleration tends to be. In the set of 
ases examined here, 
yout timesare in the range of 90 to 120 s. For an SBI system designed to inter
ept solid-propellant
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e-Based Inter
eptorsmissiles, on-orbit mass is minimized when the burn time is 40 s and the 
yout velo
ity is4 km/s, whi
h 
orresponds to an a

eleration of about 10 g.6.8 Spa
e-Laun
h Requirements for SBIsPla
ing the 2,000-tonne mass of our baseline system into 300-km altitude orbits at anin
lination of 45Æ would require roughly a �ve- to tenfold in
rease in the U.S. spa
e-laun
h
apa
ity (depending on how it is 
ounted), if the 
onstellation were deployed over a three-year period. Measured in terms of mass pla
ed into orbit, it would require a �vefold in
reaserelative to the U.S. average mass deployed by medium- and heavy-lift ro
kets over the six-year period from 1997 to 2002.1 Measured in terms of the number of laun
hes per year,deploying the baseline 
onstellation in three years would require a �ve- to thirteenfoldin
rease, depending on the type of laun
her used. If the satellites were deployed on allmedium and heavy laun
h vehi
les but the Shuttle, they would have to be laun
hed at�ve times the rate experien
ed over the past six years. If the satellites were deployed onlyon medium-laun
h vehi
les, an eightfold in
rease would be ne
essary, and at least a tenfoldin
rease over 
urrent rates would be required if the system were deployed on only expendableheavy-lift vehi
les.This is an enormous number of laun
hes by 
ontemporary or histori
al standards. Interms of spe
i�
 laun
hers, deploying the baseline 
onstellation over three years wouldrequire approximately 400 Delta II ro
kets, 250 Atlas II/Delta III/Atlas III ro
kets, or100 Spa
e Shuttles or Atlas V-Heavy/Delta IV-Heavy ro
kets [84, 85, 86℄. If the 
argoversion of the Spa
e Shuttle were ever built, with its nearly 70-tonne 
apa
ity, only about30 laun
hes would be needed to deploy the 
onstellation [87, p. x℄. To put these numbersin perspe
tive, over the past �ve years the United States has laun
hed an average of 16unmanned medium-lift ro
kets, 3 heavy-lift ro
kets, and 5 Spa
e Shuttles ea
h year [84℄,illustrating why mu
h of the fo
us of SBI resear
h to date has been on redu
ing kill-vehi
lemass, a subje
t that is taken up in the next se
tion.The number of laun
hes needed ea
h year to maintain the 
onstellation would be fewer,but still high by 
urrent standards. The annual replenishment rate depends on the servi
elifetime of the satellites. If the servi
e lifetime is approximately �ve to eight years, systemmaintenan
e would require about 30{50 Atlas II/Delta III/Atlas III laun
hes per year onaverage, or 10{20 heavy expendable laun
h vehi
les or shuttles. For e
onomy, inter
eptorswould need to be laun
hed several at a time, whi
h requires an adapter and dispenserand their asso
iated mass. On
e in orbit, the inter
eptors would be able to maneuver todistribute themselves within their orbital plane, but would have little 
exibility to 
hangethe in
lination of their orbits, as this would require a large velo
ity 
hange and 
onsumepre
ious fuel, suggesting that at least a portion of the replenishment satellites would bedelivered to orbit by medium-lift ro
kets.This se
tion has fo
used so far on the spa
e-laun
h requirements for the baseline SBI1This 
omparison is based on an estimate of the mass that ea
h laun
her 
ould have pla
ed into a 
ir
ularorbit with altitude of 300 km and in
lination of 45Æ had it been used for that purpose (we refer to this asequivalent mass) and the average of the a
tual number of laun
hes (su

essful or not) from 1997 through2002 by ea
h laun
her type. The average annual equivalent mass deployed over that period was about 140tonnes, or about 7 per
ent of the mass of the required 
onstellation. This estimate ex
ludes the 
ontributionsof the Spa
e Shuttle, be
ause a manned system is unlikely to be used to deploy an SBI system|the risks ofmanned spa
e 
ight are too high for a mission that 
ould be done e�e
tively with expendable laun
hers. Ifthe Spa
e Shuttle were in
luded, the average annual equivalent mass pla
ed in orbit would be 250 tonnes,or about one-eighth of the total mass of the 
onstellation.
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le Mass S125system, but for the reasons dis
ussed in Se
tion 6.3, those numbers are probably optimisti
.The e�e
t of less-optimisti
 assumptions about de
ision time and inter
ept times on 
on-stellation size and mass also have been examined (Se
tion 6.6). Using those results (seeTable 6.2), one 
an see that the laun
h requirements listed above 
ould more than double(system mass in
rease from 2000 tonnes to 4500 tonnes) if the zero de
ision time assumptionin the baseline 
ase is relaxed. More realisti
 assumptions about the e�e
ts of geography oninter
ept times, su
h as those dis
ussed in Se
tion 6.6, 
ould easily in
rease spa
e-laun
hrequirements by 50 per
ent or more. Those numbers 
ould be understated by a fa
tor of twoor more if the 
onstellation were sized to re
e
t more realisti
 assumptions about de
isionand inter
ept times.6.9 The E�e
t of Redu
ing Kill-Vehi
le MassThe large number of laun
hes required to deploy a 
onstellation of the baseline inter
eptorshighlights the strong in
entives to redu
e system mass. The impa
t of kill-vehi
le masson the total mass of the 
onstellation is enormous, with a multiplier fa
tor of more than10,000 for the system 
onsidered here, thanks to the large number of inter
eptors needed for
overage and the exponential dependen
e of the mass of the inter
eptor on 
yout velo
ity.As a result, ea
h kilogram of additional kill-vehi
le mass would require that roughly another10 metri
 tonnes would have to be pla
ed in orbit.Sin
e system mass s
ales linearly with the mass of the kill vehi
le, new te
hnologiesthat redu
e the kill-vehi
le mass 
an have a strong impa
t on the total system mass and
ost. Our baseline estimate of kill-vehi
le mass, approximately 140 kg wet for a divert
apability of 2.5 km/s, is based on te
hnology anti
ipated within the next 10 years, withsome extrapolation in the area of sensors and avioni
s to more 
apability and lower masses(Chapter 14). With suÆ
ient time and investment, however, it may be possible to redu
esubsystem masses well-below our estimates, with the potential for redu
ing the kill-vehi
lemass.To explore the sensitivity of the baseline assumptions to improvements in te
hnology,we examined three possible areas for improvement:1. Further redu
tions in the mass of sensor, pro
essing, and other ele
troni
s systems,driven by Moore's law and mi
rote
hnology. We 
onsider the e�e
t of a 50 per
entde
rease in the mass of these subsystems.2. Redu
tion in the mass of the divert thrusters, whi
h are s
aled from 
urrent te
hnol-ogy. There may be improvements in materials. There are also possible gains from thesystems approa
h. Our baseline assumes a 
ru
iform approa
h, with four substantialthrusters, ea
h 
apable of a

elerating the kill vehi
le at 15 g in the endgame. If itis possible to keep the vehi
le oriented so that only one thruster is needed to providethis a

eleration in any dire
tion, perhaps by imaging the target missile to monitorits thrust axis and anti
ipating its dire
tion of possible a

eleration, the other threethrusters might be made smaller. If they 
an be redu
ed to 25 per
ent { 33 per
entof the size of the main thruster, the total divert thruster mass might be redu
ed by50 per
ent.3. Redu
tion in tankage mass. Our baseline estimate for the kill vehi
le uses 
urrentstate-of-the-art propellant tanks, with a mass equal to 20 per
ent of the mass storedin them. The tanks are pressurized to about 800 psi and have expulsion devi
es to
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e-Based Inter
eptorsTable 6.6. E�e
t of Possible Mass Redu
tion Strategies for Kill Vehi
lesaKV Mass of Totalwet mass inte
eptor massb Redu
tionOption Des
ription (kg) (kg) (tonnes) (per
ent)Baseline 136 820 2,021 n.a.Sensor Drop sensor and avioni
smass by 50% 88 531 1,308 35Ro
ket Drop divert motor massby 50% 103 621 1,531 24Tankage Drop tankage mass from20% of propellant to 10% 100 603 1,486 26Sensor & Combine sensor andro
ket ro
ket improvements 66 398 981 51Sensor & Combine sensor, ro
ket,ro
ket & and tankagetankage improvements 52 314 773 62aBaseline assumes a KV wet mass of 136 kg for a 2.5-km/s divert and a 4-km/s 
youtvelo
ity and a 10-g average 
yout a

eleration. Stru
ture is assumed to s
ale at 10 per
entof total KV mass.bTotal 
onstellation mass.for
e out the fuel and oxidizer as eÆ
iently as possible. At a small s
ale, there areexperimental miniaturized pumps that serve the fun
tion of a turbo pump on a largero
ket engine. While more 
omplex, this s
heme would make possible lower-pressuretanks. We 
onsider the possibility of redu
ing tank mass by 50 per
ent, from 20per
ent of the propellant for our baseline system to 10 per
ent.Table 6.6 shows the leverage that ea
h of those te
hnology improvements 
ould provide,both individually and in 
ombination. Clearly, if improved te
hnologies 
ould signi�
antlyredu
e the kill-vehi
le mass, they 
ould lead to large redu
tions in the total mass-in-orbit.However, even if possible, the development and maturation of these te
hnologies wouldrequire time and money. Moreover, 
utting the mass of ea
h of those three key subsystemsby half (whi
h would not be easy) would redu
e the wet mass of the kill vehi
le by onlyabout 60 per
ent, from a kill-vehi
le mass of 136 kg to about 52 kg in the 2.5-km/s-divert
ase.6.10 The Expense of Operating in Spa
eAs dis
ussed above, the required mass-in-orbit dominates the design 
onsiderations for anyspa
e system, largely be
ause of the very high 
ost of deploying mass into orbit.Despite a number of programs aimed at redu
ing the 
ost of spa
e transportation, fromthe Spa
e Shuttle to Orbital S
ien
e Corporation's Pegasus to NASA's failed X-33, laun
h
ost is the single most important 
onsideration for spa
e systems and drives system 
ost-per-unit-mass far beyond 
omparable ground- and air-based systems. For example, heavyDelta II (Delta model 2920-H10) laun
hes pro
ured under NASA's MIDEX program forlaun
h in 2007, will 
ost of order $80M for delivery of 5,800 kg to a 300-km, 28Æ-in
lination



6.11. Summary S127orbit [88℄. These �gures yield a laun
h 
ost of $14,000 per kilogram, or $14M per metri
tonne. This is probably an optimisti
 �gure, however; typi
al 
osts have been 
loser to$22,000 per kilogram for low-Earth orbits [89, p. 20℄. The inter
eptors would have to bepa
kaged and laun
hed several to a booster to realize this e
onomy, as small laun
hers su
has Orbital S
ien
e Corporation's Pegasus are several times more expensive per unit mass;their value is 
exibility, not 
arrying 
apa
ity.6.11 SummarySpa
e-based inter
eptors are a potentially attra
tive option for boost-phase inter
ept be-
ause they are not 
onstrained by geography to being lo
ated 
lose to the target missile.In addition, the pra
ti
al limits on their a

elerations and velo
ities are not 
onstrained bythe atmosphere and so, in theory, the inter
eptors 
ould have longer rea
hes than surfa
e-and air-based inter
eptors.Those advantages are o�set, however, by a number of drawba
ks. First, pla
ing massinto orbit is very expensive, on the order of $22,000 per kilogram for low-Earth orbits.This makes mass the dominant design 
riterion for spa
e-based systems. For example,mass 
onstraints limit the ability to exploit the la
k of atmosphere to in
rease the rea
hof the inter
eptors. In fa
t, we found that the total mass-in-orbit was minimized whena

elerations and 
yout velo
ities were less than those assumed in almost all of our surfa
e-based inter
eptors. Se
ond, the orbital motion of the satellites and the rotation of Earthresult in requirements for very large numbers of satellites to ensure that at least one wouldbe 
lose enough to inter
ept a single missile before it a
hieved enough velo
ity to deliver itsmunitions to the United States. This 
overage requirement, in turn, results in 
onstellationswith masses that are measured in many hundreds or thousands of tonnes.In the baseline 
ase that we examined in this 
hapter, we minimized total mass at 2,000tonnes for a system that operated at an altitude of 300 km, with 1,600 inter
eptors thatwould a

elerate at an average of 10 g, add a velo
ity of 4 km/s to the kill vehi
le, andhave a mass of 820 kg ex
lusive of its lifeja
ket. The kill vehi
le was assumed to have thesame 
apabilities as the one used on the ground-based inter
eptors and had a mass of 136kg. This system would be 
apable of inter
epting a single solid-propellant ICBM laun
hedfrom North Korea, Iraq, or Iran 5 s before burnout with at least one (and an average oftwo) inter
eptors. This 2,000 tonnes is a huge mass to pla
e into orbit and would requirea �ve- to tenfold in
rease in the 
urrent laun
h 
apa
ity of the United States. Defendingagainst only liquid-propellant ICBMs would 
ut the number of inter
eptors, mass-in-orbit,and laun
h requirements by almost 60 per
ent.Nevertheless, the baseline 
ase should be 
onsidered optimisti
 against solid-propellantmissiles. If more realisti
 geographi
 s
enarios are 
onsidered, ICBMs would have to beinter
epted sooner than 5 s before burnout, and the number of inter
eptors and total systemmass would in
rease. For example, the number of inter
eptors and total mass would in
reaseby about 25 per
ent if the 
onstellation were designed to defend the United States againstIran. More realisti
 de
ision times would also in
rease 
onstellation size and mass; a 30-se
ond delay would more than double the number of satellites and mass-in-orbit. Thesystem would also be larger if it were designed to defend against ICBMs that were laun
hednearly simultaneously from points on Earth that were separated by a few tens of kilometersor less. The e�e
ts of more realisti
 s
enarios are less-pronoun
ed against liquid-propellantICBMs, be
ause they burn longer and a

elerate more rapidly at the end of their burns.
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e-Based Inter
eptorsThe expense of pla
ing mass in orbit 
reates signi�
ant in
entives for redu
ing the massof the kill vehi
le, whi
h drives the mass of the system. We found, however, that signi�
antredu
tions would be possible only if the mass of all three major 
omponents of a kill vehi
lewere redu
ed. Even in that 
ase, a te
hni
ally 
hallenging 50 per
ent redu
tion in all three
omponents would redu
e system mass by only about 60 per
ent.Finally, we examined only the issues related to inter
eptor 
yout requirements and mass.We did not examine the signi�
ant 
ommand and 
ontrol issues related to 
ontrolling asystem of 1000 or more semi-autonomous satellites.Referen
es for Chapter 6[77℄ James R. Wertz and Wiley J. Larson, eds., Spa
e Mission Analysis and Design.(Mi
ro
osm Press, El Segundo), 3rd edition, 1999.[78℄ Australian Spa
e Weather Agen
y, Satellite Lifetimes and Solar A
tivity. Availableat: http://www.ips.gov.au/Main.php?CatID=8&Se
ID=1&Se
Name=Spa
e%20Weather&SubSe
ID=3&SubSe
Name=Spa
e%20Weather20E�e
ts&LinkName=Satellite%20Lifetimes%20and%20Solar%20A
tivity.[79℄ G. S
hubert and R.L. Walters
heid, Allen's Astrophysi
al Quantities. (AIP Press,New York), 4th edition, 2000.[80℄ N. Bloembergen et al., Rev. Mod. Phys. 59, S1 (1987).[81℄ Lowell Wood, \From `Smart Ro
ks' 
ame `Brilliant Pebbles'," Aerospa
e Ameri
a,April 1990.[82℄ Gregory Canavan and Edward Teller, \Strategi
 Defense for the 1990's," Nature344, 699, 19 April 1990.[83℄ Ri
hard L. Garwin. \Brilliant Pebbles Won't Do," Nature 346, 21 (S
ienti�
Corresponden
e), 5 July 1990.[84℄ Asso
iate Administrator for Commer
ial Spa
e Transportation, \Commer
ial Spa
eTransportation: Year in Review, 1997{2002." Te
hni
al report, Department ofTransportation, published Jan. 1998{Jan. 2003.[85℄ Steven J. Isakowitz, Joseph P. Hopkins, and Joshua B. Hopkins, \InternationalReferen
e Guide to Spa
e Laun
h Systems." Ameri
an Institute of Aeronauti
s andAstronauti
s, 3rd edition, De
ember 1999.[86℄ Federation of Ameri
an S
ientists Spa
e Poli
y Proje
t, \EELV: Evolved ExpendableLaun
h Vehi
le." Available at:http://www.fas.org/spp/military/program/laun
h/eelv.html.[87℄ OÆ
e of Te
hnology Assessment, \Laun
h Options for the Future: A Buyer's Guide."Te
hni
al Report OTA-ISC-383, U.S. Congress, Government Printing OÆ
e,Washington, D.C., July 1988. OTA-ISC-383.[88℄ NASA MIDEX Library, \EELV Laun
h Servi
es Information Summary." Availableat: http://explorer.lar
.nasa.gov/explorer/MIDEX 5 6 AO ELV Input 010515.pdf.
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7.1 Di�eren
es Between Laser and Hit-to-Kill Inter
eptsBoost-phase inter
ept of missiles by dire
ted energy and by kill vehi
les both seek to disablethe missile before its payload has rea
hed a velo
ity great enough to rea
h a target beingdefended. The methods of disabling the missile are di�erent. A kill vehi
le dire
tly strikesthe missile, in
i
ting severe, almost-instantaneous me
hani
al damage. The Airborne Laseris an airborne system 
onsisting of a high power laser with opti
al and tra
king systemsthat permit it to fo
us the laser's energy on a missile. The resulting heating eventually
auses me
hani
al failure of the missile, although the time required to absorb the requisiteenergy may be some se
onds.The damage me
hanism itself will depend on the type of missile. Liquid propellantmissiles are relatively thin-walled metal vessels 
ontaining the fuel, with a sturdy 
ombustion
hamber from whi
h the burning fuel is exhausted. The fuel tanks are pressurized, and ifthe temperature of a portion of the tank is raised high enough, the metal softens and thetank ruptures. This brea
h will eventually 
ause the missile to fail, although the speed anddetails of the failure will depend on several variables, su
h as the 
onstru
tion materialsand the internal pressure. Alternatively, the damage may 
ome about be
ause of the large
olumn load on the fragile stru
ture 
aused by the missile's a

eleration. Heating the wallof the fuel tank 
ould 
ause it to bu
kle. If it bu
kles, the 
enter of mass will no longerbe in line with the thrust, and the missile will qui
kly tumble and be
ome ine�e
tual. Inneither 
ase is the heating required to melt the metal. Rather, it is only ne
essary to heatthe metal to a temperature at whi
h the stru
tural integrity is 
ompromised.Solid-propellant missiles are of mu
h sturdier 
onstru
tion. In this 
ase, the motor isan integral part 
onsisting of a thi
k wall, probably of a 
omposite material, 
ontaining thesolid propellant. Laser energy absorbed in the wall would damage it so that the side blowsout, disabling the missile.Be
ause the 
onstru
tion of the target missile is unknown, we 
an only make reason-able estimates of the important parameters. The damage me
hanism and estimates of theS131



S132 Chapter 7. Airborne Laser Engagement Fundamentalsrequired 
uen
e (energy density delivered to the vi
inity of the missile) is dis
ussed in Se
-tion 20.1. For present purposes we assume that a 
uen
e of 32 MJ/m2 is required to disableliquid-propellant missiles and 240 MJ/m2 for solid-propellant missiles. These values in
ludean estimate of the re
e
tivity of the missile and an average angle of in
iden
e.Another major di�eren
e between an inter
ept by the Airborne Laser and a kill vehi
leis the transit time for delivering the blow. For the ABL, the propagation of the lighttakes only a few millise
onds, while a kill-vehi
le inter
eptor may require several minutesfrom laun
h to impa
t. This time delay has important 
onsequen
es in the 
hoi
e of timeat whi
h an inter
ept by a kill vehi
le may be attempted. In parti
ular, the inter
ept isalmost invariably most favorable at the latest possible inter
ept point be
ause this gives theinter
eptor the most time to 
y out. In 
ontrast, the Airborne Laser 
an deliver its energystarting early in the missile's 
ight, 
onsiderably expanding the options for its lo
ation.7.2 ABL Engagement GeometryA major 
onstraint on an ABL engagement 
omes from turbulen
e-indu
ed inhomogeneitiesin the atmosphere, whi
h 
ause small variations in the index of refra
tion. Over the verylong propagation distan
es needed, even very small variations will prevent the beam beingfo
used onto a target unless some form of 
orre
tion is applied. Adaptive opti
s (AO) areused to sample the wavefront returning from an image on target and pre-distort the laserbeam to undo the distortion of the atmosphere during the return trip. The ABL uses asophisti
ated AO system for this purpose. The use of AO and its limitations are dis
ussedin Chapter 19.Obviously, the less air through whi
h the beam must pass, the less e�e
t its inhomo-geneities will have on the fo
us of the beam. Sin
e the ability of the AO to 
orre
t the laserbeam is limited, it is advantageous for the air
raft 
arrying the ABL to 
y at the highestpossible altitude. The pra
ti
al limit is approximately 12 km, the altitude for whi
h theABL is designed. Similarly, the inter
ept should be attempted when the missile is at a highenough altitude to a
hieve good opti
al performan
e and maximum inter
ept range, i.e.,above about 60 km. See Chapter 21, in parti
ular Se
tion 21.5, for more details.7.3 ABL Performan
e ParametersWe examined the performan
e of the ABL against two illustrative model missiles, the liquid-propellant missile ICBM L and the solid-propellant missile ICBM S2. Various parametersplay a key role in determining the performan
e of the ABL. Among them are the beampower, the missile hardness, and the laser dwell time. In addition, be
ause of the interplaybetween atmospheri
 turbulen
e and AO performan
e, the maximum e�e
tive range ofthe ABL depends on the altitude of the target. Missile 
hara
teristi
s, su
h as length,speed, and a

eleration, also enter into the 
al
ulation, as dis
ussed in Se
tion 21.3.2. Themaximum range varies with engagement altitude: it �rst in
reases with in
reasing altitude,then plateaus, for both 
lasses of missiles. We use the plateau for the engagements dis
ussed.In summary, the following parameters have been used to 
hara
terize the ABL's per-forman
e. More information on these parameters is presented in the se
tions of this studygiven in parentheses.� Beam power = 3 MW (20.1, 21.2).� Engagement or laser dwell time te = 5 or 20 s; both s
enarios are 
onsidered (21.5).



7.3. ABL Performan
e Parameters S133� Atmospheri
 turbulen
e assumed for the ABL design (19.3, 19.7).� AO performan
e (19.4, 19.5).� Target hardness F
 = 32MJ/m2 for ICBM L and 240 MJ/m2 for ICBM S2 (20.1).� Optimum target altitude ht for engagement � 60 km. This altitude is rea
hed bythe threat missile mu
h earlier than is useful for KV inter
epts (21.5).� Resulting maximum useful range � 600 km for ICBM L and � 300 km for ICBM S2(21.5).N.B. Be
ause the exa
t laser power and the target hardness values are 
lassi�ed, we havehad to make estimates based on the best-available publi
 information. The engagementtime is also 
lassi�ed. The 5-s dwell time is 
onsistent with publi
 literature on the TheaterBallisti
 Missile Defense, for whi
h the ABL is designed; the 20 s time is our estimate of amaximum useful time.





Chapter 8Defending the United States Using the Airborne LaserContents8.1 Geometri
al Considerations . . . . . . . . . . . . . . . . . . . S1368.2 Determining the Flying Area . . . . . . . . . . . . . . . . . . S1378.3 Defending Against Missiles Laun
hed from North Korea . S1378.4 Defending Against Missiles Laun
hed from Iraq . . . . . . . S1388.5 Defending Against Missiles Laun
hed from Iran . . . . . . . S1408.6 Dis
ussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S1428.7 Controlling Shortfall . . . . . . . . . . . . . . . . . . . . . . . S143The analysis of ABL boost-phase ICBM engagements shares a number of points in
ommon with the analysis of kill-vehi
le engagements des
ribed in Chapters 4 and 5, butthere are also major di�eren
es. Points in 
ommon in
lude the assumptions about missiles,traje
tories, ICBM burnout or shutdown time, the times at whi
h a missile is �rst dete
tedand a �ring solution is obtained,1 and geographi
 
onsiderations.However, in the 
ase of a kill-vehi
le engagement, the basing area is limited by the dis-tan
e the inter
eptor 
an travel before the missile releases its warheads or submunitions.Inter
eptor speed and the de
ision time are 
riti
al fa
tors. For the ABL, speed is not anissue, and the de
ision times available are relatively long; for an ABL, the 
riti
al parameteris range. Thus the ABL's 
ying area|the area within whi
h the ABL must be stationedto disable the missile before its munitions or debris 
an rea
h the United States|is funda-mentally di�erent from a kill-vehi
le's basing area.The ABL 
an be �red any time from early in the ICBM's 
ight until shortly before thelast safe inter
ept time. As summarized in Se
tion 21.5.1, for a liquid-propellant ICBMthe earliest time for a useful ABL engagement is 92 s, although a �ring solution 
ould beavailable as early as 65 s after laun
h. For the solid-propellant ICBM, the �ring solution isavailable at 45 s after laun
h, while the earliest �ring time of interest is 82 s.Range is the dominating fa
tor in an ABL engagement. If the ABL is within range, it
an engage the ICBM at will. In this se
tion we des
ribe how to 
al
ulate the laser groundrange (LGR) and how to use these results to determine the ABL 
ying area. In the nextse
tions these results are used to analyze engagements with North Korea, Iraq, and Iran.1In prin
iple, the ABL's dete
tion and tra
king 
apabilities 
ould provide earlier �ring solutions. However,this would provide no important advantage, be
ause the �rst useful �ring time for the ABL o

urs well-aftera �ring solution is available. S135
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DFigure 8.1. Geometry of an ABL inter
ept.As explained above, the 
hoi
e of threat missiles and the times for dete
ting a ro
ketlaun
h and generating a �ring solution are identi
al to those presented in Chapter 5. TheLGRs that are employed in this 
hapter are determined by the laser's performan
e (Chap-ter 18), beam propagation (Chapter 19), and the energy requirements for disabling a missile(Chapter 20). The pro
ess by whi
h these results are integrated to determine the groundranges is des
ribed in Chapter 21.8.1 Geometri
al ConsiderationsGeometry of an ABL inter
ept The geometri
al quantities involved in an ABL engage-ment are illustrated in Fig. 8.1, whi
h bears many similarities to the diagram for a kill-vehi
leinter
ept (see Fig. 5.4). However, the kill-vehi
le diagram is essentially stati
; the inter
eptpoint generally o

urs shortly before the missile's burnout. For the ABL, the inter
ept 
antake pla
e anywhere along the traje
tory from early in its 
ight until the last safe inter
ept.Thus, the diagram evolves in time. Furthermore, the missile 
an move signi�
antly whilethe ABL is �ring.For a kill-vehi
le inter
eptor, the optimal time to inter
ept is generally the last possiblemoment before missile burnout (see Se
tion 4.2). In su
h an inter
ept, target ground range(TGR) is the ground range at shutdown and the inter
eptor ground range (IGR) is theground range of the inter
eptor in the 
yout time available. The analog of a kill-vehi
leinter
eptor ground range (IGR) is the ABL ground range, LGR, whi
h varies throughout theengagement. As des
ribed in Se
tion 21.5.2, for both liquid- and solid-propellant missilesthe LGR �rst in
reases as the target as
ends to higher altitude and then stays approximately
onstant throughout most of the time of interest.ABL Ground range The �rst step in analyzing an ABL engagement is to 
hoose a sequen
eof points along the traje
tory of interest and determine LGR at ea
h of these points. Therange depends on the engagement altitude be
ause of e�e
ts of atmospheri
 propagationthat were previously dis
ussed and also for reasons of geometry.2 Figures 21.12 (a) and (b)2An important distin
tion must be made between the slant range L from the ABL to the target thatwas used in the dis
ussion of propagation and ground range of the ABL LGR =pL2 � h2t , where h2t is thealtitude. A high-altitude atta
k will use up some of the slant range, redu
ing the ground range available.There is a limit on the altitude angle to whi
h the ABL may be dire
ted, but an a
tual number is notavailable in the un
lassi�ed literature.



8.2. Determining the Flying Area S137show the maximum ABL range in planar geometry of an ABL engaging a liquid-propellantmissile and a solid-propellant missile (ICBM S2) respe
tively. It displays altitude vs. rangeof the missiles, with arrows to the missile from the ABL laser beam at its altitude of 12 km.(Fig. 21.12 is analogous to the engagement �gures for kill-vehi
le inter
epts presented inSe
tion 4.5.) These values of the ABL range are illustrative only, be
ause of the un
ertaintiesdis
ussed in Se
tions 20.1 and 21.2.For a liquid-propellant ICBM, the largest range is LGR � 600 km, whi
h o

urs foraltitude ht � 90 km. For a solid-propellant ICBM, the range for engaging is 
onsiderablymore limited, be
ause of the greater hardness of the booster. The maximum LGR � 300 kmo

urs for ht � 105 km. These values of the ABL range depend on the assumptions aboutthe ABL performan
e that are des
ribed in Se
tion 7.3.8.2 Determining the Flying AreaAn ABL engagement 
an o

ur from shortly after missile laun
h to missile burnout/shutdown.Consequently, the area within whi
h the ABL must 
y to engage the missile su

essfully isbounded by the LGR at ea
h point along the traje
tory. This area is 
alled the ABL 
yingarea. The pro
edure for 
al
ulating the ABL 
ying area for engaging a missile 
ying outon a given azimuth involves the following steps:� The earliest times for starting the engagement are taken from the analysis in Se
-tion 21.5. The results are summarized in Fig. 21.9.� The latest time for 
ompleting ea
h engagement is taken from the analysis presentedin Se
tions 5.4 to 5.6.� A series of points at di�erent times along the traje
tory, from laun
h to burnout orshutdown, is sele
ted. At ea
h of these points, the altitude (ht) and ICBM groundrange (TGR) are found from the traje
tory of the missile.� For ea
h point, the maximum slant ranges Lmax for engagements of 5 s and 20 s, arefound from the analysis in Se
tion 21.5. The results are summarized in Figs. 21.8and 21.7, respe
tively.� The laser ground range is found at ea
h point using LGR = qL2max � h2t .� At ea
h point, a 
ying 
ir
le having radius LGR is drawn.� The boundary of the 
ying area is then generated by drawing a smooth 
urve tan-gential to the 
ying 
ir
les.Flying areas generated by these steps are displayed in the next se
tions.8.3 Defending Against Missiles Laun
hed from North KoreaThis dis
ussion of ABL defense against ICBMs laun
hed by North Korea is based on thethreats des
ribed in Se
tion 5.4. Flying areas will be displayed for defense against missileson the most stressing traje
tory from North Korea, the Boston traje
tory to the East Coast.It is 
lose to a full-range traje
tory with shutdown or burnout at 239 s for ICBM L and167 s for ICBM S2. For a kill-vehi
le inter
eptor, the traje
tory to Alaska is also stressing
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ause of the short burn time. The ABL defense of this traje
tory is also 
onsidered. Theshutdown or burnout time is 232 s for ICBM L and 142 s for ICBM S2. Defense of Hawaiiwill be treated separately.Flying area 
onstru
tion As the missile as
ends the LGR grows. The basing area expandsin all dire
tions and moves out along the ground line of the traje
tory. Be
ause of the 
om-bination of these e�e
ts, for the liquid-propellant missile the initial boundary of the 
yingarea is determined by the missile's position at the 130 s (after laun
h) for an engagementof 5 s duration, and 145 s for an engagement of 20 s duration. For the solid-propellantmissile and a 20-se
ond engagement, the 
orresponding times are 82 s for earliest start ofengagement and 102 s for the boundary. Engagements of 5 s are too short to be usefulagainst solid-propellant missiles.The engagement must be 
ompleted before the ICBM rea
hes the last safe inter
epttime. Be
ause its speed is greater then, the ICBM 
an travel a signi�
ant distan
e while theABL is being �red. During a 20-se
ond engagement, the missile travels more than 100 km.Whether the limit of the 
ying area is set by the beginning or end of the engagement dependson whether the missile is moving toward or away from the ABL. For missiles from NorthKorea, the ABL atta
k is likely to be transverse, in whi
h 
ase the boundary is essentiallystationary.Figure 8.2 displays the ABL 
ying areas for liquid- and solid-propellant missiles laun
hedfrom North Korea for 5- and 20-se
ond engagements.Liquid-propellant missile For the 5-se
ond engagement time, the ABL 
ying area extendsabout 100 km into the Yellow Sea and the Sea of Japan.For the 20-se
ond engagement time, the ABL 
ould be stationed several hundred kilo-meters from the 
oast, either over the Yellow Sea or the Sea of Japan. The latter is mu
hmore favorable, be
ause the laser beam would have a more favorable angle of in
iden
e onthe missile.Defense of the Alaska traje
tory, Fig. 8.2, upper right, is mu
h less 
onstrained than theBoston traje
tory. For the 5-se
ond engagement, the ABL 
ould be stationed away fromthe 
oast by almost 200 km. For the 20-se
ond engagement, more than 300 km of sea roomwould be available.Solid-propellant missile Defense against the solid-propellant missile by the ABL does notseem possible for the Boston traje
tory, even for a 20-se
ond engagement. For the Alaskatraje
tory, the ABL would be for
ed to 
y within 100 km of the North Korean 
oast.Defense of Hawaii The Hawaii traje
tory passes almost due east over the Sea of Japan,whi
h makes the missile a very favorable target for boost-phase inter
ept. An ABL air
raftstationed over the Sea of Japan 
ould therefore defend Hawaii against solid-propellant aswell as liquid-propellant missiles.8.4 Defending Against Missiles Laun
hed from IraqThis dis
ussion of ABL defense against ICBMs laun
hed by Iraq is based on the threatsdes
ribed in Se
tion 5.5.
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Figure 8.2. Illustrative 
ying areas of the ABL for the assumed performan
e 
apability: defenseagainst missiles laun
hed from North Korea to the United States. (Geographi
 areas are identi�edin Fig. 5.7.) The position of the missile at the last 
han
e it 
an be inter
epted su

essfully isindi
ated by the \x" on the traje
tory line. The shaded region is the 
ying area for a 5-se
ondengagement; the outer 
urve is the boundary for a 20-se
ond engagement. (left) Traje
tory to theEast Coast (Boston); (right) Traje
tory toward Alaska. (top) Defense against liquid-propellantmissile ICBM L. (bottom) Defense against the solid-propellant missile ICBM S2 (Only 20-se
ondengagements are shown.) The dotted lines delimit the 
ying areas for defense of Hawaii for a 5-se
ond engagement against the liquid-propellant missile and a 20-se
ond engagement against thesolid-propellant missile.
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onstru
tion For defense against missiles from Iraq, the ABL 
ould be sta-tioned to the south, over the Persian Gulf, or northwards, over Turkey. For ABL defensefrom the south, the northernmost boundary at laun
h is the most stressing. Conversely, fordefense from the north, the southernmost boundary of the last inter
ept is the most stress-ing. Note that this boundary moves northward by more than 100 km during a 20-se
ondengagement.Liquid-propellant missile The ABL 
ying areas for defense by one or two ABLs againstthe liquid-propellant ICBM L laun
hed from Iraq are shown in Fig. 8.3, top. These mapsdisplay the 
ying areas for defense of the East and West Coasts of the United States, i.e.,defense of the 
ontiguous states, and also defense of Hawaii and Alaska, for 5- and 20-se
ondengagements.For the 5-se
ond engagement (top, left), there is no 
ying area, over friendly 
ountriesor international waters, for whi
h either one or two ABLs 
ould 
over the range of azimuths.For the 20-se
ond engagement (top right), the 
ying area is signi�
antly larger. A singleABL stationed in Saudi Arabia within about 200 km of the border with Iraq 
ould defendthe entire United States. The 
ying area extends into the Persian Gulf, but an ABL 
yingfrom the Gulf would be oriented toward the tail of the missile as it sped away, making anABL defense from that point unfavorable. The 
ying area also extends into Turkey, thoughby less than 100 km. The use of two ABLs would not signi�
antly improve the possibilitiesfor defense of the entire United States.Solid-propellant missile Defense against the solid-propellant ICBM S2 laun
hed from Iraqis illustrated in Fig. 8.4, left. There is no possibility for an ABL defense, even for the 20-se
ond engagement.8.5 Defending Against Missiles Laun
hed from IranThis dis
ussion of ABL defense against ICBMs laun
hed by Iran is based on the threatsdes
ribed in Se
tion 5.6. The range data for defense from Iran are the same as those forIraq presented in the previous se
tion.Liquid-propellant missile For defense against the liquid-propellant ICBM L laun
hed fromIran, Fig. 8.3, bottom, shows 
ying areas for defense of the 
ontiguous states, and alsoHawaii and Alaska, for 5- and 20-se
ond engagements.For a single ABL and a 5-se
ond engagement, defense of the 
ontiguous states might bepossible, but the ABL but would have to be stationed within 200 km of the border of Iran,over the Caspian Sea or Turkmenistan. Two ABLs, one over the Caspian Sea, and one overTurkmenistan, within 200 km of the border, would be required to defend the entire UnitedStates.For a 20-se
ond engagement, the entire United States 
ould be defended by a singleABL over Turkmenistan, though the 
ying room would be 
onstrained to less than 200 km.Employing two ABLs, one over the Caspian Sea and one over Turkmenistan, would providea somewhat more robust defense, approximately 250 km from the Iranian border.It should be noted that these defense possibilities 
ould be diminished by moving thelaun
hing point further south, although su
h a deployment 
ould make the ICBMs vulner-able to a kill-vehi
le boost-phase inter
ept from the Persian Gulf (see Fig. 5.16).
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Figure 8.3. Illustrative 
ying areas of the ABL for the assumed performan
e 
apability: defenseagainst liquid-propellant ICBMs laun
hed from Iraq and Iran to the East and West Coasts of theUnited States. The dotted line indi
ates the boundary to the 
ying area for defense of Alaska andHawaii, whi
h are similar. (Geographi
 areas are identi�ed in Fig. 5.12.) The position of the missileat the last 
han
e it 
an be inter
epted su

essfully is indi
ated by the \x" on the traje
tory line.Iraq (top); Iran (bottom). Engagements of 5 se
onds are shown on the left; 20-se
ond engagementsare on the right. Defense by a single ABL requires that it 
y within the shaded area. Defense bytwo ABLs would require that one be in ea
h of the oval shaped areas.
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Figure 8.4. Illustrative 
ying areas of the ABL for the assumed performan
e 
apability: defenseagainst a solid-propellant missile (ICBM S2) laun
hed from Iraq (left) and Iran (right), to the Eastand West Coasts of the United States. The boundary for the Alaska and Hawaii traje
tories is notillustrated. The \x" indi
ates the point where the boost-phase terminates.Considering the somewhat 
onstrained 
ying areas for defense against the liquid-propellantICBM L from Iran, the probable need to employ ABLs in two un
onventional lo
ations|the Caspian Sea and Turkmenistan|and the vulnerability of the defense to a shift of thelaun
hing area, defense against ICBM L laun
hed from Iran should be regarded as prob-lemati
al.Solid-propellant missile The 
ying area for defense against a solid-propellant ICBM S2laun
hed from Iran is shown in Fig. 8.4, right. The 
ying area does not extend beyond Iran,pre
luding an ABL-based defense.8.6 Dis
ussionThe power, beam quality, and tra
king 
apabilities of the ABL are 
ru
ial parameters fordetermining the ABL's e�e
tiveness. Be
ause the values assumed are based on estimatesfrom only publi
ly available information, the analysis 
arries large un
ertainties.If the ABL a
hieves its postulated performan
e, it would be 
apable of defending theentire United States from liquid-propellant ICBM L laun
hed by North Korea, assumingthat the ABL 
ould be deployed about 300 km from the border. For su
h a liquid-propellantmissile laun
hed by Iraq, defense of the entire United States is not possible, and partialdefense would require basing the ABL over Saudi Arabia. For Iran, partial or full defenseagainst the liquid-propellant ICBM L is problemati
al be
ause of the tight 
onstraints onthe 
ying area and the need to station the ABL over the Caspian Sea and Turkmenistan.Defense by the ABL against solid-propellant missiles from North Korea, Iraq, or Irandoes not seem to be possible.



8.7. Controlling Shortfall S1438.7 Controlling ShortfallTo prevent a warhead or debris from an inter
ept from falling on populated areas of China,Russia, Europe, or the North Ameri
an 
ontinent, the missile would have to be disabledwithin narrow time windows during the boost phase of the ICBM. The timing and width ofthese windows depend on the missile's laun
h site, type, and target. As shown in Chapter 5(Fig. 5.3 [North Korea℄) and [Iraq℄) and Se
tion 5.8, these windows are small. To preventshortfall on Western Europe by a missile laun
hed from the Middle East, the window isabout 10 s for a liquid-propellant missile and 20 s for a solid-propellant missile. Laun
hesfrom North Korea are a little more 
omplex be
ause of the traje
tories. The window 
ould beas small as 7 s for a liquid-propellant missile having Dallas as the target. Other traje
toriesare less stressful but still serious|17 s to 39 s. A San Fran
is
o target is an ex
eption, inwhi
h the ground tra
k is over the Pa
i�
 O
ean.While the ABL does not have a kill-vehi
le's long travel times, it has other drawba
kswith respe
t to 
ontrolling short�all. These in
lude un
ertainties in the missile's hardnesswhi
h 
ause the impre
ision in when the missile 
an be disabled during an engagementwhi
h 
an last up to 20 s. Consequently, timing the inter
ept to 
ontrol shortfall would bediÆ
ult.A further 
ompli
ation arises if several missiles are laun
hed at on
e, be
ause ABLengagements must be sequential. Even if an ABL 
ould inter
ept one missile within thewindow, it is unlikely that a se
ond missile 
ould be inter
epted in the window. MultipleABLs 
ould be deployed to defend against a moderate number of multiple laun
hes, but wehave not studied this s
enario.
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hes . . . . . . . . . . . . . . . . . . . . . S1529.2.6 Laun
h timing and 
loud 
over . . . . . . . . . . . . . . . . . . S152In the debate about missile defense, the essential nature of military 
on
i
t|a series ofmoves that inevitably generate 
ountermoves|is sometimes forgotten. Any missile defensesystem will ne
essarily lead to the 
reation of 
ountermeasures that will in turn stimulatedefense solutions to defeat them. In this 
ontinuum of move and 
ountermove, the time todevelop the response is a 
ru
ial fa
tor. If an e�e
tive response to a vulnerability 
annotbe developed before the vulnerability is exploited, the ingenuity or sophisti
ation of theresponse is irrelevant. There is no sound basis for assuming that either o�ense or defense hasa time advantage in responding to the a
tions of the other. Dis
ussions of 
ountermeasures
an be
ome unrealisti
 if this 
onstraint is not kept in mind.We begin this dis
ussion by treating 
ountermeasures to inter
epts by kill vehi
les. Laterwe turn to 
ountermeasures to inter
epts by the ABL.S145
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ept9.1 Countermeasures to Kineti
 KillProposals for boost-phase defense against ICBMs are in large part motivated by the 
laimthat it is not vulnerable to the 
ountermeasures that are alleged to work against mid
ourseand terminal ballisti
 missile defense systems. Although this 
laim is essentially 
orre
t,there are nevertheless powerful 
ountermeasures against boost-phase defense. The debatesabout mid
ourse 
ountermeasures have sometimes be
ome mired in arguments about whatis feasible and what is not, parti
ularly with respe
t to the question of dis
riminatingbetween de
oys and real targets. We attempt to avoid this kind of debate by 
onsideringonly te
hniques that have a
tually been employed in operational systems over the last 40years.Missile defense s
hemes require the defender to implement a robust system that willnot be obsolete before it is deployed. The goal is an ar
hite
ture that is not brittle andfragile to the appearan
e of likely 
ountermeasures. With that goal in mind, the followingdis
ussion presents some 
ountermeasures that the Study Group believes deserve to be
onsidered seriously and dis
usses their impli
ations with respe
t to the implementation ofa boost-phase inter
ept defense system. These 
ountermeasures fall into three 
ategories:1. Compressing the available engagement time.2. Creating multiple targets, real or false, that must be dealt with.3. Exhausting the maneuver 
apability of the inter
eptor before it a
hieves a hit.9.1.1 Solid-propellant threat ICBMsAs this report illustrates, the most e�e
tive and immediate 
ountermeasure to boost-phaseinter
ept system and one that 
hallenges almost every aspe
t of su
h a defense is to redu
ethe time available to inter
ept the missile. As dis
ussed in Chapter 3, solid-propellantte
hnology is be
oming widely available for pur
hase. Within the next 10{15 years, potentialadversaries may be expe
ted to possess solid-propellant ICBMs that utilize at least theequivalent of late-1960s U.S. te
hnology and have total burn times of 170{180 s, in 
ontrastto the 260 to 300 s burn times of missiles based on the earliest liquid-propellant te
hnology.The engagement analysis of Chapter 5 showed the e�e
t of solid-propellant threats onthe inter
ept requirements: the inter
eptor 
yout velo
ities are nearly doubled, to orbitalvelo
ity or greater. Even faster solid-propellant missiles with even shorter boost phases area feasible response to the deployment of a boost-phase defense system and would 
ompressfurther the time available to 
omplete the engagement.Se
tion 15.1 dis
usses solid-propellant ICBM S3 (see Table 15.1), a \fast-burn" variantof solid-propellant ICBM S1 that has �rst and se
ond stages with burn times of 50 s ea
hand a third stage with a burn time of 30 s, for a maximum total boost time of 130 s. Likethe other ICBMs we modeled, the range of this fast-burn missile is 12,000 km. Se
tion 9.1.5later in this 
hapter dis
usses a fast-burn solid-propellant ICBM like model S3 but withmultiple third stages that would burn out 130 s after laun
h. A boost-phase defense againstfast-burn ICBMs like either of these missiles would be pra
ti
ally impossible.9.1.2 Deploying payload during se
ond- or third-stage boostA variety of payload deployment methods have been used on ICBMs over the years. Onethat was used on the Polaris A3 and the Russian SS-9 was deployment \on the 
y"|
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 Kill S147while the booster was still a

elerating. This deployment was used with multiple re-entryvehi
les (RVs) to avoid the need for thrust termination and to 
reate a separated RV impa
tpattern. While energy-wasting maneuvers, su
h as generalized energy-management steering(GEMS), may be used to redu
e range, with \on-the-
y deployment" it is not ne
essary todo so. Therefore, the defense 
annot 
ount on booster burnout as an indi
ator of payloaddeployment. The impli
ation is that the booster must be inter
epted before its velo
ityyields a traje
tory for the �rst RV that 
ould strike the defended area.9.1.3 Spoo�ngTra
king sensors 
an be spoofed (i.e., fooled) using 
ares and jammers. During an inter
ep-tor's boost-phase, guidan
e information is provided by tra
king data from o�-board sour
es,in
luding radar and spa
e-based tra
king systems.Radar jamming denies range information. Be
ause the boosting target is dete
table toradar as soon as it rises above the horizon, a logi
al 
ountermeasure would be to in
ludein the �nal stage of the missile one or more barrage noise jammers. These devi
es woulddeny range information to the radar, for
ing it to tra
k in angle only and to rely on tri-angulation from another sensor to determine range for mid
ourse guidan
e. The ele
tri
alpower required for radar jamming is analyzed in Se
tion 10.2.8. The power, 10 W, adds nosigni�
ant burden to the missile laun
h, and more powerful jammers 
ould be employed ifrequired.Disruption of the tra
king data for any signi�
ant period, parti
ularly if the target ismaneuvering, results in in
reased a

eleration and velo
ity requirements for the inter
eptorto 
orre
t its traje
tory. Whether the kill vehi
le is 
lose enough to a
quire the target withits suite of on-board sensors in the homing phase or is dependant on external tra
king dataearlier, the result would be signi�
antly in
reased fuel usage. The disruption of tra
king isparti
ularly 
riti
al near the endgame, when it 
ould 
ause the kill vehi
le to exhaust itsfuel supply or ex
eed its a

eleration 
apability, thereby missing the target. The e�e
ts oftra
king un
ertainty and laten
y are dis
ussed in detail in Chapter 12. The 
ountermeasuredes
ribed below employs thrusted de
oys 
arrying radar jammers that would be deployedin a maneuver designed to obs
ure what the real target is doing, as shown in Fig. 9.1.This boost-phase 
ountermeasure employs thrusted, spin-stabilized, 20-kg de
oys thatare �red from ri
ed mortar tubes 
anted out perhaps 15Æ from the missile's se
ond- or third-stage 
enterline and are mounted around the base of the warhead. They 
ould be deployedsimultaneously any time after the shroud was 
ast o�. Immediately after the de
oys wereeje
ted, the missile would exe
ute a dog-leg maneuver. Ea
h de
oy would 
ontain:� A low-power jammer having a thermal battery and a 
orner 
ube to re
e
t LIDARenergy, together weighing about 5 kg.� A small ro
ket motor to a

elerate the de
oy to mat
h the a

eleration of the boosterfor 20 s, weighing about 10 kg.� A 
are or plume-enhan
ement inje
tant formulated to mimi
 the opti
al signature ofthe booster ro
ket plume, weighing about 2 kg.At the same time that the de
oys are deployed, the booster a
tivates a rotating 
orner
ube and jammer that are identi
al to those on the de
oys.
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Figure 9.1. Illustration of 
on
ept of eje
ted de
oys and jammers. These devi
es are deployed in
onjun
tion with a dog-leg maneuver.The laun
h tube, jammer and rotating 
orner 
ube are estimated to weigh a total of20 kg. Five su
h devi
es deployed on a missile having a 1000-kg payload, 
auses only an11 per
ent loss in the useful payload. The prin
iple of this 
ountermeasure is to obfus
atethe initiation of a signi�
ant maneuver by the deployment of multiple targets at a timewhen a delay in re
ognizing the 
hange in booster a

eleration 
ould 
ause the inter
eptorto ex
eed its remaining a

eleration and velo
ity-adding 
apability. This so-
alled \hard"deployment of de
oy pa
kages during boost has been su

essfully used by the United Statessin
e the 1960s.9.1.4 Deliberate traje
tory variations by the o�enseWith their advan
e knowledge of the intended target, the o�ense 
ould program traje
toryvariations that would require the inter
eptor to 
onsume additional fuel, limiting its e�e
tiverange. These maneuvers might be traje
tory-shaping maneuvers that are not spe
i�
allyfor evasion but for energy-management, as des
ribed in Chapter 15. They 
ould also bespe
i�
 maneuvers 
arried out at times that would be most likely to disrupt the inter
eptorguidan
e.Examples of traje
tory shaping are illustrated in Fig. 4.4, whi
h shows how mu
h vari-ation 
an o

ur when the maneuvers are initiated when the shroud is eje
ted. These pre-planned maneuvers 
an be employed in 
onjun
tion with the deployment of de
oys. Energy-wasting maneuvers 
an be dramati
, as illustrated in Fig. 15.7. In extreme 
ases, the �nalstage may a
tually thrust ba
k toward the laun
h point. Finally, 
y
li
al maneuvers de-signed to disrupt the inter
ept 
an be used as dis
ussed in Chapter 12.9.1.5 Short burn boosters with multiple upper stagesFigure 9.2 shows a 
ountermeasure 
on
ept that employs multiple guided third stages.This deployment method 
ould be an adjun
t to other 
ountermeasures, su
h as the short-burn booster. In the �rst- and se
ond-stage solid-propellant missile, ICBM burn times
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Booster  2nd Stage

Multiple RVs with Separate 3rd Stages
And ACS Modules

Figure 9.2. Illustration of 
on
ept of multiple third stages.are redu
ed from 60{65 s ea
h to 50 s ea
h. When the se
ond stage burns out at 100 s,multiple RVs, ea
h with its own guidan
e, attitude 
ontrol and third-stage motor, areseparated from the se
ond stage simultaneously. Ea
h 
an 
y on its own guided traje
torytoward widely separated targets. This early fra
tionation redu
es the total available boost-phase engagement time to less than 70 s, whi
h would make any single inter
ept virtuallyimpossible. The defense would be for
ed to �re multiple inter
eptors before it knows if thereare multiple upper stages.The penalty to the o�ense for this approa
h is the requirement for multiple sets ofguidan
e and 
ontrol equipment and the volumetri
 ineÆ
ien
y of multiple upper stages.Nevertheless, this approa
h is more eÆ
ient than the serial-deployment post-boost-vehi
leapproa
h 
urrently used on multiple independently targeted re-entry vehi
le (MIRV) sys-tems. This type of multiple payload delivery was studied when those systems were devisedin the mid-1960s. However, the mass and volume penalty for multiple guidan
e systemsis minimal today, 
ompared with the guidan
e 
ost and size 
onstraints when those trade-o�s were �rst evaluated. It is likely that if non-nu
lear boost-phase defense had been of
on
ern, the parallel approa
h would have been taken even then. However, nu
lear 
oun-termeasures were a major 
on
ern for boost-phase defense at the time, and the solutionrequired radiation hardening of the missiles.9.1.6 Multiple missile laun
hesIf the atta
ker laun
hed several missiles nearly simultaneously, it would 
ompli
ate theproblem for the boost phase-defense, espe
ially for a spa
e-based defense where only one ortwo SBIs are within range of the threat traje
tories. This problem would be exa
erbated ifsome of the laun
hes were theater or ta
ti
al ballisti
 missiles (TBMs) used as de
oys.9.1.7 Masking the kill-vehi
le aim pointIf the goal of the inter
ept is to destroy the warhead (rather than to merely disable thebooster), then a number of strategies 
an be employed to disguise its lo
ation. This will bedis
ussed in Chapter 13.
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ept9.1.8 Atta
king the inter
eptor systemA 
lassi
 
ountermeasure to defense systems is \defense suppression", a physi
al atta
k todestroy the inter
eptor itself or to temporarily disable its dete
tion and guidan
e sensors.The former 
ategory 
ould in
lude atta
ks by air or 
ruise missiles (e.g., widely availableSilkworm-type missiles), atta
ks on land- or sea-based inter
eptor ships, and surfa
e-to-airmissiles (SAM) atta
ks on airborne inter
eptor platforms. Boost-phase defense, howeverbased, is more at risk than other systems, be
ause it must initiate its engagement no fartherfrom the point of inter
ept than the inter
eptor 
an 
over within 100{120 s.9.1.9 Summary of kill-vehi
le 
ountermeasuresWe have identi�ed a number of 
ountermeasures to boost-phase inter
ept of ICBM missiles.For the most part, they 
ould employ a
tual te
hniques that were imbedded in U.S. andRussian systems in the 1960s and are in ta
ti
al 
ountermeasure systems today. The mostpotent 
ountermeasure would be a faster burning ro
ket. It is 
lear that the growingavailability of solid-propellant ro
kets will make the job of a boost-phase inter
ept defenseextremely 
hallenging, or unfeasible.9.2 Countermeasures to the ABLThe previous dis
ussion of 
ountermeasures dealt with kineti
-kill vehi
les. The followingmaterial dis
usses 
ountermeasures to the ABL.Some 
ountermeasures to a kill-vehi
le missile defense, su
h as those to 
onfuse thedete
tion of the ICBM laun
h or to shorten the time allowed for de
ision to �re the defensiveweapon, will do little to degrade the e�e
tiveness of an ABL defense, be
ause the transittime for the laser beam is so short. However, atta
king the ABL itself 
ould be quitee�e
tive. The basing platform will be parti
ularly vulnerable to SAMs, whi
h have a rangeof 250{300 km or to threat �ghters. Se
tion 9.2.1 dis
usses this vulnerability.Sin
e damage to a missile by a laser depends on the energy density absorbed, an ad-versary may adopt strategies to limit energy absorption. Su
h methods are dis
ussed inSe
tions 9.2.2{9.2.4. Be
ause ABL engagements are sequential, laun
hing multiple threatmissiles together would stress the ABL's e�e
tiveness, as dis
ussed in Se
tion 9.2.5. Finally,Se
tion 9.2.6 dis
usses the possibility of timing missile laun
hes to 
oin
ide with high 
loud
over to hinder the ABL.9.2.1 Vulnerability of airframeA major weakness of the ABL is its vulnerability to atta
k by enemy air
raft or by SAMs.Es
ort �ghters 
ould defend the ABL against enemy air
raft; however, the very long timeson station would make su
h defense diÆ
ult, unless absolute air superiority had been es-tablished or some warning me
hanism 
ould s
ramble �ghters to respond to an atta
k onthe ABL.Siberian Airlines Flight 1812 was a

identally shot down on 4 O
tober 2001 by a S-200SAM missile at a range of about 250 km. The maximum range of a S-200 is 250{300 km [90℄.Countering SAMs would be very diÆ
ult [91℄. Su
h missiles rely on totally passive meansto a
quire and tra
k targets. They present no signature before laun
h, and after laun
hexhibit only an infrared exhaust plume. An ABL 
annot outmaneuver a SAM.



9.2. Countermeasures to the ABL S151It has been suggested that the ABL 
ould defend itself against air
raft or SAMs usingits laser(s). Air
raft approa
hing from a 100Æ to 120Æ region (Se
tion 21.1) at the rearof the ABL or at altitude above some unknown limit 
ould not be engaged by the lasers.Otherwise, the lasers 
ould be used, either for dire
t damage to the atta
king air
raftwith the high-energy laser (HEL) or by blinding the pilot with the target-illuminator laser(TILL). S
enarios for the ABL's use of its HEL to engage a SAM have not been studied,but they would be di�erent from ICBM engagements be
ause of the geometry, parti
ularlyin the low target altitude. Su
h use would pla
e a demand on the fuel magazine needed forICBM inter
epts. The me
hanism by whi
h the laser 
ould damage the nose of an on
omingSAM is di�erent from those for damaging the wall of a missile booster. Another possibleresponse would be to attempt to disable the SAM's infrared sensors, if it uses them. Eitherthe TILL or the bea
on-illuminating laser (BILL) 
ould 
ertainly damage a fo
al plane arrayif no �lters are used to blo
k the IR beams. However, if the SAM is guided by ground-basedradar, there would be no sensors to disable. The S-200 is guided by ground radar, and itmay have an a
tive seeker for the �nal inter
ept. Most of the 
ight is under 
ommandsfrom the ground or a semi a
tive seeker with illumination only from ground radar [92℄.In any 
ase, laun
hing SAMs in the same time frame as the ICBM(s) would redu
e theABL's ability to respond to the ICBM threat.9.2.2 Spreading the laser heatBy rolling the ICBM body, the laser energy 
ould be distributed over a wide area, therebyin
reasing the energy required for the laser to damage the missile [93, p. 27, 127℄. Thethreat missile's ability to exe
ute this roll rate maneuver is determined by the 
on�gurationof its inertial referen
e pa
kage. If the gyros and a

elerometers reside on a three-gimbal-stabilized platform, the missile 
an be rolled without diÆ
ulty until the pit
h-over anglerea
hes about 45Æ from its laun
h verti
al, provided the proper roll transformations areemployed. If the instruments are a modern \strapped down" or body-mounted design, or ifa four-gimbal- or attitude-stabilized platform were used, the roll rate 
ould be maintainedwith no pit
h 
onstraint. Within the above 
onstraints, roll rates of 20Æ to 30Æ per se
ond
an be exe
uted without a�e
ting the 
ight of the missile. Sin
e several se
onds of energydeposition are normally required for damage, this roll rate redu
es the e�e
tiveness of a
ontinuous wave (
w) laser by at least the ratio of the diameter of the beam spot width tothe length of the stripe around the missile generated by the roll.9.2.3 Ablative 
oatingWith some sa
ri�
e in payload 
apa
ity, it is possible to shroud the vulnerable parts of theICBM with 
arbon-bearing or other material that must be ablated by the laser before thelaser energy 
an be deposited in the missile body. Minuteman ICBMs had 0.6 
m (1/4") of
ork installed around the outside of the booster, not as a 
ountermeasure, but as prote
tionagainst atmospheri
 heating during as
ent. Su
h a 
oating may have a substantial e�e
t onhardening a booster. A

ording to [93, p. 125℄ the heat of vaporization of 
arbon is about32 kJ/g, and 
harred 
ork has very low re
e
tan
e. The density of 
ork is about 0.25 g/
m3.Thus 0.6 
m of 
ork would require an in
ident 
uen
e of about 5 kJ/
m2/0.5 = 100 MJ/m2(taking into a

ount an average angle of in
iden
e) to vaporize it and expose the missilebody beneath it. Assuming that the material stays inta
t and does not 
ake o� before thisamount of energy is deposited, atta
king a liquid-propellant booster having su
h a 
oating
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eptwould require about 4 times the 
uen
e shown in Table 20.2 for an unprote
ted missile,substantially 
hanging an engagement. For 
omparison, this 
uen
e would be about halfthe 
uen
e required for a solid-propellant missile as shown in Table 20.2. Applying su
h a
oating to a solid-propellant missile would in
rease the 
uen
e requirement by only a fa
torof about 1.4, so the relative e�e
t is less than that for liquid-propellant missiles.Long engagement times 
aused by the use of ablative 
oatings or rolling the missile 
ansubstantially 
ompli
ate the defense. The defense's response 
ould be to redu
e the slantrange, with the 
on
omitant penalty of 
overage and in
reased vulnerability to atta
kingair
raft or SAMs.9.2.4 Opti
al propertiesThe ABL target a
quisition begins with broadband opti
al information on the plume, butit relies on the illumination of the target by the TILL to provide the hardbody hand overand an image for the tilt 
orre
tions. Similarly, the BILL image is essential for the adaptiveopti
s 
orre
tions. If these fun
tions are 
ompromised, the quality of the beam's fo
us(Chapter 19) would be greatly degraded. The engagement strategy lo
ates the nose of themissile and then pla
es the BILL on the target to pursue the HEL atta
k. A spe
ularre
e
ting 
one, or a 
ylinder, whi
h is a degenerate 
one, is a very stealthy obje
t for thiskind of sear
h. Apart from imperfe
tions of di�use re
e
tion, a 
one either re
e
ts light atan angle given by the angle of the generatrix and the in
ident beam or absorbs it. Unlessthe generatrix is normal to the in
ident light, almost nothing will be seen. Whatever mightbe seen 
ould be 
onfusing to a system that is expe
ting a di�use re
e
tive surfa
e. It is notknown quantitatively what would be required to 
onfuse the system, however. AluminizedMylar has a di�use re
e
tivity of the order of 0.1 at the wavelengths of interest [94℄. Highlypolished surfa
es 
ould a
hieve lower di�use re
e
tivity. Any su
h surfa
e would have tosurvive the as
ent through the atmosphere and the asso
iated heating.9.2.5 Multiple missile laun
hesThe simultaneous laun
h of multiple missiles 
ould overwhelm an ABL platform, sin
e itsengagements are by ne
essity sequential. In su
h situations, the engagement time is 
riti
alin determining how many missiles 
ould be engaged by a single platform. Multiple ABLs
ould 
on
eivably be deployed to handle a modest number of multiple missile laun
hes.For every air
raft on station around the 
lo
k, three to four air
raft must be deployed inthe �eld, a

ording to the present plan for the ABL. We have not examined the problemsinherent to management of a 
eet of air
raft on station.9.2.6 Laun
h timing and 
loud 
overAs dis
ussed in Se
tion 22.2, 
irrus 
loud 
over 
ould e�e
tively shield a threat missile fromthe ABL beam for a signi�
ant time. In su
h 
ases, 
oordinating the missiles laun
h with
loud 
over 
ould thwart the ABL's defensive a
tion. Radar and LIDAR equipment tomeasure the 
loud height [95℄ is 
ertainly within rea
h of a 
ountry that 
ould build or buyan ICBM.
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tion and Tra
king . . . . . . . S196Sensors would play essential roles in every phase of operation of a boost-phase anti-ballisti
 missile system. They are required to dete
t the laun
h of large ro
kets, to determinewhether they are potentially threatening to the United States, and|if it were de
ided toatta
k them|to lo
ate and tra
k targets with suÆ
ient pre
ision to allow inter
eptors orlasers to hit and destroy them. This 
hapter is 
on
erned with identifying sensors that 
ouldbe used for these tasks and analyzing their likely performan
e.1 Some types of sensors 
ouldperform more than one of these tasks.A wide variety of sensor types and basing lo
ations 
ould potentially be useful for boost-phase inter
ept systems. Box 10.1 lists a number of possibilities, in the approximate order1The analysis in this 
hapter provides signal-to-noise ratios, error matri
es, and position un
ertainties.Tra
king �lters that produ
e estimates of the target state from this information are des
ribed in Chapter 12and Appendix C. S157



S158 Chapter 10. Dete
ting and Tra
king Missiles in Powered FlightBox 10.1: Possible Dete
tion and Tra
king SensorsSpa
e-based passive visible-light sensorsSpa
e-based passive infrared (IR) sensorsSpa
e-based radarsAirborne radarsAirborne ele
tro-opti
al sensorsShip-based radarsLand-based radarsOn-board passive ultraviolet sensorsOn-board passive short-wavelength IR and/ormedium-wavelength IR sensorsOn-board passive long-wavelength IR sensorsOn-board radarLIDAR� with an on-board dete
tor andon-board laser illuminatorLIDAR with an on-board dete
tor butan o�-board laser illuminatorLIDAR from other platforms�light dete
tion and rangingin whi
h they 
ould be used to dete
t, identify, and tra
k potentially threatening ro
kets.For systems that use inter
eptor missiles, the sensors used during the �rst phases of anengagement would likely be general-purpose sensors lo
ated far from the target, su
h assensors on early-warning satellites.2 As the inter
eptor 
losed with the target, dedi
atedsensors that 
ould provide more pre
ise tra
king and better dis
rimination would need tobe employed, some of whi
h would not be 
arried by the inter
eptor or kill vehi
le. Su
h\o�-board sensors" might in
lude ground- or sea-based radars. Other sensors would have tobe 
arried by the kill vehi
le to perform their fun
tions adequately. Su
h \on-board sensors"might in
lude passive dete
tors that would simply image the target or a
tive sensors thatwould also provide range information.Given the limited time and resour
es available for the Study, we did not attempt anexhaustive analysis of these possibilities. Instead, we sought to identify a minimal setof sensors that would enable the various boost-phase systems 
onsidered to inter
ept themodel ICBMs.3 For this purpose, we 
onsidered a notional system of spa
e-based infrared(IR) sensors for laun
h dete
tion and early tra
king; land-, ship-, and air-based radars2In 
ontrast to systems that use inter
eptor missiles, the Airborne Laser is designed to fun
tion eitherautonomously, using only the sensors on the Airborne Laser air
raft to dete
t and tra
k ro
kets, or as partof a larger system that would provide data from additional sensors; see Chapter 17.3As dis
ussed in Chapter 2, in analyzing boost-phase engagements we assumed the system would haveavailable at any time only the information gathered by sensors up to that moment. The boost-phaseinter
ept system's probability of su

ess would depend 
riti
ally on the types, number, and performan
e ofthe available sensors. In a real system, some redundan
y would be desirable, to make the system more robustin the fa
e of unexpe
ted target behavior or 
hara
teristi
s, as well as failures of individual 
omponents.
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king S159for tra
king the target ro
ket after it has risen above the radar's horizon; imaging sensorson board the kill vehi
le for tra
king the ro
ket's plume as the engagement develops; andLIDAR (light dete
tion and ranging) seekers on board the kill vehi
le for imaging thero
ket's hardbody and determining its range toward the end of the homing phase of theengagement and during the endgame.Although system integration requirements would likely impose some 
onstraints on anyboost-phase tra
king system, we fo
used only on physi
al limitations and 
on�ned ouranalysis to te
hnologies that we judged would be available within the next de
ade. Spa
e-based visible-light sensors [96℄ or ultraviolet sensors on-board the kill vehi
le [97℄ mighthave important advantages, but we did not analyze their possible 
ontributions be
ausethere is insuÆ
ient information in the open literature to support su
h an analysis. Wealso did not 
onsider on-board radar seekers be
ause with 
urrent te
hnology, a radar withthe long-range 
apability needed would be substantially heavier than a LIDAR with this
apability.The model ICBMs des
ribed in Chapter 15 were used to estimate the plume luminositiesand radar 
ross se
tions of various types of missiles. These ICBM models, the model inter-
eptors des
ribed in Chapter 16, and the engagement traje
tories des
ribed in Chapter 4were used to determine the earliest times various types of sensors 
ould be brought to bearon the target. The e�e
ts of sensor viewing angles were also examined.The analysis presented in this 
hapter supports the simulations of illustrative engage-ments des
ribed in Chapters 4, 5, and Appendix C. The 
apabilities of the sensors thatinitially dete
t the laun
h of potentially threatening ro
kets and provide early informationon their traje
tories de�ne the engagement timelines des
ribed in Chapters 2, 4, and 5. The
apabilities of the sensors used to guide inter
eptors until their kill vehi
les are laun
hedand then guide the kill vehi
les to the target are at the heart of the engagement analysisdes
ribed in Chapter 12 and Appendix C.We begin by analyzing the 
apabilities of 
urrent and prospe
tive spa
e-based sensorsfor dete
ting and tra
king ICBM exhaust plumes. Next we 
onsider the missile-tra
king
apabilities of a variety of land-based, ship-based, and airborne radars. We then analyzethe likely near-term performan
e of passive IR and a
tive LIDAR seekers on the kill vehi
le.We 
on
lude by summarizing our results.10.1 Spa
e-Based Dete
tion and Tra
kingThe hot exhaust plumes of long-range ballisti
 missiles are powerful sour
es of IR radia-tion [98℄. This radiation 
an be seen from spa
e, and IR sensors in high orbits 
an providebroad-area 
overage of Earth. These 
onsiderations make spa
e-based IR sensing a veryuseful te
hnique for dete
ting and tra
king ICBMs during their boost phase. In this se
tionwe �rst summarize the phenomenology of ICBM exhaust plumes relevant to dete
ting andtra
king them with spa
e-based IR sensors. We then dis
uss the 
apabilities of the exist-ing Defense Support Program (DSP) satellite system for supporting a boost-phase defensesystem and the 
apabilities that a modern follow-on system 
ould have.10.1.1 Plume emission spe
tra and luminositiesA ro
ket's bright exhaust plume is its prin
ipal signature. Exhaust plumes radiate stronglyin the IR region of the ele
tromagneti
 spe
trum, as illustrated by Fig. 10.1, whi
h showsIR spe
tra of the emission from the exhaust plume of a large ro
ket burning hydrazine fuels
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Figure 10.1. Illustrative spe
tra of the IR emission from the exhaust plume of a ro
ket burninghydrazine fuels in a ground test. The times indi
ated are the times after ignition. These spe
traare similar to the spe
trum of the so-
alled \intrinsi
" or \va
uum" 
ore. Ex
ept for ro
kets atextremely high altitudes, the spe
trum of the intrinsi
 
ore seen from spa
e would be altered be
auseof absorption by the intervening atmosphere. Figure 4.11 from Ref. [98℄. Used with permission.Copyright by The Aerospa
e Corporation.in a ground test. Typi
ally, a substantial fra
tion of the total luminosity4 is radiated in ashort-wavelength IR (SWIR) peak at about 2.5{3.0 �m. A similar fra
tion is radiated in amedium-wavelength (MWIR) peak at about 4{5 �m. (As seen from spa
e, this peak has a\not
h" 
aused by absorption by 
old atmospheri
 gases between 4.21 and 4.5 �m). Thesepeaks in the spe
trum are produ
ed by the emission bands of 
ombustion produ
ts, su
h asH2O and CO2. Spe
tra of the plumes produ
ed by hydrazine-fueled ro
kets in 
ight wouldbe qualitatively similar to the spe
tra shown, but the luminosity would depend on the sizeof the ro
ket and the stage of 
ight.Ro
kets burning hydro
arbon fuels would produ
e 
arbon soot. Continuum emissionfrom the soot would add to the peaks produ
ed by mole
ular emission but would alsoin
rease the 
ontinuum emission between them. So would the 
ontinuum emission from thealuminum oxide parti
les in the plumes of solid-propellant ro
kets.The properties of an ICBM's exhaust plume vary greatly as it rises through the atmo-sphere [98℄. This variation a�e
ts the 
apabilities of spa
e-based tra
king systems. The
hara
teristi
 variation with altitude of the IR luminosity of an ICBM exhaust plume isshown s
hemati
ally in Fig. 10.2.5 The IR emission is initially 
aused by mixing of 
om-4This report uses the radiation terminology standard in the physi
s literature: the power radiated inall dire
tions and in all wavebands is 
alled the luminosity ; the power radiated in all dire
tions within apres
ribed bandpass is the in-band luminosity ; the power per unit area and solid angle is the intensity ; andthe power per unit solid angle, area, and wavelength or frequen
y is the spe
tral intensity. In the literature
on
erned with ro
ket exhaust plume emission, the power per unit solid angle is the intensity ; the powerper unit solid angle and wavelength is the spe
tral intensity ; the power per unit area and solid angle withina pres
ribed bandpass is the in-band radian
e; and the power per unit area, solid angle, and wavelength isthe radian
e.5See Figs. 14.3, 14.4, 14.19{14.23, and 5.2 of [98℄.



10.1. Spa
e-Based Dete
tion and Tra
king S161

0 20 40 60 80 100 120 140

altitude (km)

sp
ec

tr
al

 lu
m

in
os

ity

afterburning

trough

enhancement

staging    

Figure 10.2. Sket
h of the 
hara
teristi
 variation with altitude of the luminosity per unit solidangle of ro
ket exhaust plumes. The 
urve is intended to give only a qualitative impression of thetypi
al dependen
e of the luminosity on altitude and does not represent the plume luminosity ofany parti
ular ro
ket. Note the peak at low altitudes, the \trough" at � 50{70 km, and the partialre
overy at high altitudes. There is a break in the 
urve when the �rst stage stops burning and these
ond stage ignites.bustion produ
ts, su
h as H2 and CO, with atmospheri
 gases and their 
hemi
al rea
tionwith atmospheri
 O2 (\afterburning"). As the ro
ket rises, the plume's apparent luminos-ity �rst in
reases as it expands in size and the atmospheri
 absorption between it and thespa
e-based dete
tor de
reases. The luminosity of a ro
ket's plume peaks at an altitude ofabout 30 km, where it 
an ex
eed 1 MW sr�1 for an ICBM.As the ro
ket 
ontinues to rise and a

elerate, the in
reasing expansion and 
ooling ofits hot exhaust gases, their de
reasing bulk velo
ity relative to the atmosphere, and theredu
tion in available oxygen 
auses afterburning to de
line pre
ipitously. As a result theplume's luminosity falls steeply to a minimum value at � 50{70 km (the \trough region").This de
line is often exa
erbated by burnout of the �rst stage, followed by ignition of these
ond stage, whi
h typi
ally has a mu
h smaller thrust and hen
e produ
es a plume witha mu
h smaller luminosity. The luminosity of the plume in the trough region is dominatedby emission from the exhaust near the ro
ket nozzle, whi
h depends on the pressure thereand the nature of the parti
ulates in the exhaust (e.g., soot parti
les in the exhaust fromliquid-propellant ro
kets and Al2O3 parti
les in the exhaust from solid-propellant ro
kets).As the ro
ket 
ontinues to a

elerate, the bulk velo
ity of its exhaust gases relative tothe atmosphere in
reases again, 
ausing the plume's IR luminosity to in
rease again be
auseof temperature re
overy and resumption of 
hemi
al rea
tions (\enhan
ement"). The latterpro
esses depend strongly on the velo
ity vs. altitude pro�le of the ro
ket. The IR lumi-nosity of the plume 
ontinues to in
rease, but when the size s
ales of the pro
esses 
ausingthis enhan
ement begin to ex
eed the dimensions of a sensor pixel, the plume's apparentluminosity again falls. At this point, the total luminosity of the plume is given approx-imately by summing the signals in the reporting dete
tors. Eventually the signals fromthe plume-atmosphere intera
tion fall below the noise-equivalent 
ux of the dete
tors. The
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ting and Tra
king Missiles in Powered Flightultimate minimum signal that remains 
omes from the altitude-invariant emission produ
edby the exhaust produ
ts as they expand into the low-pressure environment (the \intrinsi
"or \va
uum" 
ore).Although a wide range of data is available on the plume emission of U.S. ro
kets, in
lud-ing both liquid- and solid-propellant missiles, to our knowledge there is no su
h databasefor the ro
kets of 
ountries of 
on
ern. Moreover, none of these 
ountries has yet tested anICBM. Caution should therefore be exer
ised when attempting to 
hara
terize the plumesof hypotheti
al missiles that may pose a threat to the United States at some future date byextrapolating from past measurements of U.S. ro
kets. However, measurements of the ex-haust plumes of some early U.S. ro
ket designs, su
h as the Titan, may be useful if 
ountriesof 
on
ern take a similar path in developing liquid-propellant ICBMs.10.1.2 Capabilities of the DSP systemThe DSP system has provided the United States with early warning of missile laun
hessin
e 1970, using satellites in geosyn
hronous Earth orbit (GEO). A program is underwayto repla
e the DSP system with a more modern satellite-based missile warning and tra
kingsystem. However, some authors (see, e.g., [97℄) have argued that the DSP system would beadequate to support boost-phase inter
ept systems. Also, re
ent te
hni
al problems maydelay deployment of the more modern system [99℄. Consequently, in this se
tion we analyzebrie
y the ability of the DSP system to serve as the laun
h dete
tion and initial tra
kingsystem for a boost-phase inter
ept system. The 
apabilities that a modern spa
e-basedmissile warning and tra
king system 
ould have are dis
ussed in the next se
tion.DSP resolution The general 
hara
teristi
s of the DSP satellites and system are des
ribedin [100℄. Ea
h satellite has a rotating teles
ope with a linear array of 6000 dete
tors in thefo
al plane. The teles
ope of ea
h satellite s
ans the whole disk of the Earth visible to itand a narrow annular region above the horizon on
e every 10 s. The pre
ision with whi
hthe DSP system 
an lo
ate a missile's plume is determined by the footprints of the pixelsin its satellites' sensor arrays. The number of dete
tors in ea
h array suggests that thefootprint of ea
h pixel at Earth's surfa
e is about 1 km per side. Typi
ally at least threeDSP satellites are in operation at any given time, at di�erent longitudes around Earth'sequator, so at least two 
an view a target. Stereo, three-dimensional tra
king of missileplumes is possible if data from more than one DSP satellite are 
ombined (\fused").Although the DSP system 
annot tra
k an ICBM with the pre
ision and sampling ratethat would be required to guide a kill vehi
le to hit the ICBM during its boost phase, thesystem 
an warn of ro
ket laun
hes and 
ould 
ue ground- and ship-based radars or sensorson board the kill vehi
le to the position of a rising ro
ket. This early-warning 
apabilitywould relieve the latter sensors from having to perform broad-area sear
hes to a
quire thero
ket, allowing them to be made smaller and lighter.Laun
h dete
tion and initial tra
king using DSP The earliest moment at whi
h thelaun
h of a large ro
ket 
ould be 
on�rmed and the dire
tion of its 
ight estimated is ofgreat importan
e for boost-phase inter
ept systems, be
ause it is the earliest moment thatinter
eptors 
ould be �red. For the DSP system, early dete
tion and tra
king of a largero
ket is limited by three fa
tors: 
loud 
over, absorption of the radiation from the exhaustplume by water vapor in the atmosphere in the IR band to whi
h the DSP sensors aretuned, and the low rate at whi
h it s
ans Earth's disk.
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Figure 10.3. Probability that the opti
al path length of 
loud 
over over sea, land, and 
oastal areasat mid-latitudes ex
eeds a given value as a fun
tion of 
loud opti
al thi
kness. The three probabilitydistributions are almost indistinguishable on the s
ale of this plot. Figure 33 from Ref. [101℄. Usedwith permission.The probability that the 
loud 
over ex
eeds a given opti
al depth (the thi
kness of the
loud in units of the mean distan
e a photon travels before s
attering) is shown in Fig. 10.3.There is a �20 per
ent 
han
e of 
louds having an opti
al depth greater than 10 o

urringat mid-latitudes at any given time. However, many 
louds are low-lying, so the 
han
e ofseeing signi�
antly below 10 km is high. The average 
loud top height when 
louds exist(about 50 per
ent of the time) is 4.7 km over land world-wide [102℄. A

ording to Rossowand S
hi�er [103℄, \
loudiness on Earth 
an be des
ribed as a persistent . . . ba
kground ofopti
ally thin 
louds . . . , together with a rare, highly variable 
omponent of pre
ipitating
louds that are very sparse and intermittent in o

urren
e (total amount < 0:1)". While adetailed dis
ussion of 
loud 
limatology is beyond the s
ope of this study, we 
on
lude thatdense 
louds are suÆ
iently rare above 7 km and that they would rarely be the main fa
torpreventing DSP from dete
ting a large ro
ket by the time it rea
hes this altitude.The SWIR passband of the DSP dete
tors is deliberately tuned to the strong 2.7{2.9 �m absorption band of H2O, shown in the 
entral panel of Fig. 10.4, so that emissionin this band from near Earth's surfa
e is strongly attenuated by the water vapor in theatmosphere, redu
ing the ba
kground 
lutter that would otherwise interfere with dete
tionand identi�
ation of ro
ket plumes. As shown in Fig. 10.5, the lower ba
kground 
lutter seenfrom spa
e in this passband 
omes from the sunlight s
attered by high-altitude 
louds andbright solar glints from the o
eans and other surfa
e features, whi
h are partially transmittedthough the atmosphere and 
ontribute to the ba
kground. Although the emission from thehot H2O and CO2 mole
ules in ro
ket exhaust plumes extends over a broader wavelengthrange than the absorption by the 
old mole
ules in the atmosphere, the signal from exhaustplumes is severely attenuated (by design) in this passband, until the ro
kets rise above most
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Figure 10.4. Transmission of Earth's atmosphere from ground to spa
e (lower 
urve) and from 10-km altitude to spa
e (upper 
urve) as a fun
tion of wavelength in the 1{10 �m region for a typi
almid-latitude atmosphere. Note the strong H2O absorption band at 2.7{2.9 �m and the windows at2.2{2.4 and 3.5{4 �m. Moderate resolution atmospheri
 transmission 
ode (MODTRAN) 
al
ulation
ourtesy of William Clodius.of the atmospheri
 water vapor. This attenuation o

urs whether or not 
louds are present.We estimate that the DSP system would be able to dete
t emission from the exhaust plumeof a large ro
ket by the time the ro
ket rea
hed an altitude of 10 km.6Unless the defense is 
ertain a potentially threatening ro
ket is a relatively slowly a
-
elerating liquid-propellant missile, it would have to treat it as a more rapidly a

eleratingsolid-propellant missile to assure suÆ
ient time for inter
eptors to rea
h it. Our solid-propellant ICBM models S1 and S2 rea
h an altitude of 10 km about 35 s after they arelaun
hed. At this point, they are also about 11 km downrange of the laun
h point. Weestimate that three separate dete
tions by a DSP sensor array would be needed to 
on�rm,by its motion, that the SWIR sour
e produ
ed by either of these model ICBMs were theexhaust plume of a large ro
ket and to estimate its traje
tory well enough to 
onstru
t a�ring solution. Thus, on
e the DSP system has dete
ted a ro
ket exhaust plume, 30 morese
onds, plus additional time for pro
essing and 
ommuni
ations, would be needed to 
on-stru
t a �ring solution. We therefore estimate that the earliest time a �ring solution 
ouldreliably be 
onstru
ted using DSP data on solid-propellant ICBMs similar to the ones we6By dete
tion, we mean that the ro
ket's plume would 
reate a bright pixel. Additional data would beneeded to de
lare that the signal were 
oming from the exhaust plume of a large ro
ket
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Figure 10.5. Comparison of the IR spe
tral luminosity of a representative missile plume at an altitudeof 20 km with the equivalent intensity of Earth's atmosphere, 
louds, and terrain in a 1 km � 1 kmpixel footprint, as viewed from spa
e. After Fig. 3.8 in Ref. [98℄. Used with permission. Copyrightby The Aerospa
e Corporation.modeled is 65 s after laun
h. A bene�t of this delay is that it would give the defense a good
han
e of seeing �rst-stage burnout and se
ond-stage ignition, if the target were indeed asolid-propellant ICBM.Our liquid-propellant ICBM model rea
hes an altitude of 10 km about 50 s after it islaun
hed. At this point it is only 5 km downrange and is moving mu
h more slowly than thesolid-propellant ICBMs are at this altitude. We therefore estimate that �ve or six separatedete
tions would probably be needed to 
on�rm that the SWIR sour
e produ
ed by ICBMslike this model is the exhaust plume of a large ro
ket and to estimate its traje
tory wellenough to 
onstru
t a �ring solution. We therefore estimate that the earliest time a �ringsolution 
ould reliably be 
onstru
ted using DSP data on liquid-propellant ICBMs like theone we modeled is 80 s after laun
h.The analysis in the next se
tion shows that a �ring solution 
ould probably be 
on-stru
ted 
onsiderably earlier using data from a modern spa
e-based missile warning andtra
king system.Subsequent tra
king using DSP On
e inter
eptors are �red, they must be supplied up-dates on the developing traje
tory of the target ro
ket and on their own 
ight toward thepredi
ted inter
ept point. The tra
king data supplied by the DSP system are likely to beinadequate for two reasons. First, the 1-km pre
ision and 0.1-Hz rate with whi
h the DSPsystem samples the traje
tories of the target and inter
eptor are probably inadequate to
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king Missiles in Powered Flightguide the inter
eptor eÆ
iently. Se
ond, the DSP sensors may not be able to see the ro
ket'sexhaust plume with suÆ
ient signal-to-noise ratio when the ro
ket is in the trough region.We have not 
arried out a detailed analysis of the e�e
ts of DSP's 0.1-Hz sampling rate andof the trough, but we expe
t they would in
rease signi�
antly the required velo
ity-
hange
apability of the kill vehi
le and its booster, whi
h would in turn in
rease the weight ofthe kill vehi
le and the booster. A \seeker" on the kill vehi
le would not help, be
ause it
ould not begin tra
king the plume until the kill vehi
le has rea
hed the altitude (� 100 km)where atmospheri
 fri
tion is suÆ
iently low that the seeker window 
ould open and theseeker 
ould begin operating (see Se
tion 10.3.1). The latter points are illustrated by 
on-sidering engagements of the three ICBM models presented in Chapter 15 by the 6.5-km/sand 10-km/s inter
eptors presented in Chapter 16.If the target is a rapidly-rising solid-propellant ICBM, like models S1 or S2, and theonly available spa
e-based tra
king system is the DSP then, as dis
ussed above, inter
eptorsprobably 
ould not be �red until about 65 s after the ICBM were laun
hed. These ICBMswould drop their �rst stages 60{65 s after laun
h, would enter the trough region at about80 s, and would emerge at about 95 s. If the kill vehi
le were lofted by either the 6.5-km/sor the 10-km/s inter
eptors and its seeker began operating at an altitude of 100 km, theseeker would open about 65 s after the inter
eptors were laun
hed, about 130 s after theICBM laun
h. By this time, these ICBMs would have already passed through the troughregion.If instead the target is a slowly-rising liquid-propellant ICBM, like model L, inter
eptorsprobably 
ould not be �red until about 80 s after the ICBM laun
h. This ICBM would enterthe trough region about 115 s after laun
h, would drop its �rst stage at 120 s, and wouldemerge from the trough at about 135 s. If the kill vehi
le were lofted by either the 6.5-km/sor the 10-km/s inter
eptors and its seeker began operating at an altitude of 100 km, theseeker would open about 65 s after the inter
eptors were laun
hed, or about 145 s after theICBM laun
h. By this time, ICBM model L would also have passed through the troughregion.We 
on
lude that although the DSP system 
ould provide laun
h dete
tion and initialtra
king, its sampling rate would be too low to support eÆ
ient 
ommand guidan
e ofboost-phase inter
eptors. The DSP system likely would have to be supplemented by ano�-board sensor with a mu
h higher sampling rate, su
h as a radar, to enable eÆ
ient
ommand guidan
e.10.1.3 Capabilities of a modern spa
e-based sensor system|the NSBSAs noted in the previous se
tion, the DSP system is expe
ted to be repla
ed by a moremodern satellite-based missile warning and tra
king system. The system the United Statesis 
urrently developing is 
alled the Spa
e-Based Infrared System{High (SBIRS-High). Thissystem will 
onsist of a 
onstellation of satellites, with some in GEO and some in Molniyaorbits, whi
h are highly e

entri
 having the apogee (and hen
e long residen
e time) abovethe northern hemisphere of Earth. A system with the potential 
apabilities of SBIRS-High
ould make a 
riti
al 
ontribution to the fun
tioning any boost-phase inter
ept system. The�rst six satellites of this system are 
urrently s
heduled to be in pla
e by 2008 [104℄, althoughre
ent te
hni
al problems may delay their deployment, as noted previously. Nevertheless,the initial 
omplement of satellites is likely to be deployed within the next ten years. Wetherefore investigated the 
apabilities su
h a system 
ould have.Details of the anti
ipated performan
e of SBIRS-High are not available in the open
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tion and Tra
king S167literature. We therefore analyzed the potential performan
e of a generi
 spa
e-based IRsensor system that uses 
urrent te
hnology and 
ould be �elded with a reasonable investmentof resour
es and the 
ontribution su
h a system 
ould make to boost-phase inter
ept. For
on
iseness, we shall refer to this notional spa
e-based system as the \NSBS".NSBS sensors The NSBS we 
onsidered 
onsists of a 
onstellation of satellites in geosyn-
hronous orbits having 30-
m-diameter aperture teles
opes that image the visible disk ofEarth and near-Earth spa
e. The IR dete
tors would be 
ooled, but the opti
s need notbe. The full-Earth fo
al plane is partially populated by arrays of IR dete
tors (see, e.g.,Ref. [105℄). Currently, 320� 256 arrays of HgCdTe (MCT) dete
tors having frame rates of30 Hz or greater are 
ommer
ially available [106℄. Quantum eÆ
ien
ies are approximately80 per
ent, well depths are approximately 106 ele
trons, readout noise is �250 ele
trons,and the pixel pit
h is 30 �m.Extrapolating forward in time, a 512�512 format � 3�105-pixel array with 20-�m pixelpit
h should be available shortly [105℄. We assume that the fo
al plane of our hypotheti
alspa
e-based teles
ope is populated with 24 of these arrays, whi
h together would 
overapproximately 1/24 of Earth's visible disk. By stepping to a fresh part of Earth's disk afterea
h 33-ms frame, the whole disk 
ould be s
anned in less than 1 s. Although the di�ra
tionlimit of the NSBS in the SWIR would be less than 0.5 km at Earth's surfa
e, we 
hoosepixels with a proje
ted size of 1 km � 1 km (at nadir) to obtain a manageable pixel numberand data rate. To mat
h a 20�m� 20�m pixel to a 1 km � 1 km footprint requires a �nalfo
al ratio of f=2:8 for our 30-
m aperture.7 This system would not be di�ra
tion-limited.NSBS sensitivity For a sour
e with an SWIR luminosity of 6 kW sr�1, 
omparable to theplume luminosity of a small ro
ket early in 
ight, the NSBS would 
olle
t 7� 104 ele
tronsduring ea
h 33-ms frame, in the pixel that is on the sour
e, �lling the well to less than10 per
ent of its depth. The plume signal would 
ompete with noise in the dete
tor, thedete
tor dark 
urrent, and thermal emission from the opti
s, ba�es, and dewar window. Thedete
tor dark 
urrent de
reases exponentially with de
reasing temperature. Extrapolatingfrom Fig. 2.3 of Ref. [106℄, we estimate that for an MCT dete
tor having a 
uto� at 3.0 �mand a pixel pit
h of 20 �m, the dete
tor dark 
urrent 
an be redu
ed to 104 
ounts per pixelper 33-ms frame by 
ooling the dete
tor to 150 K, whi
h is possible using a thermoele
tri

ooler. We estimate the thermal ba
kground by assuming a 20 per
ent emissivity for thef=2:8 opti
al path, whi
h is 
onservative and in
ludes some allowan
e for warm ba�e edgesthat intrude into the otherwise 
old opti
al path. This gives 2:6�104 ele
trons during ea
h33-ms frame. For su
h a dete
tor, the plume signal ex
eeds the instrumental ba
kgroundand is more than 300 times the statisti
al (shot noise) variations in these ba
kgrounds,whi
h is 160 ele
trons per frame. When the weather is 
lear or only low 
louds are present,the signal of a plume having a luminosity of 6 kW sr�1 in the SWIR would greatly ex
eedthe ba
kgrounds themselves. The limiting sensitivity of the NSBS would therefore be setnot by noise but by 
lutter in the SWIR ba
kground, espe
ially from 
irrus 
louds at highaltitudes.7The performan
e of this system is limited by the number of dete
tors and the pixel format of ea
hdete
tor. By in
reasing these, we 
ould approa
h a proje
ted pixel size of 0.5 km (< 0:25 km 1� positionun
ertainty) and an update rate of tens of hertz. However, we have limited our design to the stated 
apabilityto maintain a reasonable fo
al-plane-array size and data volume. Although the aperture 
ould be in
reasedbeyond 30 
m in a medium-sized satellite, with a 
on
omitant improvement in its di�ra
tion limit, it wouldbe diÆ
ult to build a dete
tor array large enough to utilize this resolution over a signi�
ant part of Earth.
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threshold (kW sr    )–1Figure 10.6. Single-pixel false alarm probability as a fun
tion of threshold luminosity for the IRs
anner 
onsidered, when viewing the stressing ba
kground s
ene. The lower 
urve shows that theprobability of ex
eeding the threshold when no signal is present is approximately 10�4 per pixel fora 6 kW sr�1 threshold and a 1.8 km � 1.8 km-pixel footprint. The upper 
urve shows that at thisthreshold, the false-alarm probability is about 1,000 times higher for a 3.6 km � 3.6 km footprint.From Ref. [107℄. Used with permission. Copyright by The Aerospa
e Corporation.
A global 
loud model developed by the Aerospa
e Corporation [107℄ indi
ates that 
irrus
louds above 10 km o

ur 20 per
ent to 30 per
ent of the time over northeast Asia insummer; they are not far from the top of the water vapor layer and hen
e appear as brightspots when viewed from spa
e. These 
louds produ
e a 
omplex ba
kground, and thelimiting sensitivity in the SWIR is therefore a 
ompli
ated fun
tion of 
limatology, 
loudstru
ture, and atmospheri
 radiative transport. The expe
ted sensitivity of the postulatedNSBS 
annot be determined by an analysis simple enough to be within the s
ope of ourstudy. We therefore rely on the work of Lawrie and Lomheim [107℄, who have shown thatfor a given false-positive rate (the probability that any given pixel will yield a false alarm inone s
an), the minimum dete
table 
ux is a fun
tion of the size of the pixel footprint (seeFig. 10.6). For a 1:8� 1:8 km footprint, setting the threshold at 6 kW sr�1 yields a single-pixel false-alarm rate of 10�4, whi
h drops to 10�6 for a threshold of about 8 kW sr�1. If theproje
ted area of ea
h pixel is in
reased by a fa
tor of four, to 3:6� 3:6 km, the luminositythreshold for a 
onstant false alarm rate also in
reases by a fa
tor of four. We 
on
lude thatthe NSBS dete
tors, whi
h have pixels with footprints of 1 � 1 km, 
ould dete
t sour
eswith luminosities as low as 6 kW sr�1 with some margin of safety. We estimate that the1� un
ertainty in the position of the ro
ket would be less than 300 m (� 1 km/p12) for asampling rate of 1 Hz. By using multiple satellites to view the target, it should be possibleto determine its position in all three dimensions with this pre
ision. The pre
ision of theposition measurements and the sampling rate 
ould both be improved by adding a se
ond,high-resolution slewing teles
ope to the system, but su
h a teles
ope would not be able totra
k multiple laun
hes at widely separated lo
ations.
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tion and Tra
king S169Laun
h dete
tion and missile tra
king using NSBS As noted previously, the earliestmoment at whi
h the laun
h of a large ro
ket 
ould be 
on�rmed and the dire
tion of its
ight estimated is of great importan
e for boost-phase inter
ept systems, be
ause this is theearliest moment inter
eptors 
ould be �red. If all its sensors were tuned to the 2.7{2.9-�mH2O absorption band, the NSBS would give up the possibility of seeing the ro
ket soonerin favor of lower and more predi
table ba
kgrounds. There are windows in the IR, su
h asthose at 2.2{2.4 �m and 3.5{4 �m (see Fig. 10.4), in whi
h a spa
e-based sensor 
ould see tothe ground at the 
ost of introdu
ing ground 
lutter as a new sour
e of ba
kground. If theproblem of dete
ting the plume of a large ro
ket in the presen
e of ground 
lutter 
an besolved, 
loud 
over would determine the lowest altitude at whi
h missiles 
an be dete
ted.By this, we mean thi
k (opti
al depths greater than a few) 
louds that would stronglyattenuate the signal of the ro
ket exhaust plume, not the opti
ally thin but neverthelessbright 
louds that 
ause spurious glints in the SWIR.Consistent with the optimisti
 approa
h adopted in this study, we assume the problemof dete
ting the plume of a large ro
ket in the presen
e of ground 
lutter 
an be solved,and that 
loud 
over would then be the fa
tor limiting early dete
tion of large ro
kets.Based on the 
onsideration of 
loud 
over presented in Se
tion 10.1.2, we adopt 7 km asthe altitude at whi
h the NSBS would reliably dete
t radiation from the exhaust plumeof a large ro
ket.8 Additional data would be needed to de
lare that the signal emanatesfrom the exhaust plume of a large ro
ket, and still more data would be needed to estimatethe ro
ket's traje
tory pre
isely enough to permit 
onstru
tion of a �ring solution for theinter
eptors.We assumed that the azimuth of the ro
ket's 
urrent velo
ity is a better indi
ator of itsfuture traje
tory than the azimuth of its average velo
ity sin
e laun
h. We then estimatedin two ways the time required to gather enough data to 
onstru
t a �ring solution. First, weestimated that by the time the ro
ket plume had moved ten pixels from the point at whi
hits IR signal was �rst dete
ted, the 
urrent azimuth of its traje
tory 
ould be determinedpre
isely enough to �re inter
eptors. Se
ond, we used tuned polynomial tra
king �lters toestimate the pre
ision with whi
h the azimuth of the target 
ould be estimated to within7Æ from target positions measured on
e a se
ond with a 1� un
ertainty of < 300 m. Bothapproa
hes gave approximately the same results.As noted previously, our solid-propellant ICBM models S1 and S2 require 30 s to rea
han altitude of 7 km. At that time, they are about 7 km downrange from the laun
h point.We believe that using a system like NSBS, the traje
tories of ICBMs like these 
ould beestimated with suÆ
ient pre
ision to 
onstru
t a �ring solution about 15 s later, when theyhave rea
hed an altitude of 16 km and are about 20 km downrange. We therefore adopt45 s after laun
h as the earliest time a �ring solution 
ould reliably be 
onstru
ted. The�rst stages of ICBMs like these would still be burning at this time, so the defense wouldnot have any staging events to help identify the type the ro
ket.Our liquid-propellant ICBM model rea
hes an altitude of 7 km and is about 3 kmdownrange 45 s after it is laun
hed. We estimate that using a system like NSBS, thetraje
tories of ICBMs like this one 
ould be estimated with suÆ
ient pre
ision to 
onstru
ta �ring solution about 20 s later, when the missiles have rea
hed an altitude of 16 km and areabout 11 km downrange. We therefore adopt 65 s after laun
h as the earliest time a �ringsolution 
ould reliably be 
onstru
ted|55 s before the �rst stage of our liquid-propellant8We again emphasize that by \dete
tion" we mean that the plume would produ
e a bright pixel. Furtherdata would be needed to de
lare the existen
e of a large ro
ket in powered 
ight.



S170 Chapter 10. Dete
ting and Tra
king Missiles in Powered FlightICBM model burns out.Tra
king ro
kets through the trough It is possible that low-luminosity plumes might belost as they move into the trough region, where their luminosity 
ould be
ome as low as� 3 kW sr�1 in the SWIR. This potential problem is ameliorated by the fa
t that a mu
hlarger per-pixel false alarm rate 
an be a

epted on
e a missile's tra
k has been established,be
ause the number of pixels of interest drops from the number in the entire �eld to thefew pixels where the ro
ket plume might reasonably next appear. Various signal-pro
essingte
hniques, su
h as frame-to-frame subtra
tion, 
ould help to a
hieve this sensitivity.If a detailed analysis shows that there is a sensitivity problem for missiles within thetrough region, the NSBS 
ould employ a se
ond teles
ope having a single high-resolutionarray that slews to tra
k the ro
ket exhaust plume 
ontinuously. In this 
ase, the system
ould provide position updates with a 30-Hz or greater frame rate, and 
lutter 
ould beredu
ed further by using the full di�ra
tion resolution of the teles
ope. For a 30-
m slewingsensor, the 0.5-km di�ra
tion limit in the SWIR should redu
e the 
lutter signal by afurther fa
tor of 4, 
ompared with the postulated survey instrument on NSBS. This 30-
m teles
ope would be mounted on the same platform as the surveillan
e system dis
ussedabove and independently pointed by a two-axis pointing system. Be
ause the mass of su
ha teles
ope would in
rease at least with the square of its aperture, and its moment of inertiawould in
rease at least with the 
ube of its aperture, if the size of su
h an instrument werein
reased signi�
antly, its pointing motion 
ould seriously perturb the attitude of the mainspa
e
raft. We therefore sele
ted 30 
m as a reasonable estimate of a feasible aperture.10.1.4 Summary of spa
e-based dete
tion and tra
kingFrom the analysis in this se
tion, we rea
hed the following 
on
lusions.DSP 
apabilities We 
on
lude that the DSP 
ould reliably dete
t ro
kets by the timethey rea
h an altitude of 10 km, whi
h o

urs 35 s after the laun
h of our solid-propellantICBM models S1 and S2 and 52 s after the laun
h of our liquid-propellant ICBM model.We shall assume that a �ring solution 
ould be 
onstru
ted using DSP data no earlier than65 s after the laun
h of solid-propellant ICBMs like models S1 and S2 and 65 s after thelaun
h of liquid-propellant ICBMs like model L. We emphasize that our assumption thatinter
eptors 
ould be �red this early represents a very optimisti
 bounding 
ase.Although the DSP system 
ould lo
ate the exhaust plume of an ICBM in three di-mensions with a 1�-un
ertainty of 1 km on
e every 10 s until the ro
ket entered the troughregion, this sampling rate would be too low to support eÆ
ient 
ommand guidan
e of boost-phase inter
eptors. Consequently the DSP system likely would have to be supplemented byan o�-board sensor with a mu
h higher sampling rate, su
h as a radar, to enable eÆ
ient
ommand guidan
e.Modern spa
e-based 
apabilities In 
ontrast to DSP 
apabilities, we 
on
lude that a mod-ern spa
e-based laun
h-dete
tion and missile-tra
king system 
ould reliably dete
t ro
ketsby the time they rea
h an altitude of 7 km, whi
h o

urs 30 s after the laun
h of our solid-propellant ICBM models S1 and S2 and 45 s after the laun
h of our liquid-propellant ICBMmodel. We 
on
lude further that a �ring solution 
ould be 
onstru
ted using data from amodern spa
e-based tra
king system no earlier than 45 s after the laun
h of solid-propellantICBMs (like models S1 and S2) and 65 s after the laun
h of liquid-propellant ICBMs (like
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king S171model L). Again, our assumption that inter
eptors 
ould be �red this early represents avery optimisti
 bounding 
ase.Also in 
ontrast to DSP, a modern spa
e-based laun
h-dete
tion and missile-tra
kingsystem 
ould lo
ate the exhaust plumes of large ro
kets in three dimensions with a 1�-un
ertainty of < 300 m on
e a se
ond, suÆ
ient to support 
ommand guidan
e of inter
ep-tors during their 
yout.10.2 Radar Tra
kingGround-, sea-, or air-based radars 
ould be used to supplement spa
e-based IR sensors fordete
ting and tra
king missiles in their boost phase, thus providing additional informationand 
reating a more robust system. Radar 
an dete
t a missile as soon as it as
ends abovethe radar's horizon and, like spa
e-based IR sensors, 
an provide tra
king information onboth the missile and the inter
eptor. The radar's sensitivity and a

ura
y depend on thetransmitted power, the 
ross se
tion for re
e
tion, the antenna properties, and propagatione�e
ts. In the following se
tions, we analyze the performan
e that radars would needto support boost-phase inter
ept for ICBMs and evaluate the ability of several 
urrentlyoperational radars to meet these requirements. We also 
onsider the 
apabilities of enhan
edversions of several existing systems. We assume that other sensors are used for targetdesignation, so the radar does not have to perform a wide-area sear
h.10.2.1 The power-aperture produ
t required for a sear
hFor a radar station to dete
t the laun
h of a missile within a given volume, the produ
tof its average radiated power Pav and the e�e
tive re
eiving aperture Ar must satisfy thesear
h radar equation PavAr = 4�	sR4mkTsDLsts�F 4 ; (10.1)where 	s is the solid angle to be sear
hed, Rm is the maximum sear
h range in meters, k isBoltzmann's 
onstant in J/K, Ts is the system noise temperature in K, D is the dete
tabilityfa
tor (the signal-to-noise power ratio required for dete
tion), Ls is the total sear
h loss, tsis the sear
h frame time in se
onds, � is the radar 
ross se
tion (RCS) of the target in m2,and F is the pattern-propagation fa
tor for the path. These quantities have the followinginterpretations.Solid angle of sear
h 	s. This solid angle is de�ned as the produ
t of the azimuth se
torwidth Am and the sines of the maximum and minimum elevation angles, �m and �o, i.e.,	s = Am(sin �m � sin �0). For a narrow beam above the horizon, 	s � Am�e, where �eis the elevation beam width. We assume that the sear
h frame time ts is short enough,and the dete
tion probability Pd high enough, that the target will be dete
ted before it haspassed through the elevation beam width.Range Rm. In the 
ase of dete
tion early in the boost-phase, the range 
an be taken asthe distan
e from the available radar site (often 
o-lo
ated with the inter
eptor battery) tothe target laun
h site, sin
e the range to the target will 
hange only slightly between laun
hand the required time of dete
tion.
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ting and Tra
king Missiles in Powered FlightSystem noise temperature Ts. This temperature is set by the re
eiver noise �gure andthe 
ontributions by the atmosphere and the surfa
e, as seen by the antenna. A value of500 K may be assumed for a low-noise re
eiver when the antenna beam grazes the surfa
e.Dete
tability fa
tor D. This fa
tor must be set to provide a suÆ
iently high 
umulativeprobability of dete
tion P
 before the target passes through the beam. Typi
ally, with aphased-array radar that 
an s
an at an arbitrarily high rate, two s
ans will be made duringthe time of target passage. If the probability of dete
ting on a single s
an is Pd = 0:9, thenP
 = 1 � (1 � Pd)2 = 0:99. This requires D = 20:9 = +13:2 dB on a steady target. For
u
tuating targets, a 
u
tuation loss Lf must be in
luded as a 
omponent of the sear
hloss Ls.Sear
h loss Ls. This fa
tor will be evaluated for ea
h radar 
ase dis
ussed below.Sear
h frame time ts. This time will be determined by the verti
al velo
ity pro�le of thetarget and the range, as will be dis
ussed later.Radar 
ross se
tion of the target �. The RCS of various ICBMs are dis
ussed in thefollowing se
tion.Pattern-propagation fa
tor F . This fa
tor depends on the surfa
e and the beam widthand elevation angle, but may be assumed unity for a narrow beam elevated to pla
e itslower edge above the horizon.10.2.2 Estimated radar 
ross se
tions for illustrative ICBMsThe 
ountries of 
on
ern in this study have neither tested nor deployed any ICBMs. Thedetailed 
hara
teristi
s of the ICBMs they may deploy at some time in the future aretherefore unknown. Consequently it is not possible to evaluate the radar requirements fora boost-phase defense system using detailed models. However, a review of available theoryand data shows that, with rare ex
eptions, dete
tion would o

ur when the aspe
t angle ofthe missile is some tens of degrees away from beam aspe
t. In these intermediate se
tors, amissile's RCS depends on the shape of the nose 
one and on small features in the missile'sshape (e.g., the edges of the booster or engine stru
ture, the presen
e or absen
e of �ns orantennas, et
.), rather than on the regular s
attering from 
ylindri
al or 
oni
al surfa
es.We have 
hosen to estimate the sizes of the radar 
ross se
tions that may be en
ounteredand illustrate possible variations with aspe
t using the RCS of the Chinese DF-5 and theU.S. Minuteman III missile. We have used the average RCS of these missiles at the relevantaspe
ts to estimate the radar performan
e requirements needed to support boot-phase in-ter
ept systems. Outlines of these two ICBMs are shown in Fig. 10.7. The liquid-propellantDF-5 appears to have a slightly rounded tip on a 
oni
al nose 
one, and a 
ylindri
al two-stage booster. The small irregularities along the missile will dominate the RCS in most ofthe forward hemisphere, whereas s
attering from the motors will set the level in the tailhemisphere. A peak in the RCS will appear when the missile is viewed normal to its 
oni
alnose surfa
e. The solid-propellant Minuteman III has an ogive nose 
one atta
hed to a
ylindri
al third stage that has the same radius as the se
ond stage. A 
oni
al transition
onne
ts the se
ond stage to the �rst stage, whi
h has a larger radius. The ogive surfa
e
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Minuteman IIIFigure 10.7. Outlines of the two ICBMs used to illustrate missile radar 
ross se
tions and analyzeradar performan
e requirements. See [108, 109℄.generates a plateau in the RCS just forward of the beam-aspe
t peak, tending to mask thepeak 
aused by the 
oni
al transition se
tion.Our estimates of the average RCS of the DF-5 and Minuteman III for S-band radars areshown in Fig. 10.8, as a fun
tion of aspe
t angle (from nose aspe
t). In both 
ases, the RCStends toward 
onstant levels, subje
t to lo
al 
u
tuations, when the missiles are viewedfrom the nose and tail hemispheres, whi
h are determined by the nose 
one shape and theirregularities visible to the radar. In general, the RCS is larger in the rear hemisphere, wherethe motor is ne
essarily exposed. In the nose hemisphere, the RCS during se
ond-stageboost is just greater than 0.1 m2 for both targets. The RCS of the DF-5 is dominated byirregular features, whereas the RCS of the Minuteman III is dominated by the rounded nosetip. Su
h details 
annot be predi
ted in advan
e for future enemy missiles. Consequently,arbitrary assumptions must be made about the average RCS. We shall assume that theS-band RCS is generally between 0.1 m2 and 1 m2 in the nose hemisphere and between1 m2 and 5 m2 in the tail hemisphere. In all 
ases, the RCS tends to de
rease as stages aredis
arded.The ability of a radar system to dete
t and tra
k a missile during its boost phasedepends on the missile's traje
tory. The main purpose of the analysis in this 
hapter is tosupport the simulations of boost-phase engagements of the slowly rising liquid-propellantICBM model L and the faster-rising solid-propellant ICBM models S1 and S2, des
ribed inChapter 12 and Appendix C. The properties of the traje
tories of these ICBMs that areimportant for sear
hes by radars were 
omputed using the 
yout traje
tories des
ribed inChapter 15. Their average RCS at the relevant aspe
ts was estimated as just des
ribed.The traje
tory properties relevant to sear
hes by land- and ship-based radars are listed inTable 10.1.
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Figure 10.8. Estimated average S-band radar 
ross se
tions of the liquid-propellant ICBM model L(left) and the solid-propellant ICBM models S1 and S2 (right) as fun
tions of aspe
t angle from thenose. (The s
ale is logarithmi
: dBsm = 10 log10(radar 
ross se
tion / 1 m2)Table 10.1. ICBM Traje
tory Parameters for Land- and Ship-Based RadarsParameter Liquid SolidsStando� distan
e from radar site to missile laun
h site (km) 800 1,000Time from laun
h to radar horizon (s) 106 87Maximum horizon range from radar (km) 747 887Verti
al velo
ity at horizon (km/s) 0.8 1.3Pit
h angle at horizon (deg from horizontal) 28 23Aspe
t angle at horizon (deg from nose) 34 31Elevation rate at horizon (rad/s) 0.0011 0.0015The elevation rates and s
an times for the radars we 
onsidered were 
omputed asdes
ribed in Appendix C from the 
yout traje
tories des
ribed in Chapter 15. The 
urvatureof Earth blo
ks distant ground- and ship-based radars from seeing missiles early enough toa�e
t the de
ision to laun
h inter
eptors, but these radars 
ould provide tra
king data laterin the missile's boost phase and hen
e 
ould potentially 
ontribute to 
ommand guidan
eof the inter
eptor during its boost phase and to the initial phase of the kill vehi
le's 
ight.A forward-based phased-array airborne radar 
ould provide laun
h dete
tion as well astra
king data.10.2.3 Land-based radarsThe THAAD radar The THAAD multifun
tion X-band radar is designed for use in theTheater High-Altitude Area Defense (THAAD) system. This U.S. Army ground-based radaris an air-transportable system intended for both sear
h and �re 
ontrol. Its performan
ehas been demonstrated over the past several years at White Sands Missile Range. It isanalyzed here as the �re 
ontrol element in a possible boost-phase missile defense system,where it would re
eive target designation data from an external sour
e. This analysis is
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king S175Table 10.2. Theater High-Altitude Area Defense(THAAD) Radar Chara
teristi
saParameter ValueOperating Frequen
y 9.5 GHzWavelength 3.2 
mPhysi
al aperture area 9.2 m2E�e
tive aperture area 6 m2Number of a
tive elements 25,344Re
eiving gain (with weighting) 76,000Azimuth beam width 0:6ÆElevation beam width 0:8ÆS
an se
tor 90ÆSear
h solid angle (one line) 0.011 srModule peak power 10 WModule average power 2.1 WTotal average power 54 kWPower-aperture produ
t 324 kWm2Noise temperatureb 500 KEquipment loss (beam 
enter) 2.8 dBExtra loss in sear
h 7.2 dBAtmospheri
 lossb;
 5.5 dBTotal sear
h lossb 15.5 dBaSee [110℄ and [111℄.bAt 0.5Æ elevation for 90Æ s
an se
tor. Additional lossmay apply to longer dwells in small se
tors.
For 
lear-air 
onditions.based on open-sour
e literature and open-sour
e information briefed to the Study Group.The estimated performan
e 
hara
teristi
s of the THAAD radar are listed in Table 10.2.As shown in Table 10.3, the THAAD radar, with a power-aperture produ
t of 324 kWm2,meets the requirement for dete
tion at the horizon of the slower liquid-propellant ICBMTable 10.3. THAAD Performan
e Requirements for ICBM Sear
hesParameter Liquid SolidsTarget nose-aspe
t RCS at horizon (m2) 0.45 0.094Time in THAAD elevation beam width (s) 9.0 6.0Allowable sear
h frame time for two s
ans on the targets (s) 4.5 3.0Required power-aperture produ
t (kW m2) 53 602
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ting and Tra
king Missiles in Powered Flightmodel at a stando� distan
e of 800 km and is within 2.7 dB for dete
tion of the faster solid-propellant ICBM models at a stando� distan
e of 1,000 km, under 
lear-air 
onditions.An enhan
ed THAAD radar The THAAD radar is 
lose to meeting the requirements fordete
ting and tra
king the liquid- and solid-propellant ICBM models at stando� distan
esof 800{1,000 km. It is therefore reasonable to postulate that a minor enhan
ement, eitherthrough use of higher module average power or a slightly larger aperture, would supporthorizon dete
tion from a radar 
o-lo
ated with the maximum-range inter
eptor laun
her.The enhan
ed radar would presumably remain air-transportable. Allowing for non-
lear air
onditions, e.g., intervening rain between the radar and the target, would require severalmore de
ibels. Su
h enhan
ed 
apability 
ould be a

omplished by a doubling of aperturearea and number of modules whi
h might require larger air
raft for transportation.10.2.4 Shipboard radarsThe AN/SPY-1B (Aegis) radar is a referen
e point for shipboard anti-ballisti
 missile(ABM) radars. Its estimated performan
e 
hara
teristi
s are listed in Table 10.4. We esti-mated the performan
e needed to sear
h for and tra
k the liquid-propellant model ICBMat a stando� distan
e of 800 km from the ICBM laun
h site and the solid-propellant modelsat a stando� distan
e of 1,000 km. The relevant ICBM traje
tory parameters are listed inTable 10.1. The AN/SPY-1B performan
e requirements are listed in Table 10.5.Assuming that the entire resour
es of the radar are available for a horizon sear
h, theavailable 700-kW m2 power-aperture produ
t of AN/SPY-1B, a multi-fun
tion radar of theU.S. Aegis system, is adequate to provide horizon dete
tion at the maximum inter
eptorstando� distan
e for the slower liquid-propellant ICBM and for the faster solid-propellantICBMs. To meet the requirement for the solid-propellant ICBMs and provide some marginfor operational 
exibility, an enhan
ed Aegis radar with a 3- to 6-dB in
rease in the power-aperture produ
t 
ould be used.10.2.5 Airborne radarsThe AWACS AN/APY-2 airborne radar The existing AWACS AN/APY-2 airborne S-band radar provides a baseline for 
onsidering laun
h dete
tion and tra
king of missiles byairborne radars. Table 10.6 lists the estimated performan
e 
hara
teristi
s of this radar,and Table 10.7 shows the requirements for dete
ting the liquid-propellant ICBM model atthe horizon for a stando� distan
e from the air
raft to the missile laun
h site of 800 kmand the solid-propellant ICBM models for a stando� distan
e of 1,000 km. The RCS seenby AWACS di�ers slightly from that by the Aegis be
ause the missile attitude and aspe
tangle di�er for the horizon as seen from the elevated radar.The AWACS s
ans a full 360Æ in azimuth and has an elevation beam width of 5Æ, makingits sear
h solid angle 13 times greater than that of the AN/SPY-1B, even if the latter wereto s
an a 90Æ se
tor. Consequently, the power-aperture requirements for dete
tion at thehorizon at the maximum inter
eptor stando� distan
e are unreasonable. We therefore
omputed the performan
e requirements for a more realisti
 stando� distan
e of 300 kmfrom the air
raft to the target missile's laun
h site. The radar would provide 
overage to thesurfa
e and would therefore see ground 
lutter, in
luding moving surfa
e vehi
les. Thus aDoppler reje
tion not
h would have to be applied to reje
t targets moving at radial velo
itiesless than about 40 m/s. The resulting delays in target dete
tion and the minimum altitudes
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king S177Table 10.4. AN/SPY-1B Radar Chara
teristi
saParameter ValueOperating Frequen
y 3.3 GHzWavelength 9.1 
mPhysi
al aperture area 12 m2E�e
tive aperture area 12 m2Number of a
tive elements 5,600Re
eiving gain (with weighting) 14,000Azimuth beam width 1:6ÆElevation beam width 1:5ÆS
an se
tor 90ÆSear
h solid angle (one line) 0.020 srTotal average power 58 kWPower-aperture produ
t 700 kW m2Noise temperatureb 500 KEquipment loss (beam 
enter) 2.8 dBExtra loss in sear
h 7.2 dBAtmospheri
 lossb;
 3.2 dBTotal sear
h lossb 13.2 dBaSee [112℄.bAt 0.5Æ elevation.
For 
lear-air 
onditions.Table 10.5. AN/SPY-1B Performan
e Requirements for ICBM Sear
hesParameter Liquid SolidsTarget nose-aspe
t RCS at horizon (m2) 0.48 0.1Time in Aegis elevation beam width (s) 16 11Allowable sear
h frame time for two s
ans on the targets (s) 8 5.5Required power-aperture produ
e (kW m2) 58 708
for dete
tion would be as shown in Table 10.8. Additional delay averaging ts=2 = 6 s wouldresult from the slow s
an rate, but dete
tion 
ould be early enough to provide the initialwarning, and subsequent tra
king in range and azimuth 
ould support an inter
eptor laun
hde
ision. Only 
oarse elevation data would be available from this radar. Consequently,it 
ould not support 
ommand guidan
e of the inter
eptor or kill vehi
le. The radar'sperforman
e is more than 10 dB below the minimum performan
e to dete
t and tra
k therapidly a

elerating solid-propellant ICBM models.
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ting and Tra
king Missiles in Powered FlightTable 10.6. AN/APY-2 Radar Chara
teristi
sParameter ValueOperating Frequen
y 3.3 GHzWavelength 9.1 
mPhysi
al aperture area 6 m2E�e
tive aperture area 3.3 m2Re
eiving gain (with weighting) 5,000Azimuth beam width 1:0ÆElevation beam width 5:0ÆS
an se
tor 360ÆSear
h solid angle (one line) 0.55 srTotal average power 30 kWPower-aperture produ
t 100 kW m2Noise temperaturea 650 KEquipment loss (beam 
enter) 9.0 dBExtra loss in sear
h 5.0 dBAtmospheri
 lossa;b 3.2 dBTotal sear
h lossa 17.2 dBaFor 0.5Æ elevation.bFor 
lear-air 
onditions.Table 10.7. AN/APY-2 Performan
e Requirements for ICBM Sear
hesParameter Liquid SolidsStando� distan
e (km) 800 1,000Target nose-aspe
t RCS at horizon (m2) 0.59 0.1Elevation rate at horizon (rad/s) 0.0005 0.0009Time in AWACS elevation beam width (s) 63 48Sear
h frame time (�xed) (s) 12 12Required power-aperture produ
t (kW m2) 25,000 480,000A phased-array AWACS radar The performan
e 
hara
teristi
s of a postulated S-bandphased-array AWACS radar are shown in Table 10.9. The major advantages of the arrayare the larger aperture, the ability to hold the s
an se
tor within 90Æ� 1:6Æ, to perform thes
an at any required rate, and to provide subsequent tra
king data in all three 
oordinates.The required power-aperture produ
ts for the two ICBM models as they rise above thehorizon at their maximum stando� distan
es are shown in Table 10.10. The performan
eneeded to dete
t and tra
k the slower-rising liquid-propellant ICBM at a stando� distan
e of800 km is well within the postulated 1,100 kW m2. Even at a stando� distan
e of 1,400 km,the radar would still have a 3-dB performan
e margin.The postulated phased-array AWACS would be 
apable of dete
ting the liquid-propellant
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king S179Table 10.8. AN/APY-2 Performan
e Requirements for Sear
hes at 300 kmParameter Liquid SolidTime from laun
h to minimum radial velo
ity (s) 18 4Target altitude for minimum radial velo
ity (km) 1.1 0.1Verti
al velo
ity at that altitude (km/s) 0.11 0.05Pit
h angle at that altitude (deg from nose) 72 45Aspe
t angle at that altitude (deg from nose) 72 43Target nose-aspe
t RCS at horizon (m2) 1.6 0.1Time in AWACS elevation beam width (s) 87 60Sear
h frame time (�xed) (s) 12 12Required power-aperture produ
t (kW m2) 77 2000Table 10.9. A Phased-Array AWACS RadarParameter ValueOperating Frequen
y 3.3 GHzWavelength 9.1 
mPhysi
al aperture area 35 m2E�e
tive aperture area 21 m2Number of a
tive elements 10,000Re
eiving gain (with weighting) 32,000Azimuth beam width 0:57ÆElevation beam width 1:6ÆS
an se
tor 90ÆSear
h solid angle (one line) 0.022 srModule peak power 10 WModule average power 2.1 WTotal average power 50 kWPower-aperture produ
t 1100 kW m2Noise temperaturea 650 KEquipment loss (beam 
enter) 2.8 dBExtra loss in sear
h 7.0 dBAtmospheri
 lossa;b 3.2 dBTotal sear
h lossa 13.0 dBaAt 0.5Æ elevation for 90Æ s
an se
tor. Additional lossmay apply to longer dwells in small se
tor.bFor 
lear-air 
onditions.ICBM model L from an air
raft at a stando� distan
e of 800 km, and the solid-propellantICBM models S1 and S2 at a stando� distan
e of 1,000 km. It is therefore worthwhile to
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ting and Tra
king Missiles in Powered FlightTable 10.10. Phased-Array AWACS Performan
e Requirements for ICBM Sear
hesParameter Liquid SolidsTarget nose-aspe
t RCS at horizon (m2) 0.59 0.1Elevation rate at horizon (rad/s) 0.0005 0.0009Time in AWACS elevation beam width (s) 37 20Allowable sear
h frame time for two s
ans on the targets (s) 18.5 10Required power-aperture produ
t (kW m2) 22 793determine the times after target laun
h and the altitudes at whi
h these dete
tions wouldo

ur.� Liquid-propellant ICBMAt a stando� distan
e of 800 km, dete
tion would be
ome possible when the liquid-propellant ICBM model rea
hed an altitude of 11 km, 55 s after laun
h. The phased-array AWACS radar therefore 
ould not 
ontribute to warning of the laun
h of thismissile if an IR sensor system like the NSBS des
ribed in Se
tion 10.1.3 were available,be
ause the NSBS would provide a laun
h warning about 50 s after the laun
h. If,however, only the DSP satellites were available, the phased-array AWACS 
ouldprovide the laun
h warning, be
ause the DSP system likely 
ould not do so until10{20 s later.The phased-array AWACS radar 
ould make only a marginal 
ontribution to de
idingwhether to �re inter
eptors, if the �ring do
trine were to �re as soon as a �ringsolution 
ould be 
onstru
ted and if a system like the NSBS were available. A �ringsolution 
ould probably be 
onstru
ted using only NSBS data about 65 s after themissile were laun
hed. If, however, only the DSP satellites were available or the �ringdo
trine was to wait to �re inter
eptors until some time after a �ring solution were�rst obtained, the phased-array AWACS radar 
ould 
ontribute to the de
ision to�re.At stando� distan
es shorter than 800 km, the phased-array AWACS radar 
ould byitself provide laun
h dete
tion and the tra
king data needed to de
ide whether tolaun
h an inter
eptor.� Solid-propellant ICBMsAt a stando� distan
e of 1,000 km, dete
tion would be
ome possible when the solid-propellant ICBM models rea
hed an altitude of 29 km, 55 s after laun
h. The phased-array AWACS radar therefore 
ould not 
ontribute to warning of the laun
h of thesemissiles if an IR sensor system like the NSBS, des
ribed in Se
tion 10.1.3, wereavailable, be
ause the NSBS would provide a laun
h warning about 35 s after thelaun
h. Even the DSP satellites would likely be able to provide a laun
h warning byabout 50 s after laun
h.The phased-array AWACS radar 
ould not 
ontribute signi�
antly to de
iding whetherto �re inter
eptors, if the �ring do
trine were to �re as soon as a �ring solution 
ouldbe 
onstru
ted and a system like the NSBS were available. A �ring solution 
ould
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king S181probably be 
onstru
ted using only NSBS data about 45 s after solid-propellant mis-siles like these were laun
hed. If, however, only the DSP satellites were availableor the �ring do
trine was to wait to �re inter
eptors until some time after a �ringsolution were �rst obtained, the phased-array AWACS radar 
ould potentially 
on-tribute to the de
ision to �re. If the phased-array AWACS radar 
ould be stationedsomewhat 
loser to the missile laun
h site, it 
ould 
ontribute to the de
ision whetherto �re inter
eptors. At stando� distan
es of 750 km or less, dete
tion would o

urearly enough to support an inter
eptor laun
h de
ision.The above 
onsiderations of performan
e of a phased-array AWACS system are basedon a postulated system. However su
h a system is not likely to be available withinthe ten-year time horizon of this study and hen
e we do not 
onsider su
h a systemin our �ndings.10.2.6 Sour
es of error in inter
eptor guidan
e using radarsRadar tra
king errors Radar tra
king 
an be initiated after the target has been dete
tedby the radar operating in a sear
h mode, or after it has been dete
ted by an external sensorif the target is above the radar horizon. In the latter 
ase, a tra
king radar or phased arrayneed s
an only a small solid angle to a
quire the target, whi
h extends the a
quisition rangebeyond the range that would apply if a larger se
tor had to be sear
hed. For 
ommandguidan
e of an inter
eptor in an engagement in whi
h both the target and the inter
eptor aretra
ked by the radar, many error 
omponents 
an be negle
ted be
ause they are 
orrelatedbetween the two tra
ks, and hen
e will not a�e
t their relative position and the ability ofthe radar to support target a
quisition by the on-board seeker. The remaining errors to beestimated are as follows.Thermal noise For an adequate single-pulse signal-to-noise ratio (S=N > 4) this error is��t = �3kmp2(S=N)n ; (10.2)where �3 is the half-power beam width, km � 1:5 is the monopulse error slope 
onstant,and n is the number of pulses integrated in the tra
king loop time 
onstant. Errors for datapoints separated by more than this 
onstant will be un
orrelated.Flu
tuating target noise This additional noise 
omponent results from the use of single-pulse normalization of the monopulse error signal on a 
u
tuating target [113, p. 412℄. It
an be approximated by the relationship��f = �32(S=N + 5)1:5 : (10.3)Errors for data points separated by more than the time 
onstant will be un
orrelated. Theremay be signal pro
essing te
hniques that would permit this error 
omponent to be redu
ed,espe
ially if the tra
king of a single target is allo
ated most of the radar's resour
es (averagepower and time), as has been assumed here. However, if the resour
es allo
ated to tra
kinga given target are less than about 50 per
ent of the total, the errors 
al
ulated here areoptimisti
.
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ting and Tra
king Missiles in Powered FlightPhase quantizing noise The digital 
ontrol of phase shifters with m-bit quantization in-trodu
es an angle error [114, p. 197℄ ��q = 1:12�32mpnT ; (10.4)where T is the number of phase-shifting elements in the array. The single-pulse varian
eof errors un
orrelated at ea
h new beam-steering 
ommand is redu
ed by n, the number ofbeam positions during the tra
king-loop time 
onstant.Multipath In elevation tra
king of a target at angle �t within a few beam widths of thehorizon, surfa
e re
e
tions introdu
e a multipath error [113, p. 526℄, whi
h 
an be approx-imated by ��m = 0:02�e(�t=�e)2 ; �t > �e=4 ; (10.5)where �e is the half-power beam width in elevation. Below �e=4, the tra
k be
omes inde-terminate and no spe
i�
 error 
an be de�ned. This error will be 
orrelated over periodsmeasured in se
onds, and hen
e 
annot be redu
ed by smoothing over intervals useful inguidan
e appli
ations.Tropospheri
 refra
tion A bias error in elevation due to tropospheri
 refra
tion 
an be
orre
ted using a measured value of refra
tivity at the radar site. A residual error of 5per
ent of the original bias 
an be expe
ted, approximated by [113, p. 306℄��p = Ns 
ot �t � htht + 11� rad � 0:313 
ot �t � htht + 11� mr; (10.6)where Ns is the surfa
e refra
tivity in N -units and ht is the target altitude in km.Tropospheri
 
u
tuation Random inhomogeneities in the troposphere will 
ause slow 
u
-tuations in the measured angle of arrival in both 
oordinates, approximated by [113, p. 369℄�o� = 0:44 � 10�3pRah1=4a ; (10.7)where Ra is the length of the tropospheri
 path and ha is the verti
al extent of the antennaaperture, both measured in meters.These six error 
omponents are un
orrelated; the total elevation error is the squareroot of the sum of squares of these errors. Four of these 
omponents will similarly add todetermine the total azimuth error.10.2.7 Error analysis for sele
ted radar systemsTHAAD Using the THAAD radar parameters given in Tables 10.1 and 10.2, the angletra
king errors for the target liquid-propellant and solid-propellant ICBM models have been
al
ulated with the results shown in Fig. 10.9. The in
reased error for the liquid-propellantICBM model at t = 120 s is 
aused by the redu
tion in its RCS when its �rst stage isdis
arded.
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king errors vs. time for the liquid-propellant ICBM model (left) and thesolid-propellant ICBM models (right).AN/SPY-1B Using the AN/SPY-1B parameters given in Tables 10.4 and 10.5, the angletra
king errors for the liquid- and solid-propellant ICBM models were 
omputed for a 1-se
ond tra
king loop time 
onstant, with the results shown in Fig. 10.10.AWACS Phased array radar Using the parameters given in Tables 10.9 and 10.10, theangle tra
king errors for the slow-burn and fast-burn targets have been 
al
ulated, also for1-se
ond tra
king loop time 
onstant, with the results shown in Fig. 10.11. In all 
ases, thelarge initial noise errors are 
aused by the low signal-to-noise ratio entering into Eqs. 10.2and 10.3, whereas the large initial elevation bias are 
aused by multipath propagation andthe un
orre
ted portion of tropospheri
 refra
tion.10.2.8 Countermeasures to radar tra
kingAll of the ICBMs 
onsidered here would be dete
table to any of the radars dis
ussed whenthe missiles rise above the horizon; hen
e a logi
al 
ountermeasure would be to in
lude inthe �nal stage of the missile one or more barrage noise jammers. Su
h jammers would denyrange information to the radar, for
ing it to tra
k in angle only and to rely on triangulation
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king errors vs. time for the liquid-propellant ICBMmodel (left) and the solid-propellant ICBM models (right).with another sensor to determine the range for 
ommand guidan
e of the inter
eptor duringits 
yout.The intent of the barrage jammer is to raise the noise level in the radar re
eiver highenough to prevent dete
tion of the e
ho signal. Sin
e the required signal-to-noise ratio forradar dete
tion is normally about a fa
tor of 100, i.e., +20 dB, introdu
tion of broadbandnoise jamming at a level 20 dB above the re
eiver noise would be suÆ
ient to preventdete
tion of the e
ho signal. The equation for jamming power density in the radar re
eiveris J0 = (PjGj=Bj)� (Ar=4�R2j ) ; (10.8)where Pj is the jammer power, Gj is the jammer antenna gain toward the radar, Bj is thejammer noise bandwidth, Ar is the radar re
eiving aperture, and Rj is the range of thejammer from the radar. It is assumed that the radar beam is pointed dire
tly toward thejammer, and losses are negle
ted.Consider a small jammer pa
kage with the following 
hara
teristi
s: Pj = 10 W; Gj =10; and Bj = 300 MHz.When operating against the Aegis AN/SPY-1B, with Ar = 9 m2 from a range Rj =740 km, the jamming density would be J0 = 4:36�10�19 W=Hz = �183:5 dB(W=Hz) 
om-pared with a noise level N0 = kTs = (1:38�10�23 W=Hz K)�500 K = 6:9�10�21 W=Hz =�201:6 dB(W=Hz). The jamming-to-noise ratio for this 
ase is a fa
tor of 63, i.e., +18 dB,preventing e
ho dete
tion.If a greater margin of performan
e were 
onsidered ne
essary, the low jammer powerof 10 W 
ould readily be in
reased without pla
ing a burden on the jammer installation.The 10-dB antenna gain 
ould be obtained with a simple 
avity antenna, 
ush-mountedon the surfa
e of the �nal stage and 
overing a se
tor 90Æ in azimuth by 45Æ in elevation.This ta
ti
 would obviate the ne
essity of knowing the radar's lo
ation, while the use of the300-MHz barrage 
entered on the known frequen
y band of the Aegis radar would eliminatethe need for any spe
ial intelligen
e about the radar's frequen
y or waveform. Sin
e theantenna aperture of the Aegis radar is well known, su
h a jammer 
ould be designed withhigh 
on�den
e.
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le S18510.2.9 Forward-based radarAll of the radar systems dis
ussed in Se
tions 10.2.3{10.2.5 have signi�
ant limitationsunless they 
an be pla
ed within a range of 300 km from all potential ICBM laun
h sites.Be
ause Iran has a large land area, it 
ould laun
h missiles from sites many hundredsof kilometers inside its borders. Even radars positioned 
lose to Irans borders would beblo
ked from seeing missiles laun
hed from su
h sites by the horizon until well after they
ould be dete
ted and tra
ked by spa
e-based dete
tion and tra
king systems, diminishingthe radars usefulness. In 
ontrast, North Korea has a relatively small land area and bordersinternational waters. We therefore fo
used on the possible 
ontribution that radars deployednear North Korea 
ould 
ontribute to early dete
tion and tra
king of missiles. The 
losestthat radars 
ould be stationed to all possible laun
h sites in North Korea and be 
onsistentwith the requirement that they be at least 100 km from hostile territory is about 300 km.Examination of tables in Se
tions 10.2.3{10.2.5, plus 
onsideration of noise and multipathe�e
ts, shows that radars at this distan
e would not signi�
antly advan
e the time at whi
han ICBM laun
h 
ould be tra
ked reliably relative to tra
king by a spa
e-based system.10.3 Sensors on the Kill Vehi
leUsing passive ultraviolet (UV), short-wavelength infrared (SWIR), or medium-wavelengthinfrared (MWIR) sensors on the kill vehi
le to tra
k the exhaust plume of the target missile
ould supplement tra
king by spa
e-based sensors during the initial 
y-out of the inter
eptorand kill vehi
le and 
ould supplement or perhaps even repla
e radar tra
king, on
e the killvehi
le has rea
hed suÆ
ient altitude for these sensors to operate (see [97, 115℄). The IRemission of a ro
ket exhaust plume is more easily dete
ted by a sensor on the kill vehi
lethan by the same sensor on a satellite in GEO be
ause even at the largest stando� distan
eof interest (1,000 km), the kill vehi
le is still 40 times 
loser to the target than a satellite inGEO. The IR 
ux at the kill vehi
le is therefore 1600 times greater than at the satellite.As it 
loses on its target, the kill vehi
le must shift from homing on the plume tohoming on the ro
ket body (or the warhead, if the intent is to destroy the warhead).This shift is 
alled the plume-to-hardbody handover problem. For ICBMs laun
hed bythe states of 
on
ern for this study, knowledge of the 
hara
teristi
s of the ICBM and ofthe phenomenology of its plume may well be inadequate to allow the kill vehi
le to homereliably on the ro
ket body using only images of the plume to determine the 
orre
t aimpoint. One alternative would be to use long-wavelength infrared (LWIR) sensors on boardthe kill vehi
le to dete
t and image the ro
ket body's thermal emission. The radiationwould have to be dete
ted in the presen
e of the ba
kground LWIR emission from theplume. Another alternative would be to use a
tive sensing by the kill vehi
le to lo
ate thero
ket body. Possibilities in
lude an opti
al illuminator, as suggested by Postol [116, 117℄,or a LIDAR system. An advantage of LIDAR is that it would provide range as well as angleinformation.The approa
h we took in analyzing engagements for this study was to analyze a minimalset of sensors that 
ould reasonably be expe
ted to support su

essful inter
epts by theboost-phase inter
ept systems that we 
onsidered, rather than to attempt an analysis ofall possibilities. We �rst dis
uss the general phenomenology of ro
ket exhaust plumes atthe high altitudes relevant for kill-vehi
le homing and the stru
ture of high-altitude plumeemission in the MWIR and SWIR. To illustrate the potential 
ontribution of passive sensingby dete
tors on the kill vehi
le, we analyze a system that uses an SWIR seeker 
ued initially
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ting and Tra
king Missiles in Powered Flightby a spa
e-based laun
h warning and tra
king system like DSP or a follow-on system like theNSBS des
ribed in Se
tion 10.1. We show that an on-board SWIR seeker 
ould measurethe brightness distribution of the plume with a pre
ision adequate to allow handover toanother, shorter-range system designed to resolve and tra
k the ro
ket hardbody from arange of 100 km until inter
ept.Medium-wavelength infrared sensors may have advantages over SWIR sensors. In par-ti
ular, at high altitudes the intensity of the MWIR emission diminishes uniformly from thenozzle exit plane, fa
ilitating lo
ation of the ro
ket body. Ultraviolet sensors may also haveadvantages (see Chapter 12 of Ref. [98℄), but the performan
e of UV sensors is more diÆ-
ult to analyze using only open-sour
e information. We have 
hosen to 
onsider an SWIRsensor on the kill vehi
le be
ause su
h a sensor is simpler and, as we show below, appearsadequate to allow an on-board LIDAR to lo
ate the ro
ket body. In pra
ti
e, a suite ofUV, MWIR, and SWIR sensors would probably be more robust, espe
ially if the kill vehi
lemust 
onfront a variety of plume spe
tra and stru
tures with little advan
e information.To illustrate the potential 
ontribution of a
tive sensing by the kill vehi
le, we analyzea LIDAR system. In 
ontrast to a passive imaging system or a laser illuminator, a LIDAR
ould in prin
iple provide pre
ise range information, allowing the ro
ket body to be tra
kedin three dimensions, whi
h would have important advantages during the endgame of theinter
ept. As shown in Chapter 12, having range information is 
ru
ial for su

ess duringthe endgame.10.3.1 A notional infrared seeker on the kill vehi
leWe 
onsider now dete
tion and tra
king of the plume by a 
ooled SWIR sensor on-boardthe kill vehi
le. We assume the sensor will be 
overed during laun
h and the attempt toa
quire the target's plume will begin on
e the inter
eptor rea
hes a suÆ
ient altitude thatthe seeker's window 
an be opened and it 
an begin operating. (The atmosphere must bethin enough so that aerodynami
 heating and the resulting radiation will not overwhelm thesensor and its 
ooling system.) A seeker of the type we have analyzed 
ould begin operatingwhen the kill vehi
le rea
hes an altitude of about 100 km.Plume stru
ture at high altitudes As noted in Se
tion 10.1, the total luminosity of aro
ket exhaust plume �rst in
reases as the ro
ket exits the trough region and then de
reasessteadily as the ro
ket 
ontinues to rise, falling to an almost 
onstant \intrinsi
" or \va
uum"level at very high altitudes. Although exhaust plumes broaden at high altitudes, theyhave a bright 
entral region extending downstream from the nozzle. This 
ore 
omponentdominates the emission in the MWIR, is strongest at the exit of the ro
ket nozzle, andde
reases uniformly away from it. This phenomenology 
ould be used to lo
ate the ro
ketbody using an MWIR sensor. For ICBM se
ond stages, the MWIR luminosity of the 
oreis 1 kW/sr even for a ro
ket with a thrust of 104N, similar to those used in ICBM se
ondstages. Radiative de-ex
itation of CO2 rotational levels 
ontributes a major part of the 
oreemission in the MWIR. The rotational temperature of the CO2 is low, and 
onsequently thespe
tral distribution of the CO2 emission is quite narrow, fa
ilitating reje
tion of non-
oreba
kground using a sensor with a bandpass tuned to this band.The SWIR luminosity of exhaust plumes 
omes both from the 
ore region and from H2Oemission in the enhan
ement region where the hot plume gases mix and rea
t with atmo-spheri
 oxygen. Hen
e the SWIR emission 
omes from a broader region and is strongestdownstream from the ro
ket nozzle, as evident in Fig. 10.12, whi
h shows the measured spa-
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Figure 10.12. Contours of 
onstant SWIR spe
tral radian
e (W
m�2ster�1�m�1) in the exhaustplume of a Titan IIIC at an altitude of 110 km, 
ying with a slight angle of atta
k, and viewed atan aspe
t of about 130Æ from the nose with a fairly 
oarse (� 100 m) spatial resolution. The generalspatial stru
ture is more or less typi
al of exhaust plumes at high altitude. The peak in the intensityis about 100 m behind the ro
ket nozzle. Figure 14.8 of Ref. [98℄. See also Figs. 14.19{14.23 ofRef. [98℄. Used with permission. Copyright by The Aerospa
e Corporation.tial stru
ture of the exhaust plume of a Titan IIIC on a spa
e-laun
h traje
tory at an altitudeof about 110 km. (See also the 
omputed 
ontours shown in Fig. 5.9 of Ref. [98℄.) Althoughthe lo
ation of the ro
ket nozzle is not pre
isely known, the strongest emission appears to
ome from a region with a spatial extent of about 100 m some 100{200 m downstream fromthe nozzle. The spe
tral luminosity of the hot gas within the 10�3 W 
m�2 sr�1 �m�1spe
tral intensity 
ontour appears to be about 300 kW sr�1 �m�1.In pra
ti
e, the stru
ture and luminosity of the plume depends strongly on the missile'sthrust and angle of atta
k, the nozzle expansion ratio, and the type of propellant used. Forlarge (thrust � 105 N) liquid-propellant ro
kets, the spe
tral luminosity of the intrinsi
 
oreat 2.7 �m is typi
ally � 104 W sr�1 �m�1, 
omparable to the spe
tral luminosity at 4.3 �m(see Fig. 5.22 of Ref. [98℄). For smaller (thrust � 104 N) liquid-propellant ro
ket motors,similar to those used in ICBM se
ond stages, the spe
tral luminosity of the 
ore at 2.7 �mis typi
ally � 102 W sr�1 �m�1, about one tenth the spe
tral luminosity at 4.3 �m. Thesituation is 
ompli
ated further, be
ause the brightest emission sometimes 
omes from thesho
kwave in front of the ro
ket.Although imaging the plume in the MWIR has some advantages, we 
hose to analyzean SWIR sensor be
ause it is simpler than an MWIR sensor and appears adequate to allowa LIDAR on the kill vehi
le to lo
ate the ro
ket body. For the purposes of this analysis, weassumed the SWIR luminosity of the gas within 50 m of the brightness peak is 1 kW sr�1.A notional SWIR seeker The key enabling te
hnology for an SWIR seeker on the killvehi
le is IR sensor arrays of the type dis
ussed in Se
tion 10.1.2 in 
onne
tion with ournotional spa
e-based IR missile dete
tion and tra
king system. Here we adopt the same
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ting and Tra
king Missiles in Powered Flight512 � 512 format HgCdTe (MCT) arrays dis
ussed there. Frames 
ould be read out atvideo rates (30 Hz) or faster. We assume a quantum eÆ
ien
y of approximately 80 per
ent,well depths of about 106 ele
trons, readout noise of about 250 ele
trons, and a 20-�m pixelpit
h. As dis
ussed further below, the dark 
ount 
an be made negligible by 
ooling thedete
tor.In the present analysis we 
on
entrate on the 2.7{3.0-�m H2O emission band in theSWIR and postulate a teles
ope with a 10-
m-diameter aperture, whi
h would have adi�ra
tion limit of about 3 � 10�5 rad, equivalent to 20 m at a range of 700 km. Weassume the opti
al path has a throughput of 80 per
ent and the dete
tor has a quantumeÆ
ien
y of 70 per
ent. With a fo
al ratio of f=7, the dete
tor pit
h is well mat
hed tothe di�ra
tion limit. Ea
h pixel then 
orresponds to 20 m at 700 km. With a 512 � 512array, the �eld of view would be almost 10 km at that range. Sin
e we expe
t 
uing fromthe spa
e-based IR alert system with a positional pre
ision better than 1 km, the IR sensoron the kill vehi
le should be able to �nd the target's plume immediately, with no need tosear
h for it in a s
anning mode.Plume signal and ba
kgrounds The signal that would be produ
ed in our hypotheti
alon-board seeker by an ICBM plume is substantial. At a range of 700 km, the signal produ
edby a luminosity of 1 kW sr�1 is � 108 ele
trons per se
ond. Even when the ro
ket is inthe trough, the SWIR luminosity of its exhaust plume would ex
eed 1 kW sr�1 and 
ouldtherefore be dete
ted easily by the on-board SWIR sensor des
ribed above. As dis
ussedearlier, the diameter of the peak in the plume emission is expe
ted to be about 100{200 m;hen
e, at a range of 700 km most of the signal is spread over a 4 � 4 pixel pat
h of thefo
al plane array. For a 30-Hz frame rate, the signal in ea
h pixel would be about 2 � 105ele
trons per frame, whi
h is a substantial fra
tion of the well depth but will not over�llthe well. The shot noise in the signal is larger than the readout noise of the dete
tor. Asthe range de
reases, the 
ux in ea
h pixel will remain 
onstant, but the plume will spreadover an ever larger number of pixels.The ba
kground would in
lude the dete
tor dark 
urrent and thermal emission fromthe opti
s, ba�es, and dewar window. The dark 
ount varies as exp(�1=T ) and 
ould besuppressed to an a

eptable level by 
ooling the dete
tor. Extrapolating from Fig. 2.3 ofRef. [106℄ and assuming a 3-�m 
uto� and 2-�m pixel pit
h, we estimate that the dark
urrent 
ould be redu
ed to 104 
ounts per pixel per 33-ms frame by 
ooling the dete
tor to150 K. Thermal emission from a room temperature obje
t, su
h as the inter
eptor, is smallin the 2.7{3.0-�m band; only about 7�10�5 of the total emission from a 300-K bla
kbody iswithin this band. Assuming a 20 per
ent emissivity for the opti
al train outside the dewar,whi
h is 
onservative and makes some allowan
e for ba�e edges that 
an be seen by thedete
tor, the thermal ba
kground would 
ontribute 4 � 103 ele
trons per 33-ms frame perpixel, 50 times less than the plume signal at 700 km.Another possible sour
e of ba
kground is emission from Earth, in
luding s
attered sun-light and thermal emission. When viewed from high altitudes, both are small in the 2.7{3.0 �m water-vapor absorption band. S
attered sunlight is minimal be
ause the atmosphereis strongly absorbing in this band, whereas thermal emission is suppressed be
ause the onlyemission visible at high altitudes is that from regions where the air temperature is mu
h lessthan 300 K. The strongest ba
kgrounds are from 
loud tops, whi
h have a smaller absorp-tion path to spa
e, and bright solar glints from the o
eans. Both ba
kgrounds 
ontribute� 10�5 W 
m�2 sr�1. At high altitudes, a ground- or sea-based inter
eptor would usually
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le S189be looking upward or at least horizontally at the target's plume, whi
h would then appearagainst the dark ba
kground of spa
e. Emission from Earth is obviously not dire
tly rele-vant for su
h an engagement geometry, although some small fra
tion of it 
ould be s
atteredinto the opti
al path. However, even in the worst 
ase of an inter
eptor that �nds itselflooking downward at the target against a ba
kground of 
loud tops, the ba
kground wouldbe less than 2 � 104 ele
trons per 33-ms frame, 10 times less than the signal produ
ed bythe plume per pixel. The shot noise 
ontributed by variations in the ba
kground would besmaller still.When the seeker is looking away from the Earth's disk, there is a possibility that sunlight
ould enter the opti
al path, 
ausing a lens 
are. However, unless the Sun is dire
tly behindthe target missile, the missile's plume would produ
e enough signal in the seeker that itshould be able to dete
t the plume against su
h a 
are.We 
on
lude that even for a plume with an SWIR luminosity as low as 1 kW sr�1, thesignal in our hypotheti
al kill-vehi
le seeker would be well above anti
ipated ba
kgroundsand 
learly dete
table. The sensor array, and hen
e the �eld of view, 
ould be made largeenough that the seeker would be able to a
quire the plume using 
uing information pro-vided by the spa
e-based IR or surfa
e-based radar missile dete
tion and tra
king systemsdis
ussed previously in this 
hapter.Lo
ating the ro
ket body A su

essful inter
ept requires that the kill vehi
le home on themissile body or warhead as it approa
hes the missile. The pre
ision with whi
h the positionof the ro
ket body 
ould be lo
ated by an on-board passive IR sensor is determined bythe shape and stru
ture of the plume and what advan
e knowledge the defense has of therelationship of the ro
ket body to this stru
ture. Various algorithms have been developed todetermine the position of the ro
ket body using measurements of plume stru
ture. Generallyone looks for the ro
ket at the narrower end of the plume. The diameter of the brightestpart of the plume is less than 100 m in the SWIR, even at high altitudes (see [98, Fig. 7.10℄).Hen
e we expe
t that on-board passive IR sensing 
ould determine the proje
ted positionof the ro
ket body to within a region 100 m in diameter, and we have therefore assumedthat su
h sensing 
ould provide in-
ight target updates during the 
yout of the inter
eptorand kill vehi
le with an un
ertainty (1�) of 25 m. Another sensor, su
h as an LWIR passiveimager or a LIDAR system, would be required to allow the kill vehi
le to home on themissile body or warhead at 
lose range.Summary As soon as the inter
eptor emerges from the atmosphere and the 
over of theseeker is opened, the on-board passive IR sensor should be able to a
quire the exhaust plumeas a high signal-to-ba
kground, multiple-pixel sour
e. As the kill vehi
le 
loses on the target,the plume would expand in the sensor's �eld of view, but even at 100 km, the shortest rangeat whi
h the passive IR sensor would be required to tra
k the plume, the plume's bright
entral peak would still �t within the sensor's �eld of view. We judge that the positionof the ro
ket body 
ould be estimated to within 100 m. At this point, tra
king 
ould behanded over to a shorter-range hardbody dete
tor, su
h as an LWIR passive imager or aLIDAR. In the following se
tion we des
ribe a notional LIDAR system that 
ould performthis task. It has a 100-m �eld of view and 
ould therefore �nd the ro
ket body in the �eldspe
i�ed by the long-range passive IR sensor just des
ribed. If ne
essary, the LIDAR's �eldof regard 
ould be expanded by having it sear
h an area on the sky that is 2 � 2 or 3 � 3times its �eld of view. This expanded sear
h probably would not be ne
essary, be
ause the
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ting and Tra
king Missiles in Powered Flightpositional un
ertainty of less than 100 m provided by the passive SWIR seeker should allowthe LIDAR to be pointed a

urately enough that the ro
ket body would be well within its�eld of view when the kill vehi
le is 100 km from the missile.We 
on
lude from this analysis that a passive SWIR sensor on the kill vehi
le 
oulddete
t and tra
k the plume from a range of at least 700 km and estimate the lo
ation ofthe hard body to within 100 m (1�) when it is 100 km from the missile.10.3.2 A notional LIDAR seeker on the kill vehi
leAs it 
loses on the target, the kill vehi
le must shift from homing on the plume to homing onthe ro
ket body. In 
ontrast to the plume, the ro
ket body is relatively 
ool and produ
esonly dim thermal emission that is diÆ
ult to see in the vi
inity of the very bright emissionprodu
ed by the hot plume. One way to 
ir
umvent this problem is to use a laser illuminatorand an a
tive opti
al sensor, as suggested by Postol [116, 117℄. Alternatively, a LIDAR 
ouldprovide range as well as angle information, allowing the ro
ket body to be tra
ked in threedimensions. This approa
h would have important advantages during the endgame of theinter
ept, when the \time to go" is an important 
onsideration in guiding and 
ontrollingthe kill vehi
le to a
hieve inter
ept.A possible LIDAR system Using LIDAR to tra
k a ro
ket body or warhead when it is nearor within the ro
ket's exhaust plume is not a well understood or do
umented te
hnique.The performan
e that 
ould be a
hieved depends on a variety of fa
tors, in
luding whetherthe ro
ket uses liquid or solid propellants and the parti
ulate 
ontent of the plume (sootand alumina parti
les). In the present analysis, we ignore these potentially important issuesand examine the best performan
e that 
ould be a
hieved by a notional LIDAR system fortra
king the ro
ket hard body.Unlike radar, a LIDAR system is almost always photon-statisti
s limited. The 
ountrate dN=dt returned from a LIDAR target is approximatelydN=dt � (Plaser=h�)(�Atarget=Aillum)(�A
olle
t=�R2)� ; (10.9)where the pre
ise 
ount rate depends on the angular distribution of the light s
attered fromthe surfa
e of the target, Plaser is the radiated power of the laser, Atarget is the 
ross-se
tionalarea of the illuminated target, � is the target's albedo, Aillum is the 
ross-se
tional area ofthe outgoing laser beam at the range of the target, R is the range from the LIDAR to thetarget, � and A
olle
t are the eÆ
ien
y and area of the 
olle
ting opti
s, and � is the quantumeÆ
ien
y of the dete
tor (see Fig. 10.13). The range from the illuminating sour
e to thetarget enters only via the area Aillum of the illuminating spot. If the size of this spot 
anbe adjusted to keep Atarget=Aillum approximately 
onstant, the return from the target wills
ale as R�2 rather than as R�4, in 
ontrast to the s
aling usually en
ountered with radarsystems. Creating a narrow laser beam and adjusting its width is not diÆ
ult in prin
iple,be
ause of the short wavelength of the radiation and the 
orrespondingly small di�ra
tionangle.The available laser power is typi
ally modest, be
ause the wallplug eÆ
ien
y of spa
e-quali�ed lasers is small. Table 10.11 lists the eÆ
ien
ies and output powers of some re
ently
own or planned spa
e laser systems. These low eÆ
ien
ies mean that for a small inter-
eptor, the output laser power is likely to be no more than tens of watts. One way toover
ome this obsta
le is to use a high-eÆ
ien
y (� 50-per
ent) laser diode, rather than a



10.3. Sensors on the Kill Vehi
le S191
A

collect

A
target

A
illum

Figure 10.13. The geometry involved in dete
ting and tra
king a ro
ket body using a LIDAR systemon the kill vehi
le. Table 10.11. Chara
teristi
s of Spa
e LasersLaser EÆ
ien
yMars Observer Laser Altimeter (1.06 �m, 40 mJ, 10 pps) [120, 121℄ 3%Vegetation Canopy Laser (1.06 �m, 15 mJ, 10{240 pps) [122℄ 6%Fibertek proposal for improved 1.06-�m laser [123℄ 10%Nd:YAG slaba (1.06 �m, 808-nm diode pump, 100 W) 6%Yb �bera (1.03{1.10 �m, 100 W) 6%{8%aS. Cameron, Sandia National Laboratory, private 
ommuni
ation.low-duty-
y
le pulsed laser. However, the ranging system would then have to demodulate atime-
oded illumination pattern, rather than a simpler low-duty-
y
le pulse train, be
auselaser diodes are eÆ
ient only when used in a quasi-
w mode. If a modulated signal 
anbe used, output powers of up to hundreds of watts may be possible. High-eÆ
ien
y laserdiodes have been developed with output in the 808-nm region (see, e.g., Ref. [118, 119℄).A photon-
ounting system is preferred be
ause the very limited number of photons avail-able ne
essitates high dete
tion eÆ
ien
y and the need to preserve the time stru
ture of thereturn signal to 
orrelate it with the transmitted signal. One option would be an intensi�edmi
ro-
hannel plate with a photon-
ounting readout. The readout 
ould be a multi-anodearray [124℄ or a 
entroiding anode [125℄. The dete
tor eÆ
ien
y would be determined by thephoto
athode [126, Fig. 4.33℄. The time resolution 
ould be a few nanose
onds or less. De-te
tor resolutions of 1 k � 1 k are possible using non-pixelized, 
entroiding readout systems.
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ting and Tra
king Missiles in Powered FlightAnother option would be to use an array of avalan
he photodiodes (APDs) [127℄. Vasileet al. [128℄ des
ribe a 6 � 14 array with a readout time resolution of about 0.25 ns. Thesedevi
es must be reset after a pixel triggers on a photon. Passive quen
hing s
hemes allowea
h pixel to 
ount at rates of several tens of kilohertz; a
tive s
hemes 
an be mu
h faster.Hamamatsu [124℄ o�er an existing 4�8 array. Quantum eÆ
ien
ies are those 
hara
teristi
of the sili
on material and, like 
harge-
oupled devi
es (CCDs), are high; the quantum eÆ-
ien
y of the Hamamatsu devi
e is greater than 70 per
ent from 400 to 900 nm and peaksat 85 per
ent. Larger APD arrays are under development.We base our analysis on the \Ballisti
 Missile Defense" laser, of unknown eÆ
ien
y,advertised by Fibertek, In
. [123℄. This laser has an output of 355 mJ per pulse with a100-Hz repetition rate at the 1.06-�m fundamental of Nd:YAG and is 
onverted eÆ
ientlyto 230 mJ of 0.532-�m frequen
y-doubled radiation at the same repetition rate. The netsignal is similar for the two options, as the photon loss from 0.532 �m to 1.06 �m is madeup by the better response of photoemissive dete
tors at the shorter wavelength.Table 10.12. Return Signal from a Notional LIDARaParameter ValueOpti
s eÆ
ien
y � 70%Dete
tor quantum eÆ
ien
y � b 30%Laser spot diameter 100 mAssumed ro
ket length 10 mAssumed ro
ket diameter 1 mRe
eiver aperture A
olle
t �4 (15 
m)2Target albedo � 0.1
Count rate at 1,000 km 9.23 s�1Required pointing a

ura
y at 1,000 kmd 20 �radCount rate at 100 km 923 s�1Required pointing a

ura
y at 100 kmd 200 �radaWith 23 watts average power at 0.532 �m.bPhotoele
tri
, Generation III photo
athode.
Typi
al of spa
e debris.d20% of the beam.Basi
 performan
e Several 
on
lusions are evident from Table 10.12. Photons are at apremium, and the 
ount rate 
an disappear altogether. At a range of 1,000 km, there isessentially no usable signal if a 10-Hz update rate is required. Also, the return signal is astrong fun
tion of the illuminating beam size. There is simply too little power to illuminatea large volume of spa
e. Instead, the LIDAR must be 
ued onto the hardbody or warhead,either by an on-board IR system su
h as that des
ribed in the previous se
tion or an externalradar or IR sensor. For a laser illumination pattern that is only 100 m a
ross at a rangeof 100 km (10�3 rad), the laser must be pointed with a pre
ision that is a small fra
tion(typi
ally 20%) of the size of the illuminated spot. However, at ranges of 100 km or lessthere appears to be a robust signal at a 10-Hz frame rate, with some range information
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le S193available out to 200{300 km at a redu
ed update rate. By optimizing the system, it mightbe possible to use it robustly at these ranges.As a 
ountermeasure, the adversary 
ould either paint the missile bla
k or make it highlyre
e
tive. However, \bla
k" 
oatings still have a �nite re
e
tivity. Note that the dazzlinglybright moon has an albedo of just 7%, whi
h is similar to 
har
oal. Flat bla
k \lampbla
k"paint typi
ally re
e
ts 3{4%, while fragile opti
al 
oatings su
h as Parson's Bla
k still re
e
tabout 1.2% in the red and near infrared [129℄. These 
ountermeasures would degrade the
ount rate of the LIDAR proportionately, but would not pre
lude dete
tion and lo
ation ofthe target. Be
ause of this possibility, we do not 
ount on a
hieving ranges greater than100 km in our engagement simulations, whi
h are des
ribed in Chapter 12 and Appendix C.Given a return signal, the LIDAR should be able to lo
ate the hardbody in all three
oordinates to a pre
ision �x / N�1=2, where N is the number of 
ounts dete
ted in anupdate time. (This result assumes that the image is spatially resolved.) The error termswe are averaging out in
lude (1) the digitization error inherent to a pixelized dete
tor,(2) the opti
al blur of the 
olle
tion opti
s, limited at best to the di�ra
tion blur of theaperture, and (3) the random distribution of return photons along the ro
ket body. Ifwe assume a large format dete
tor, su
h as the remote ultra-low light imaging (RULLI)delay-line instrument developed at Los Alamos [125℄, the digitization error 
ould be madenegligible. We 
an bound the 
ontribution of the third error term by ignoring all edgesand boundaries that 
ontribute high spatial frequen
y information and 
onsidering onlystatisti
al variations in the 
entroid of the return photons. In this 
ase,�x = (1=N)[(�R=2:35)2 + L2=12℄1=2 ; (10.10)where L is the extent of the hardbody along the axis in question and � is the di�ra
tionblur (FWHM) of the 
olle
ting opti
s. For the system des
ribed in Table 10.12, the varian
ein the 
entroid of the target is dominated by the geometri
al size of the target (the se
ondterm on the right-hand side of Eq. [10.10℄) rather than the di�ra
tion blur of the system.In this geometri
 
ase, the pre
ision with whi
h the 
entroid 
an be determined is limitedlargely by photon statisti
s and varies from 3 
m � 0.3 
m at a range of 10 km to 30 
m� 3.4 
m at 100 km. Here we have assumed that the radius of the illuminating spot 
anbe held �xed at 100 m, independent of the range; otherwise, the photon statisti
s wouldimprove even more steeply as the range is redu
ed.More information 
ould be obtained from the edges of the target, whi
h may be essentialif there are perturbations, su
h as non-uniformity of the illumination or the missile albedo,spe
ular re
e
tions, or 
ountermeasures that provide spurious returns, su
h as 
orner 
ubesor laser bea
ons. By imaging the target, some of these problems 
ould be eliminated. Witha 15-
m aperture, the di�ra
tion limit for 0.532-�m illumination at 100-km range is 0.35 m.This di�ra
tion resolution 
ould be adequately sampled throughout a 100-m illuminationarea, given a dete
tor with a format of 512 � 512 or more pixels.We 
an estimate the information 
ontained in the edges by 
onsidering a simple re
t-angular target. The un
ertainty in determining the lo
ation of the edge along a given axisis approximately the distan
e between the edge and the dete
ted photon that is 
losest tothe edge. The spa
ing of the 
losest photon is approximately L=N and de
reases linearlywith the photon 
ount rate dete
ted. In the 
ase des
ribed in Table 10.12, it should bepossible to determine the edge to within approximately 0.1 m and 0.01 m, respe
tively, forthe long and short axes. While this estimate is admittedly rough, it suggests that edgedete
tion would indeed provide more pre
ise information than would the 
entroid of the
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ting and Tra
king Missiles in Powered Flightoverall return. Therefore, even if the 
entroid were perturbed by systemati
 e�e
ts, theposition errors that we have estimated are safe upper limits.Sophisti
ated signal pro
essing may be required to referen
e the individual dete
tedphotons to the moving frame of the target. However, this is not ruled out in prin
iple,be
ause the LIDAR dete
tor re
ords the four-dimensional (x, y, z, and t) lo
ation of ea
hphoton returned, with a very high pre
ision in t.Dis
ussion The 
ounting statisti
s of a LIDAR system like the one dis
ussed here 
ouldbe improved in several ways. The illuminating spot 
ould be tightened, perhaps by usingfeedba
k from the target lo
ation obtained in the initial dete
tion. The laser power and-orthe dete
tion aperture 
ould be in
reased. This might be diÆ
ult for a monostati
 sensoron a lightweight kill vehi
le, but might be possible for a bistati
 LIDAR system in whi
hthe laser is moved to a separate, larger platform. Keeping the laser beam tight enough toilluminate only the target from a great distan
e, su
h as from geosyn
hronous orbit, wouldrequire only a modest opti
; generating the absolute pointing information needed to guidethe beam would be a more diÆ
ult problem. In any 
ase, it appears unlikely that the rangeof a LIDAR system based on near-term te
hnology 
ould be extended to 1,000 km.

Figure 10.14. The plume from a liquid-propellant Delta laun
her. Earth is 
learly visible. It wouldbe transparent to LIDAR interrogation. Courtesy NASA/JPL-Calte
h.An important issue is whether a LIDAR would fail to penetrate to the target be
ause ofs
attering or absorption of the plume. This is not an issue for liquid-propellant ro
kets andillumination in the visible, as 
an be seen in Fig. 10.14, whi
h shows the high-altitude plume
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Figure 10.15. The plume from a solid-propellant Pegasus ro
ket, just after �rst-stage separation.The plume might be suÆ
iently opaque to have some e�e
t on LIDAR interrogation. Courtesy ofOrbital S
ien
es Corporation.
produ
ed by the Delta Laun
her during laun
h of the Mars Odyssey mission. Earth 
an beseen 
learly through the plume in this photo taken by a 
amera on board the spa
e
raft.In 
ontrast, the plume produ
ed by a solid-propellant ro
ket, like that shown in Fig. 10.15,might interfere with the operation of a LIDAR. Alumina parti
les in the plume would notonly produ
e the bright ba
kground radiation seen in Fig. 10.15, they 
ould also absorb theinterrogating light beam. To understand better the possible magnitude of this e�e
t, weperform a simpli�ed analysis.In this analysis, we take the parameters of the third-stage motor of our solid-propellantICBM model S2 (propellant mass 900 kg, burn time 40 s, nozzle velo
ity 2.7 km/s) andassume that the alumina parti
le properties are the same as reported in Ref. [130℄ for theSpa
e Shuttle's solid-ro
ket motors. For those motors, 7.6 per
ent of the fuel mass appearsas alumina parti
les, whi
h 
an be modeled as an equal mix (by mass) of parti
les withradii of 3.08�m, 2.18�m, 1.70�m, 1.26 �m, and 0.78 �m, with densities ranging from 1.80to 2.84 g/
m3, respe
tively. For a 0.532-�m interrogator, these parti
les are signi�
antlylarger than the laser wavelength, and we therefore approximate their attenuation 
rossse
tions by their geometri
 
ross se
tions. For a given mass 
ux, the attenuation dependson the angular spread of the alumina exhaust. For a full-width divergen
e of 30 degrees,the opti
al depth looking dire
tly up the plume would be 0.36. Although signi�
ant, thisattenuation is small enough that laser dete
tion of the hardbody at any aspe
t angle is stillassured. Of 
ourse, most of the time the LIDAR's line of sight would lie entirely outsidethe alumina plume, and absorption by the plume would be negligible.
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ting and Tra
king Missiles in Powered FlightSummary Based on these results we 
on
lude that a LIDAR system with a 10-Hz updaterate on board the kill vehi
le 
ould dete
t and tra
k the ro
ket body as soon as the killvehi
le were within 100 km of the target booster and 
ould lo
ate the position of an aimpoint on the target within 0.5 m (1�).10.4 Appli
ations of Missile Dete
tion and Tra
kingBased on the analysis in Se
tion 10.1, we shall make the following assumptions in 
onstru
t-ing illustrative engagement timelines (see Chs. 2, 4 and 5) and simulating engagements(Chapter 12 and Appendix C).Capabilities of DSP Based on the analysis des
ribed in Se
tion 10.1, we shall assume thatthe DSP satellite system 
ould:� Reliably dete
t large ro
kets by the time they rea
h an altitude of 10 km, whi
ho

urs 35 s after the laun
h of our solid-propellant ICBM models S1 and S2 and 52 safter the laun
h of our liquid-propellant ICBM model.� Enable 
onstru
tion of a �ring solution 65 s after the laun
h of solid-propellant ICBMmodels S1 and S2 and 80 s after the laun
h of our liquid-propellant ICBM model. Weemphasize that our assumption that inter
eptors 
ould be �red this early representsa very optimisti
 bounding 
ase.� Lo
ate the exhaust plumes of large ro
kets in three dimensions to within a 1 kmpixel on
e every 10 s until the ro
kets enter the trough region. The DSP samplingrate is too low to enable eÆ
ient 
ommand guidan
e. Thus DSP likely would have tobe supplemented by a mu
h higher sample rate o�-board sensor, su
h as a radar, toenable eÆ
ient 
ommand guidan
e of the inter
eptors, unless the limited 
apabilityfor defending against only the long-burning liquid-propellant ICBMs is the obje
tive.Capabilities of a modern spa
e-based system Based on the analysis des
ribed in Se
-tion 10.1, we shall assume that a modern spa
e-based laun
h dete
tion and tra
king systemwith the potential 
apabilities of SBIRS-High 
ould:� Reliably dete
t large ro
kets by the time they rea
h an altitude of 7 km, whi
h o

urs30 s after laun
h for solid-propellant ICBM models S1 and S2 and 45 s after laun
hfor our liquid-propellant ICBM model.� Enable 
onstru
tion of a �ring solution 45 s after laun
h for solid-propellant ICBMmodels S1 and S2 and 65 s after laun
h for our liquid-propellant ICBM model. Again,our assumption that inter
eptors 
ould be �red this early represents a very optimisti
bounding 
ase.� Lo
ate the exhaust plumes of large ro
kets in three dimensions with a 1�-un
ertaintyof < 300 m on
e per se
ond, whi
h would be adequate to support 
ommand guidan
eof inter
eptors during their 
yout.In Chapter 5, we showed that the earlier laun
h warning and more pre
ise missile tra
kingthat 
ould be provided by a system like SBIRS-High would be 
riti
al to the e�e
tivenessof any boost-phase inter
ept system.
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ations of Missile Dete
tion and Tra
king S197Missile and traje
tory typing Prompt typing of missiles and their traje
tories is a 
omplexissue that depends on the range of possible ro
kets and missiles that 
ould be laun
hedfrom a given site and many other fa
tors, in
luding what prior knowledge the defense hasof the ICBM and spa
e-laun
h systems available to the 
ountries of 
on
ern and whetherthe intelligen
e assets available to the defense provide information that a missile atta
k orspa
e laun
h is about to o

ur in advan
e of the laun
h.Substantially more tra
king data, and hen
e more time, would generally be needed totype a ro
ket than to estimate its initial traje
tory, espe
ially if|as the Rumsfeld Commis-sion [131℄ and re
ent reports by the U.S. Intelligen
e Community [132, 133, 134, 135, 136℄has argued|the missile being laun
hed may have been tested only a few times or even notat all. With the spa
e-based IR systems dis
ussed above, the defense would know only thetime at whi
h it is able to 
on�rm the existen
e of a large ro
ket in powered 
ight, notwhen the ro
ket was laun
hed, so the time it took the ro
ket to rea
h the altitude at whi
hit is �rst dete
ted would not be available to help 
hara
terize the ro
ket.The most primitive type of traje
tory for inje
ting a satellite into orbit is dire
t as
entwith 
oasting. In this approa
h, the boost phase of the spa
e laun
h is similar to the boostphase of a ballisti
 missile [137℄. The payload then 
oasts until the apex of its ballisti
traje
tory is rea
hed, at whi
h point upper stages are ignited to provide the additionalimpulse needed for orbital insertion. This approa
h was used by the United States tolaun
h its Vanguard and Explorer satellites, and it might well be used by a 
ountry withan immature ro
ket program to laun
h its �rst satellites.Given the wide variety of traje
tories that are possible for spa
e laun
hes, TBM laun
hes,and ICBM atta
ks, determining with 
on�den
e that a large ro
ket is an atta
king ICBMand not a TBM or a ro
ket laun
hing a satellite would take so long that waiting to �reinter
eptors would make it impossible to inter
ept an ICBM. Hen
e inter
eptors wouldhave to be �red whenever a large ro
ket in powered 
ight is dete
ted, without waiting untilthe nature of the ro
ket or its traje
tory 
ould be established.Radar dete
tion and tra
king Based on the analysis des
ribed in Se
tion 10.2, we 
on-
lude that:� The sea-based, land-based, and airborne radar systems expe
ted to be availablewithin the ten-year time horizon of this study would not be able to dete
t andtra
k liquid- or solid-propellant ICBMs like models L, S1, and S2 mu
h earlier thana modern spa
e-based infrared dete
tion and tra
king system unless they 
ould bepositioned within 300 km of the missile laun
h site. Su
h positioning would not bepossible for all potential laun
h sites within North Korea or Iran unless radar systemswere based 
loser than 100 km to hostile territory, 
ontrary to the ground rules ofthis study.� The AN/APY-2 (AWACS) radar 
ould dete
t and identify as a missile a liquid-propellant ICBM like model L from a stando� distan
e of approximately 300 kmearly enough to provide initial warning of a missile laun
h and subsequent tra
kingin range and azimuth adequate to support a de
ision to �re inter
eptors. But it 
ouldnot support 
ommand guidan
e of inter
eptors during the �rst 20 s of their 
ight,when the ICBM would be too low to be tra
ked reliably by spa
e-based infraredsensors, be
ause the AWACS radar 
ould not provide suÆ
iently a

urate elevationdata. Even at this small stando� distan
e, the performan
e of the AWACS radar
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ting and Tra
king Missiles in Powered Flightwould be inadequate to support �ring inter
eptors against solid-propellant ICBMslike models S1 and S2.� The AN/SPY-1B (Aegis) radars 
ould support boost-phase inter
ept from the max-imum inter
eptor stando� distan
es 
onsidered (800 km for the liquid-propellantICBM model and 1000 km for the solid-propellant ICBM models). However, dete
-tion o

urs too late to support initial warning of an ICBM laun
h or to 
ontribute tothe de
ision to �re inter
eptors. At these stando� distan
es, the Aegis radar 
ouldsupport 
ommand guidan
e of inter
eptors during their 
yout. Aegis radar tra
kingerrors ex
eed 2 mr at elevation angles less than 1.5 above the horizon and approa
habout 0.4 mr (1 mr for the solid-propellant target) as the target nears the inter
eptpoint.� The existing THAAD radar 
ould support ICBM target dete
tion at the 800-km max-imum inter
eptor stando� distan
e 
onsidered in Chapter 4 for the liquid-propellantICBM model and (marginally) at the 1000-km maximum stando� distan
e 
onsid-ered for the solid-propellant ICBM models. However, dete
tion o

urs too late tosupport initial warning of an ICBM laun
h or to 
ontribute to the de
ision to �reinter
eptors. A THAAD radar at these stando� distan
es 
ould support 
ommandguidan
e of inter
eptors during their 
yout. THAAD radar tra
king errors ex
eed1 mr at elevation angles less than 1 degree above the horizon but approa
h or dropbelow 0.2 mr (0.4 mr for the solid-propellant ICBM models) as the target nears theinter
ept point.� The phased-array AWACS radar postulated in Se
tion 10.2 
ould dete
t ICBMs atstando� distan
es greater than 800 km and provide initial warning of an ICBMlaun
h, data to support the de
ision whether to �re inter
eptors, and 
ommandguidan
e of inter
eptors during their 
yout. The tra
king errors would ex
eed 1.5mr for elevation angles less than 2 degrees but would de
line to about 0.3 mr (0.5mr for the solid-propellant ICBM models) as the target nears the inter
ept point.All the radars dis
ussed in this 
hapter 
ould a
hieve earlier dete
tions and provide theinitial warning of an ICBM laun
h if they 
ould be sited within 300 km of potential missilelaun
h sites.Kill vehi
le seekers Based on the analysis of kill vehi
le seekers des
ribed in Se
tion 10.3,we 
on
lude that:� A passive SWIR seeker on the kill vehi
le 
ould dete
t and tra
k the missile plume ata range of 700 km and 
ould estimate the lo
ation of the ro
ket hardbody to within100 m (1�) at a range of 100 km.� A LIDAR seeker on-board the kill vehi
le 
ould dete
t and tra
k the hardbody assoon as it is within 100 km of the target with a 10-Hz update rate and 
ould lo
atethe position of the aim point on the target within 0.5 m (1�).Plume-to-hardbody handover The analysis in this 
hapter of passive SWIR tra
king ofthe ro
ket's exhaust plume and LIDAR tra
king of the ro
ket's hardbody by sensor systemson-board the kill vehi
le is intended to illustrate how this might be done. Our analysis
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ations of Missile Dete
tion and Tra
king S199shows that te
hnologies are available that 
ould in prin
iple satisfying the tra
king require-ments needed for the kill vehi
le to tra
k and hit an ICBM in powered 
ight (Chapter 12).We emphasize, however, that realisti
 modeling, testing, and evaluation as well as moreextensive analysis would be needed to show that handing over from tra
king the plume totra
king the hardbody with the pre
ision required 
an be a
hieved reliably for the range ofengagement geometries and operational 
onditions that a kill vehi
le 
ould en
ounter in ana
tual engagement. In addition to SWIR and LIDAR sensors, MWIR, opti
al, and othersensors may need to be 
onsidered.Referen
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les for Boost-Phase DefenseContents11.1 Ba
kground: The Evolution of Kill Vehi
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 Kill Above the At-mosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S20911.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S210The kill vehi
le is the �nal stage of the inter
eptor. It must supply enough propulsive divert
apability to 
orre
t any remaining errors after its booster has burned out and to tra
k theremaining unpredi
table a

eleration of the target. Initially, the kill vehi
le is guided bysignals from either radar or IR tra
kers or both, but its on-board passive and a
tive sensorstake in
reasing 
ontrol as it approa
hes the target, and it operates autonomously. Thus,the kill vehi
le has to meet stringent demands for propulsion, sensing, and 
ontrol. It mustalso meet stringent demands on mass be
ause of the large multipli
ative fa
tor that thekill-vehi
le mass has on the overall size of the inter
eptor missile.This 
hapter provides ba
kground on kill-vehi
le design 
on
epts. It reviews the evolu-tion of kineti
 energy kill vehi
les, des
ribes the three basi
 types of kill vehi
les and theiruse in boost-phase inter
ept systems, and introdu
es lethality me
hanisms. Finally the kill-vehi
le requirements for boost-phase inter
ept are dis
ussed. The kill-vehi
le 
on
epts andrequirements presented here are used in Chapters 12 and 14, whi
h illustrate the e�e
t ofthose requirements on kill-vehi
le size. Lethality measures are dis
ussed in Chapter 13.11.1 Ba
kground: The Evolution of Kill Vehi
lesHoming stages of inter
eptors having a

ura
y suÆ
ient to a
hieve a 
ollision have evolvedduring the last 30 years. Key te
hnology milestones were the initial development of smalleÆ
ient IR fo
al-plane arrays for mid- and long-wavelength dete
tion, lightweight teles
opeshaving 
ooled opti
s, miniaturized 
ryogeni
 
ooling units to redu
e the internal thermalnoise of these devi
es, small inertial measuring units, and small but powerful signal anddata pro
essing devi
es. Examples of dire
t-hit exoatmospheri
 kill vehi
les are the HomingOverlay Experiment (HOE) [138℄, HIT (a spinning kill vehi
le used in the 1970s and 1980s),Miniature Homing Vehi
le (MHV), Exoatmospheri
 Reentry Inter
ept System (ERIS) [139℄,S203



S204 Chapter 11. Kill Vehi
les for Boost-Phase Defensethe Light Exo-Atmospheri
 Proje
tile (LEAP), and the Exoatmospheri
 Kill Vehi
le (EKV)
urrently being tested for mid
ourse national missile defense (NMD).Following 
losely on the development of the new exoatmospheri
 inter
ept te
hnologies,similar 
apabilities were developed for inter
ept within the atmosphere. Major developmentsin
lude window materials for mid-wave IR sensors, small radio frequen
y (RF) seekers,and innovative vehi
le 
ontrol methods. Examples of endoatmospheri
 inter
eptors in
ludethe Flexible Light Weight Agile Guided Experiment (FLAGE) and the Extended RangeInter
eptor (ERINT), whi
h is now the Patriot PAC 3 missile.In addition, hybrid methods have been developed that are 
apable of inter
ept bothin the upper atmosphere and exoatmospheri
ally. These were primarily designed to workagainst theater ballisti
s missiles. Examples in
lude: High-Endoatmospheri
 Defense In-ter
eptor (HEDI), the Army's Theater High-Altitude Area Defense (THAAD), and theAdvan
ed Inter
eptor Te
hnology (AIT) inter
eptor. The �rst two of these have 
own in
ight tests; the last one has not.With one notable ex
eption, the engagement of boosters 
apable of striking the UnitedStates ne
essarily takes pla
e above the atmosphere, during the se
ond or third stage ofboosted 
ight. The ex
eption is the 
ase of medium-range ballisti
 missiles (MRBMs)laun
hed from o� shore near the 
oasts of the United States, whi
h burn out before leavingthe atmosphere. Inter
eptors that 
ould disable ICBMs during their boost phase usingdire
t impa
t|regardless of how they are based|are likely to use the same general typeof kill vehi
le 
on�gurations that are being developed for mid
ourse defense, though withsome notable di�eren
es that will be des
ribed in the following dis
ussion.Several key elements are essential for the fun
tioning of the homing kill vehi
le formid
ourse or boost-phase inter
ept:� An on-board sensor that 
an a
quire and tra
k a target at a range that allows thekill vehi
le enough a
tion time to handle the remaining un
ertainties in the predi
tedinter
ept point.� An on-board inertial measurement 
apability to provide information on the kill ve-hi
le's lo
ation with respe
t to the target, before target a
quisition.� An on-board pro
essing 
apability to pro
ess the information from both of these sens-ing subsystems, as well as data 
ommuni
ated from o�-board sour
es, and 
onvertthem into 
ommanded a
tions.� An on-board re
eiving 
ommuni
ation link and, if possible, also a transmitting link.� Enough propulsion 
apability to respond to the 
ommanded a
tions needed to drivethe threat traje
tory predi
tion un
ertainty volume to zero in less than the time re-maining to 
losest approa
h. This in
ludes ro
ket engines, attitude 
ontrol thrusters,propellant, tanks for the propellant and the means to expel the fuel at a pressure
ompatible with the ro
ket engines.� The batteries, power supplies, wiring, and stru
ture to support all of the foregoingelements.11.2 Three Kill-Vehi
le Con�gurationsThree exoatmospheri
 hit-to-kill vehi
le 
on�gurations have been developed and su

essfullydemonstrated for mid
ourse and high terminal inter
ept during the last 30 years. All three



11.2. Three Kill-Vehi
le Con�gurations S205use some form of proportional navigation (see Fig. 11.1 and the dis
ussion in Se
tion 12.2),whi
h works on the prin
iple of adding velo
ity normal to the line of sight to drive its rateof 
hange toward zero. As sailors and aviators know, if their boat or air
raft is 
losing onan obje
t whose bearing is not 
hanging, a 
ollision is imminent. In the 
ase of an inter
ept,the 
losing velo
ity is initially determined by the motion of the target and the booster thatlaun
hed the homing stage (i.e., the kill vehi
le) on a nominal 
ollision 
ourse.During the homing phase, the kill vehi
le 
an employ a variety of types of thrust 
ontrol:proportional or simple on-o� thrusters, pulse-width modulated on-o� thrusters, multiple�xed-pulse solid ro
kets, or, in the extreme, even a 
ontinuous burning thruster.Single axial thruster: Sine Alpha steering One kill vehi
le 
on�guration is the singleaxial thrusting system in whi
h the sensor is gimbaled. During divert maneuvers, thesensor's line of sight (LOS) is initially oriented perpendi
ular to the vehi
le thrust axis.Overshooting would require the homing vehi
le to rotate 180Æ about the line of sight toreverse the dire
tion of thrust, but this 
an be avoided by employing a dead band in thethrust 
ommand. A variation of this 
on�guration is to turn the vehi
le to thrust along theline of sight toward the target while maintaining the seeker stable on the target with thegimbal torquers. Pit
h and yaw are then used to generate a

eleration normal to the lineof sight.This type of endgame steering derives from air-to-air missiles and is known as Sine Alphasteering. An advantage of this te
hnique is that it 
an be a

omplished with a single largeaxial thruster for both divert and homing, yet it 
an tra
k a target that a

elerates in anydire
tion. The sensor is always slaved to the target line of sight through the gimbal system.A disadvantage is that on
e the vehi
le turns to a

elerate along the line of sight, the energyremaining is 
onsumed primarily to in
rease the 
losing velo
ity, whi
h is wasteful.In the 
ase of mid
ourse inter
ept, the energy penalty of Sine Alpha steering is not assevere as might be expe
ted be
ause the maneuver begins at a point with a �xed time tothe inter
ept, and the a

eleration of the target is determined primarily by gravity. Thusthe amount of propellant needed during the remainder of the engagement is the same,no matter what the target does. The �rst mid
ourse hit-to-kill inter
ept was done by
HIT

MISS

LINE OF SIGHT (LOS) 1

LOS 2

LOS 2

LOS 1
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Figure 11.1. Line-of-sight behavior in inter
epts: illustration of the prin
iple of proportional navi-gation.
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Figure 11.2. Homing Overlay Experiment [138℄the Homing Overlay Experiment (HOE) in 1984 (see Fig. 11.2). For boost-phase defense,however, the target a

eleration is unpredi
table, and large inter
eptor a

elerations in anydire
tion may be required. Be
ause the response time of the kill vehi
le is 
onstrained by thetime that it takes to turn the vehi
le, Sine Alpha steering is not desirable for boost-phasedefense.Figure 11.3 illustrates a possible design of an exoatmospheri
 kill vehi
le.

Figure 11.3. Kill-vehi
le designed by Raytheon for use in a mid
ourse inter
ept system. Inset:Inter
eptor ro
ket designed by Boeing. (Illustration by John Ma
Neill.)Cru
iform 
on�guration To minimize size and weight, the se
ond and more popular ap-proa
h for mid
ourse defense is the 
ru
iform divert thruster 
on�guration. In this ap-proa
h, the body-mounted sensor has a line of sight along the vehi
le's roll axis. Fourdivert thrusters are mounted perpendi
ular to the roll axis of the kill vehi
le in a plane atthe 
enter of gravity so that they form an `X'. The thrusters are used to maneuver normal



11.2. Three Kill-Vehi
le Con�gurations S207to the line of sight. Small thrusters mounted on the axis at the end opposite the sensor pro-vide pit
h, yaw, and roll attitude 
ontrol. This 
on�guration requires that the expendableweights are both distributed and maintained so that the 
enter of gravity of the kill vehi
ledoes not move as propulsion fuel is expended.The Exoatmospheri
 Reentry Inter
ept System (ERIS) shown in Fig. 11.4 �rst su

ess-fully demonstrated a mid
ourse inter
ept with the 
ru
iform 
on�guration in 1991, using afully fueled kill vehi
le weighing about 150 kg. (The mass of the kill vehi
le when it is fullyloaded with fuel is sometimes referred to as the wet mass.) More re
ently, smaller versionsof this 
on�guration have been used by LEAP and the EKV 
urrently being developed formid
ourse missile defense.

Figure 11.4. Artist's 
on
eption of a lethality enhan
ement devi
e on the ERIS experiment. Courtesyof LDM Asso
iates.In our view, the 
ru
iform 
on�guration (or some variant) is likely to be the preferredkill-vehi
le design approa
h for boost-phase defense be
ause the predi
ted inter
ept point is
onstantly moving around be
ause of the tra
king noise and unanti
ipated target maneuversthat 
hara
terize the boost phase. To 
ope with su
h a target, a

eleration must be appliedqui
kly to the kill vehi
le in any dire
tion normal to the line of sight to 
orre
t for its rapid
hanges. Potential target maneuvers will drive the a

eleration required of the kill vehi
lein the endgame to almost an order of magnitude greater than that needed for mid
ourseinter
ept.



S208 Chapter 11. Kill Vehi
les for Boost-Phase DefenseThe spinning kill vehi
le The third 
on�guration, originally 
alled \HIT," is a spinningkill vehi
le|elegantly simple in prin
iple but 
onstrained by its simpli
ity. It was popular inthe 1970s and early 1980s and was 
own in the USAF's air-laun
hed anti-satellite (ASAT)weapon demonstration. This 
on�guration, oriented and spun up prior to its deployment,used a body-mounted sensor having S-shaped line dete
tors that s
anned the 
oni
al �eldof view at a rate determined by the spin velo
ity. Tiny solid-pulse motors around theperiphery were �red at the time needed to impart a �xed �V pulse in the desired dire
tionto redu
e the LOS rate. Be
ause this 
on
ept had inherently limited dis
rimination anddivert ability, it lost favor as inertial measurement units shrank in size and weight, allowingthe 
ru
iform 
on�guration, with its inherent versatility, to be as small.11.3 Endoatmospheri
 Kill Vehi
lesHigh endoatmospheri
 kill vehi
les have followed the same general 
on�guration trends asexoatmospheri
 kill vehi
les but, be
ause they operate in Earth's atmosphere, they requireaerodynami
 
ontrols and a shape and thermal prote
tion similar to those for a re-entryvehi
le. Although designed for a mu
h lower-velo
ity and dynami
 pressure regime thanballisti
 missile inter
ept, the AIM 9 Sidewinder provides an example of the single axialthrust 
on�guration that 
ies along the line of sight using steering similar to Sine Alpha.The THAAD and Advan
ed Inter
eptor Te
hnology (AIT) kill vehi
les are designedfor both high endo- and exoatmospheri
 inter
epts. These kill vehi
les use the 
ru
iform
on�guration for divert thrusters. The thrusters are ported through a 
omposite heat shieldthat provides a neutrally stable aerodynami
 
on�guration. When in the atmosphere, smallattitude-
ontrol thrusters are used to generate trim angle of atta
k for aerodynami
 divert,and also to maintain the desired orientation during 
ight outside the atmosphere. Thedivert thrusters are used both inside and outside the atmosphere. The homing sensor looksout a window in the side of the fore-body and is steerable over limited angles. The vehi
leis rolled to point its seeker in the plane des
ribed by the velo
ity ve
tors of the inter
eptorand the target. Limited roll-and-yaw angular freedom of the line of sight with respe
t to thevehi
le is provided by movable mirrors within the opti
s of the sensor itself or by gimbalingthe sensor.11.4 Kill Me
hanisms Other than Body-to-Body HitA number of other 
on
epts for destroying the target have been developed over the years(see Chapter 13). Some of them, su
h as the Israeli Arrow missile, use a fragmentationwarhead to relieve the endgame guidan
e and a

eleration requirements. This approa
his an outgrowth of anti-air
raft defense and is driven by the belief that it would be easierthan a dire
t hit, parti
ularly under the high dynami
 pressure environment within theatmosphere. Fragmentation warheads typi
ally eje
t their fragments in a radial patternnormal to the inter
eptor's roll axis. The disadvantage is that their weight is signi�
ant.Also, they usually require predi
tive fusing|typi
ally a radar or opti
al double-
one fuse.Other options generally known as \kill enhan
ement devi
es" have been developed forexoatmospheri
 kill vehi
les. The basi
 
on
ept is to in
rease the 
ross se
tion of the killvehi
le around the seeker with a lightweight array of masses to handle any small misses|without the need for fusing. The HOE kill vehi
le shown in Fig. 11.2 had su
h an arraybased on unfurlable antenna te
hnology that was deployed several se
onds before inter
ept.The ERIS kill vehi
le shown in Fig. 11.4 used a similar but mu
h lighter devi
e, employing
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 Kill Above the Atmosphere S209an in
atable tubular frame that supported a thin membrane. It was also deployed basedon estimated time-to-go.Equipped with kill-enhan
ement me
hanisms, both of these inter
eptors a
hieved body-to-body hits during their su

essful 
ight tests. ERIS also in
orporated the 
apability forsele
ting the aim point on the target. As a result, the 
on�den
e in dire
t hit-to-kill wasin
reased, but no �ght data about the lethality of those devi
es was obtained.Lethality 
an also be enhan
ed in some appli
ations by supplementing a hit-to-kill killvehi
le with deployable rods to in
rease the lethal radius. The issue of lethality for boost-phase inter
ept is dis
ussed further in Chapter 13.11.5 Key Requirements for Boost-Phase Kineti
 Kill Above theAtmosphereBoost-phase inter
ept imposes requirements on the kill vehi
le that signi�
antly ex
eedthose for mid
ourse inter
ept for two prin
ipal reasons. First, the inter
ept must o

uron a mu
h tighter timeline, 
onstrained on one end by when the threat is dete
ted and intra
k and on the other end by when the threat booster rea
hes the velo
ity required for itsmunitions' rea
hing targets being defended. Consequently, 
losing velo
ities for boost-phasedefense are typi
ally 40{50 per
ent higher than for mid
ourse defense. Se
ond, the targetis a

elerating, whi
h makes predi
ting the inter
ept point diÆ
ult. Predi
tion is further
ompli
ated be
ause the a

eleration 
hanges rapidly, and there is un
ertainty about itsmagnitude and dire
tion.The net result of those requirements is that the kill vehi
les for boost-phase defensemust have higher a

elerations, more total divert velo
ity, and faster response times thanthose that have been designed or built for mid
ourse, all of whi
h in
rease kill-vehi
leweight. The demands of boost-phase inter
ept also require di�erent guidan
e laws than areusually applied to the mid
ourse guidan
e problem. These issues are examined in detail inChapter 12.Mid
ourse inter
ept with proportional navigation In both mid
ourse and boost-phaseinter
epts, the kill vehi
le is boosted into a nominal traje
tory that will inter
ept the targetat the desired inter
ept point, if events o

ur in a

ordan
e with the predi
tive model. Inmid
ourse inter
epts, this predi
tion is straightforward be
ause the only for
es a
ting onthe target are gravity and whatever limited maneuver 
apability exists on the payload. Thenominal inter
ept point 
an be predi
ted a

urately based on 
urrent or re
ent observationof position and velo
ity. By and large, the amount of propellant in the kill vehi
le isdetermined by the un
ertainty that exists at the time of hand-o� from external sensorsthat tra
ked the target, and the time to go before point of 
losest approa
h (POCA). Theguidan
e s
heme used is one of the many variants of proportional navigation, and a

urateknowledge of the time to go is not an important issue in the a

ura
y of a hit. The range-to-go estimate at any time may simply be the di�eren
e between the estimated target stateve
tor provided to the kill vehi
le and the vehi
le's knowledge of its own state ve
tor, basedon its inertial measurement system or external tra
king data.Boost-phase inter
ept with augmented proportional navigation By 
omparison, duringthe boost phase, the target is a

elerating be
ause of propulsive thrust as well as gravity.The a

eleration varies be
ause the thrust varies with the burn rate, and the mass varies
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les for Boost-Phase Defensewith the fuel 
onsumed. The proportional navigation approa
h to mid
ourse inter
eptmust be modi�ed to take into a

ount the estimated future a

eleration of the target. Thisapproa
h is 
alled augmented proportional navigation and is dis
ussed by Zar
han [140℄.He points out that the predi
tive term does not have to be very a

urate; it is possible touse merely the last measured a

eleration for the future estimate be
ause the noise in thetra
king requires a large �V 
apability in any 
ase. Augmented proportional navigation ismodi�ed somewhat and applied to the boost-phase problem in Chapter 12.On
e out of the atmosphere, signi�
ant unpredi
table target maneuvering 
an o

ur.Consequently, the propellant that is required on board the kill vehi
le is a fun
tion notonly of the un
ertainty in the estimate of the target traje
tory at any time, but also of themaneuver variations from the proje
ted future traje
tory. To a good approximation, anyvariation in a

eleration from the predi
tion must be mat
hed one-for-one by the kill-vehi
lepropulsion system. Ex
ept for 
y
li
al tra
king noise, any sensed a

eleration must eitherbe paid for at that time or paid for later at a mu
h higher pri
e. The diÆ
ulty, of 
ourse,is dis
erning whi
h is noise and whi
h is a real 
hange in a

eleration.If the kill vehi
le has an a

eleration advantage, it might be argued that the augmentednavigation gain should be 
hosen to 
ause the kill vehi
le to \get out ahead" of targetmaneuvers, with the potential for saving fuel by allowing the target to \
at
h up" later.If the target feints or reverses �eld, however, the propulsive requirements to re
over aregreater than if the kill vehi
le simply mat
hed target's a

eleration 
hanges.Chapter 10 analyzed the tra
king a

ura
y and Chapter 12 will analyze in depth guid-an
e and 
ontrol issues for boost-phase hit-to-kill vehi
les. Both 
hapters provide the basisfor the sizing de
isions made in Chapter 14.11.6 SummaryThe United States has a 30-year history of designing and developing hit-to-kill inter
eptorsfor mid
ourse defense. However, none have been built or tested for boost-phase inter
ept.Inter
epting missiles in their boost phases pla
es additional requirements on the kill vehi
le,parti
ularly on its ability to respond to rapid 
hanges in the a

eleration of the target. Thoseadditional requirements tend to in
rease the weight of the kill vehi
le and the size of theinter
eptor. We 
on
lude that inter
eptor a

elerations in any dire
tion will be required. In
onsequen
e, be
ause the response time of the kill vehi
le would be 
onstrained by the timethat it takes to turn the vehi
le, Sine Alpha steering is not desirable for exoatmospheri
boost-phase defense.Chapter 12 examines the requirements on the kill vehi
le for hitting a boosting target.Chapter 14 then analyzes the e�e
t that those requirements would have on the size of the killvehi
le, whi
h a�e
t the �nal sizes of the surfa
e-based inter
eptors presented in Chapter 16and spa
e-based inter
eptors presented in Chapter 6.Referen
es for Chapter 11[138℄ HOE, Ballisti
 Missile Defense, GAO/NSAID-94-219, July 1994.[139℄ \Test Firing Downs ICBM", Jane's Defense Weekly, February 1991.[140℄ P. Zar
han, \Ta
ti
al and Strategi
 Missile Guidan
e," Vol. 176, AIAA Progress inAstronauti
s and Aeronauti
s (1997).
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hapter 
ontinues the se
ond half of our analysis of boost-phase engagements usingkineti
-energy weapons (Chapter 2). In the �rst half, whi
h ended with Chapter 5, weexplored the way in whi
h the 
hara
teristi
s of the target missile and the performan
e ofthe inter
eptor determine the areas in whi
h inter
eptors 
ould be based and the missilelaun
h area that a single inter
eptor battery 
ould 
over. For this exploration, we simplyassumed that the performan
e of the o�-board and on-board tra
king sensors and the killvehi
le were adequate to a
hieve an inter
ept. In the se
ond half of our analysis of boost-phase engagements using kineti
-energy weapons, we investigate the sensor and kill-vehi
leperforman
e that would be needed to ensure that engagements have a high probability ofbeing su

essful, despite the unpredi
tably of the target a

eleration and maneuvering.S211



S212 Chapter 12. Hitting the TargetThe required performan
e of the sensors and kill vehi
les was studied by �rst modelingthe errors expe
ted in tra
king large ro
kets using spa
e-based IR sensors, surfa
e- andair-based radars, and passive IR and a
tive LIDAR sensors on the kill vehi
le, based on theanalysis of these sensors in Chapter 10. Using these error models, a variety of engagementswere simulated numeri
ally, to explore the dependen
e of the required total kill-vehi
levelo
ity 
hange on the pre
ision of the o�-board missile-tra
king sensors and the depen-den
e of the �nal miss distan
e on the pre
ision of the on-board homing sensors, the 
losingvelo
ity, and the kill vehi
le's performan
e. The model of the kill vehi
le in
luded theguidan
e algorithm used, the laten
y in the kill-vehi
le response to the a

elerations 
om-manded by the guidan
e system, and its maximum a

eleration. The e�e
ts of illustrativetraje
tory-shaping and evasive maneuvers by the target missile were studied. Performan
erequirements for the o�-board sensors and the kill vehi
le were estimated by requiring themiss distan
e, de�ned as the 
losest approa
h of the kill vehi
le to the aimpoint on thetarget ro
ket, to be small enough to ensure a 
ollision of the kill vehi
le with the ro
ketbody.Our analysis of the required performan
e of the sensors, inter
eptor, and kill vehi
le isdes
ribed here and in Appendix C. The results of this analysis are used in Chapter 14 toassess how soon the needed te
hnology is likely to be available, to determine the requiredmass of the kill vehi
le, and to 
ompute the masses and dimensions of the booster sta
ksthat would be needed to a

elerate the kill vehi
le to the burnout velo
ities assumed inChapters 4 and 5.Se
tion 12.1 provides an overview of how we determined the required performan
e of thesensors, inter
eptor, and kill vehi
le. It outlines the three phases of kill-vehi
le 
ight, the keyrequirements for su

ess in ea
h phase, and the methodology we followed in our analysis.Se
tion 12.2 des
ribes several standard inter
eptor guidan
e laws, their advantages anddisadvantages for inter
epting a missile in powered 
ight, and the hybrid guidan
e s
hemethat we used. In Se
tion 12.3, we des
ribe how we estimated the total velo
ity-
hange
apability the kill vehi
le must have to rea
h the endgame of the engagement. Finally,in Se
tion 12.4, we dis
uss the endgame, how we modeled it, the two illustrative evasivemaneuvers we 
onsidered (lunges and jinking), and our estimates of the sensor and kill-vehi
le performan
e required to a
hieve a miss distan
e of � 0:5 m with high probability.12.1 Overview of the AnalysisBefore going into the details of the quantitative analysis, we �rst review the prin
ipal phasesof the 
ight of the inter
eptor and kill vehi
le, summarize qualitatively the performan
erequirements for a
hieving inter
ept, and des
ribe the methodology used in the analysis.The a
ronyms used in this 
hapter are de�ned in Box 12.1.12.1.1 Phases of 
ightThe 
ight of the inter
eptor and kill vehi
le may be divided into four phases (Chapter 2):(1) inter
eptor boost, (2) kill-vehi
le divert, (3) kill-vehi
le homing, and (4) the endgame.As a help in understanding the material in this 
hapter, we brie
y review the 
hara
teristi
sof these phases.11Di�erent de�nitions of the various phases are used by di�erent authors; see for example [141, 142℄.



12.1. Overview of the Analysis S213Box 12.1: A
ronyms Used in This ChapterAPN Augmented proportional navigationIP Inter
ept point (a
tual)LOS Line of sightPG Predi
tive guidan
ePN Proportional navigationZEM Zero e�ort missInter
eptor boost Before an inter
eptor 
an be laun
hed, the target missile must be de-te
ted, identi�ed as a potentially threatening ro
ket, and tra
ked long enough to determineits gross 
hara
teristi
s and its general dire
tion of 
ight (the azimuth of its traje
torywould probably have to be determined to within about 10Æ). Spa
e-based sensors wouldbe used unless ground-, sea-, or air-based radars or other sensors 
ould be positioned 
loseenough to the missile laun
h site that their sightlines to the missile early in its 
ight wouldnot be blo
ked by the 
urvature of Earth.On
e a suÆ
iently a

urate target tra
k has been 
onstru
ted, whi
h would likely take10{15 s after dete
tion using the planned SBIRS-High early warning system, or longer usinga less 
apable system, a �ring solution is 
omputed and used to initialize the inter
eptor.2As part of this pro
ess, the inter
eptor is told the predi
ted inter
ept point and an estimateof the path required to pla
e the kill vehi
le on a traje
tory to this point so that it arrivessimultaneously with the target.During its powered 
ight, the inter
eptor re
eives frequent updates on its position rela-tive to the target from o�-board tra
king sensors, su
h as spa
e-based dete
tors or surfa
e-based radars, that are tra
king the target. During this period the inter
eptor 
an 
orre
tits heading and 
ight path angle via 
hanges in its orientation. As long as these 
hangesare small, they do not signi�
antly redu
e the distan
e and velo
ity at whi
h the �nal stageof the inter
eptor burns out. When the inter
eptor's �nal stage burns out, the kill vehi
leis on a ballisti
 traje
tory that takes it to the inter
ept point predi
ted just before burnout.Initial divert In this phase, the kill vehi
le relies on o�-board tra
king sensors. To eÆ-
iently 
orre
t for predi
tion errors and target maneuvers that o

urred during its initial
oast, the kill vehi
le starts making guidan
e 
orre
tions as soon as its shroud is eje
tedand its propulsion system 
an begin to operate. The velo
ity 
hange required to make these
orre
tions is 
alled the divert velo
ity. We in
lude this velo
ity 
hange in the total velo
ity
hange �Vtot made by the kill vehi
le.3Homing Assuming that the engagement develops as the defense intends, the kill vehi
lewill eventually approa
h the target 
lose enough to a
quire and tra
k it with more pre
ise2When 
louds are present, we assume the target will not be dete
ted until it rises above the 
louds; seeChapter 10.3In this report we use the term divert velo
ity to refer to the integral of the absolute magnitude of thekill-vehi
le's a

eleration from the time its propulsion system begins to operate until it begins to use its ownsensors for guidan
e. We use the term 
umulative velo
ity 
hange, denoted �V (t), to refer to the integralof the absolute magnitude of the kill-vehi
le's a

eleration from the time its propulsion system begins tooperate until time t. The total velo
ity-
hange 
apability �Vtot that the kill vehi
le must have to a
hievean inter
ept is an important performan
e requirement.



S214 Chapter 12. Hitting the Targeton-board sensors. The homing phase begins when the kill vehi
le begins to rely on its on-board sensors. During this phase, the kill vehi
le 
ontinues to make guidan
e 
orre
tions to
ompensate for sensor errors and maneuvers by the target, although not ne
essarily usingthe same algorithm at all times. We in
lude the additional velo
ity 
hanges made duringthis phase in the total velo
ity 
hange �Vtot made by the kill vehi
le.Endgame The �nal few se
onds of the homing phase is 
alled the endgame. During thisphase, the su

ess of the attempted inter
ept depends more 
riti
ally on the responsivenessand maximum a

eleration of the kill vehi
le, as well as on the 
ontinued availability ofsuÆ
iently pre
ise and timely information on the target's 
hanging traje
tory.12.1.2 Requirements for inter
eptThe performan
e required of the kill vehi
le to hit the target depends on the phase of its
ight.Initial divert and homing The kill vehi
le must have suÆ
iently pre
ise information onthe time evolution of the target's 
urrent and probable future state (position, velo
ity, anda

eleration) and enough total velo
ity-
hange 
apability (�Vtot) and a

eleration to rea
ha \basket" in position and velo
ity spa
e small enough to begin the endgame.Endgame The kill vehi
le must have suÆ
iently pre
ise and timely information on thetarget's 
urrent and probable future state and suÆ
ient responsiveness and a

eleration tohit the target.Consideration of the initial divert and homing phases leads to a relationship between thepre
ision and sampling rates of the o�-board and on-board sensors used to tra
k the targetduring these phases and the total velo
ity 
hange 
apability �Vtot needed by the kill vehi
le.Consideration of the endgame leads to requirements on the tra
king pre
ision and updaterate provided by the kill vehi
le's seeker, the a

ura
y and laten
y of the tra
king andguidan
e systems, the dynami
al responsiveness of the kill vehi
le, and the kill vehi
le'smaximum a

eleration. These fa
tors determine the kill vehi
le's design and minimumweight, whi
h in turn determines the size and weight of the inter
eptor needed to boost thekill vehi
le to the required velo
ity.12.1.3 MethodologyAs noted in Chapter 2, the standard approa
h for determining the performan
e requirementsfor a 
omplex system su
h as a boost-phase inter
ept system is to develop detailed 
omputermodels that simulate all the pro
esses involved, in
luding measurement errors. By runningmany simulations having di�erent parameter 
hoi
es, the behavior of the system 
an be
hara
terized statisti
ally. Then, given a goal, the system performan
e that would be neededto a
hieve the goal 
an be determined. The Study Group la
ked the time and resour
esneeded to 
arry out su
h a 
omprehensive analysis of boost-phase inter
ept. Instead, theGroup simulated several representative engagements in some detail. The results of thesesimulations were then used to study the sensitivity of the out
ome to the performan
e ofvarious 
omponents and to estimate the performan
e that would be needed to a
hieve a highprobability of inter
ept. The simulations dis
ussed in this report are listed in Table 12.1.



12.1. Overview of the Analysis S215Table 12.1. ICBM Engagements Simulated in the StudyLo
ation in the Report ICBM Model Inter
eptor (Vbo)This 
hapter S2 I-4 (6.5 km/s)Appendix C, Se
tion C.2 L I-2 (5 km/s)Appendix C, Se
tion C.1 S1 I-5 (10 km/s)This 
hapter des
ribes our investigation of the initial divert, homing, and endgamephases of the kill vehi
le's 
ight for engagements of the solid-propellant ICBM model S2by the 6.5-km/s inter
eptor model I-4. One purpose of these simulations was to explorethe dependen
e of the out
ome of the engagement on the pre
ision of the o�-board andon-board tra
king sensors, the laten
y in the kill vehi
le's information about the targetmissile, the guidan
e algorithm used, the kill vehi
le's dynami
al response, and the killvehi
le's maximum a

eleration. Another purpose was to evaluate the e�e
ts of severalICBM maneuvers that would stress the 
apabilities of the kill vehi
le. We expe
t the killvehi
le performan
e that would be needed to inter
ept the liquid-propellant ICBM model orother solid-propellant ICBMs would be similar to the performan
e needed in the engagementwe studied. One of the most important performan
e 
hara
teristi
s of a kill vehi
le is thetotal 
hange �Vtot that it 
an make in its velo
ity.The target maneuvers we investigated are reasonable for an atta
king ICBM and wouldnot be parti
ularly diÆ
ult to implement. The maneuvers 
onsidered during the initialdivert and homing phases were a sudden in
rease or de
rease in the target missile's angleof atta
k4 by 15Æ and a swit
hba
k maneuver in whi
h the target swit
hed from a positiveto a negative angle of atta
k. Maneuvers like these might be performed either to shape themissile's traje
tory or to try to evade an anti
ipated kill vehi
le. The maneuvers 
onsideredduring the endgame were a single 8 g lunge exe
uted during the last few se
onds beforethe predi
ted inter
ept time and a sinusoidal modulation of the a

eleration that wouldprodu
e a �shtail-like motion of the missile during the last few se
onds before the predi
tedinter
ept. An ICBM would exe
ute these maneuvers only as an attempt to evade the killvehi
le.We �nd that the distribution of miss distan
es is generally dominated by systemati
errors, making it easy to bound the miss distan
e with high 
on�den
e. After exploring theproblem, we 
hose to deem the performan
e of a kill vehi
le adequate if it missed its aimpoint by 0.5 m or less in all the simulations we performed. For 
omparison, the �nal stagesof the model ICBMs 
onsidered in the present Study have radii ranging from 1.5 m for theliquid-propellant model to 0.75 m for the two solid-propellant models. We have generallytaken an optimisti
 view of what 
an be a
hieved and have negle
ted some sour
es oferror that would in
rease the required performan
e of the kill vehi
le. The performan
erequirements reported here are therefore minimum requirements.Appendix C des
ribes our investigation of the 
yout of the inter
eptor and the initial di-4In this report, a ro
ket's angle of atta
k is de�ned as the angle between its 
enterline and its velo
ityve
tor. It is positive if the proje
tion of the 
enterline is above the proje
tion of the velo
ity ve
tor. Ex
eptduring short time intervals when a ro
ket is being rotated, its thrust ve
tor is parallel to its 
enterline.Hen
e the dire
tion of motion of a ro
ket that is maintaining a nonzero angle of atta
k is 
hanging (seeAppendix B).
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le 
ight for an engagement of the liquid-propellant ICBMmodel L by the 5-km/s inter
eptor model I-2 and an engagement of solid-propellant ICBMmodel S1 by the 10-km/s inter
eptor model I-5. These simulations were run to evaluate theperforman
e of the inter
eptor and kill vehi
le if operated under 
ommand guidan
e, usingtra
king data supplied by the notional spa
e-based IR sensor system and the surfa
e-basedradar des
ribed in Chapter 10. Various tra
king �lters were explored. These simulationsshowed that appropriately designed Kalman �lters 
ould provide adequate pre
ision andmaintain tra
king through staging events.The results des
ribed here and in Appendix C are for planar engagements. We do notexpe
t the �Vtot required to be signi�
antly less for out-of-plane engagements than forplanar engagements. It 
ould be more, be
ause of the greater 
hanges in the a

eleration ofthe target perpendi
ular to the line of sight that are possible for out-of-plane engagements.Preliminary Monte Carlo 
al
ulations of the �Vtot required for both planar and out-of-planeengagements without target maneuvers do not show mu
h di�eren
e [143℄.We did not 
onsider the additional demands that would be pla
ed on the kill vehi
le ifthe defense is required to time the inter
ept to o

ur within the narrow window needed toavoid 
ausing possibly live warheads to fall on third 
ountries (see Chapter 5). This problemis beyond the s
ope of the Study. Nor did we 
onsider the e�e
ts of the 
ountermeasuresdes
ribed in Chapter 9 that might delay the kill vehi
le's awareness of a target maneuver,thereby in
reasing the velo
ity 
hange 
apability it must have.12.2 Guidan
e LawsAt any given time, even with 
omplete and perfe
t 
urrent information, the defense 
anpredi
t the future traje
tory of the target missile only approximately, be
ause the defensedoes not know what the target will do in the future. A guidan
e s
heme is therefore needed.Su
h a s
heme uses updated information on the position and motion of the target to issueinstru
tions to the inter
eptor's propulsion and steering me
hanisms that will steer theinter
eptor toward the target5. The guidan
e s
heme used a�e
ts the sensor pre
ision, the�Vtot, and the maximum a

eleration required to a
hieve a given miss distan
e. Here wedis
uss the behavior and limitations of several di�erent guidan
e s
hemes when applied tothe present problem6.We �rst dis
uss the e�e
tiveness of three 
ommonly used algorithms for guiding aninter
eptor attempting to hit an a

elerating target. These algorithms are proportionalnavigation, augmented proportional navigation, and predi
tive guidan
e. Ea
h has numer-ous variants, but their main features are distin
t. Next we dis
uss the appli
ability of thesealgorithms to the ICBM inter
ept problem. For our simulations, we adopted the hybrids
heme outlined at the end of this se
tion.Several basi
 
on
epts are important for understanding the following dis
ussion. Theline of sight (LOS) is the imaginary line 
onne
ting the inter
eptor and the target. TheLOS angle � is the angle between the LOS and a �xed referen
e dire
tion. The length of theLOS (the instantaneous separation between the inter
eptor and the target) is the range tothe target or simply the range, denoted Rt. The 
losing velo
ity V
 between the inter
eptor5For 
on
iseness, in this se
tion we use `inter
eptor' to refer either to the inter
eptor missile with the killvehi
le atta
hed or to the kill vehi
le after it separates from the inter
eptor, whi
hever is relevant.6For a tutorial on the guidan
e and 
ontrol issues involved in ballisti
 missile defense, see [142℄. Theproblem of estimating and predi
ting ballisti
 missile traje
tories using data from sensors is dis
ussed in [144℄.For detailed analyses of the problem of missile guidan
e and 
ontrol, see [141, 145℄.
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e Laws S217Box 12.2: Symbols Used in This Chapter� Angle of the line of sight (LOS)_� LOS rate (a
tual)_̂� LOS rate (estimated)Xt Target position (a
tual)X̂t Target position (estimated)Vt Target velo
ity (a
tual)V̂t Target velo
ity (estimated)at Target a

eleration (a
tual)ât Target a

eleration (estimated)Xi Inter
eptor position (a
tual)Vi Inter
eptor velo
ity (a
tual)ai Inter
eptor a

eleration (a
tual)a
 Inter
eptor a

eleration (
ommanded)V
 Inter
eptor-target 
losing velo
ityV̂
 Estimated 
losing velo
ityN 0 Proportional navigation guidan
e gaintgo Time to go to 
losest approa
htgo;0 Initial time to go�Vt Cumulative target velo
ity 
hange�Vi Cumulative inter
eptor velo
ity 
hangeand the target is � _Rt. The miss distan
e dm 
hara
terizes the a

ura
y of the inter
ept. Itis the 
losest approa
h of the inter
eptor to the aimpoint on the target. The time to go tgois time remaining until 
losest approa
h. The most important symbols used in this 
hapterare de�ned in Box 12.2.12.2.1 Proportional navigationIn proportional navigation (PN), the basi
 guidan
e signal is the time derivative _�, whi
his 
alled the line-of-sight rate. Knowledge of the range and the time to go are not required.Thus, PN 
an be implemented using an angle-only sensor on board the kill vehi
le, whi
his a great advantage in many appli
ations.The 
ommanded a

eleration a
 of the kill vehi
le is normal to the LOS and proportionalto both _� and V
, with negative feedba
k to drive the rate to zero [141, pp. 27{28℄. If the
losing velo
ity is positive, i.e., the inter
eptor is approa
hing the target, an un
hangingLOS angle implies that the kill vehi
le is on a 
ollision 
ourse with the target. The inter
epttime (or the time of 
losest approa
h if the kill vehi
le misses the target) is not 
ontrolledand is largely determined by the initial separation between the kill vehi
le and the targetand their initial velo
ities.Although the PN guidan
e law was not derived with target a

eleration as a funda-mental 
onsideration, with perfe
t information, a 
onstant 
losing velo
ity, and unlimitedinter
eptor a

eleration and velo
ity 
hange 
apability, PN will drive the miss distan
e
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aused by an initial heading error or a 
onstant target a

eleration to zero. For an initialheading error and-or a 
onstant target a

eleration normal to the LOS, the time historyof the zero-e�e
t miss, (ZEM)7, the 
ommanded a

eleration a
, and the 
umulative divertvelo
ity �V 
an all be expressed in 
losed form. For the 
onstant target a

eleration 
ase,the equations for the 
ommanded a

eleration and the 
umulative velo
ity 
hange area
at = N 0N 0 � 2241�  tgotgo;0!N 0�235 (12.1)and �Vi;PN = N 0N 0 � 1 �Vt : (12.2)The symbols are de�ned in Box 12.2. For this 
ase, the velo
ity 
hange 
apability neededby the inter
eptor ex
eeds the total velo
ity 
hange of the target. For example, for N 0 = 4the ratio is 4/3.For target a

elerations and heading errors small enough that the guidan
e system isoperating in the linear regime, PN will always drive the miss distan
e to zero at the timeof inter
ept. This is true not only for a 
onstant a

eleration, but also for a time-varyingone, as may be seen by approximating a time-varying a

eleration by a sequen
e of 
onstanta

elerations. If the target does not a

elerate, and the terminal 
ontroller is linear with aperforman
e index quadrati
 in the state variables and the 
ontrol e�ort, PN with N 0 = 3
an be shown to be the optimal linear 
ontrol law [146, pp. 154{155℄.
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Figure 12.1. Blo
k diagram of an idealized proportional navigation s
heme for a two-dimensionalengagement, formulated in terms of the zero e�ort miss (ZEM). See Box 12.2 for de�nitions of thesymbols used.Figure 12.1 shows a blo
k diagram of an idealized PN s
heme for a two-dimensionalengagement. The s
heme is idealized in the sense that sensor error is not in
luded ( _̂� isequated to _�), and the inter
eptor's a
tual a

eleration is equated to the a

eleration 
om-manded by the guidan
e system, i.e., 
ontrol system lags and the dynami
s of the kill vehi
lehave been negle
ted. Proportional navigation 
an be expressed in various mathemati
allyequivalent forms, depending on the dynami
al variables used. The form shown here is for-mulated in terms of the ZEM; note that in this formulation the equation for the ZEM is�rst-order in time. Only the LOS rate and an estimate of the 
losing velo
ity are requiredto 
ompute the 
ommanded a

eleration a
 of the kill vehi
le.87The zero-e�ort miss is the distan
e by whi
h the inter
eptor would miss the target if the target 
ontinuedon its present 
ourse with its present speed and the inter
eptor made no further 
orre
tive maneuvers.8Although tgo appears expli
itly in Fig. 12.1, it is not needed to implement the guidan
e s
heme andenters only through the LOS rate; see [141℄.
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e Laws S219The loop gain is tgo� (1=V
t2go)�N 0V̂
 = (N 0=tgo)(V̂
=V
), where N 0 is the proportionalnavigation guidan
e gain, sometimes 
alled the e�e
tive navigation ratio, and V̂
 is the
losing velo
ity estimated by the guidan
e system. The 
losed-loop performan
e is relativelyinsensitive to small 
hanges in the loop gain, provided it is about 3 or more divided by thetime to go in se
onds. Be
ause the loop gain is proportional to the ratio of the estimated
losing velo
ity to the true 
losing velo
ity, errors of 10 per
ent or so in the estimated
losing velo
ity have little e�e
t. Hen
e, estimates of the 
losing velo
ity based on simulatedengagements or a priori knowledge are often used.Numeri
al simulations using �nite-di�eren
e implementations of the equations repre-sented by the blo
k diagram in Fig. 12.1 reprodu
e the 
losed-form results for 
onstanttarget a

eleration mentioned above but 
an also be used to 
al
ulate the 
ommanded re-sponse produ
ed by arbitrary target a

elerations. With appropriate modi�
ations, su
hsimulations 
an be used to evaluate the e�e
ts of limits to the inter
eptor's ability to a

el-erate and lags in its response.
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Figure 12.2. Example of the time evolution of an engagement in whi
h a kill vehi
le using propor-tional navigation with a gain of 6 attempts to hit a target with a time-varying a

eleration. Shownare the time histories of the zero-e�ort miss in meters (left-hand s
ale), the target's a

eleration atand the inter
eptor's 
ommanded a

eleration a
 normal to the line of sight in m/s2 (right-hands
ale), and the 
umulative 
ommanded velo
ity 
hange �V of the inter
eptor in m/s (left-hands
ale). In this example, the kill vehi
le hits the target at the end of the engagement, as indi
atedby the vanishing of the zero-e�ort miss. By then, �V has grown to 2.2 km/s.Figure 12.2 shows the simulated behavior of a kill vehi
le using the idealized PN s
hemeas it attempts to inter
ept a target that is a

elerating in a 
ompli
ated way. In spite ofthe 
omplex response, the ZEM is driven to zero with no time to go, implying a dire
thit. In this example, the 
umulative velo
ity 
hange 
omputed by integrating the absolutevalue of the a

eleration is 2.2 km/s. For 
omparison, the integral of the absolute value oftarget a

eleration is 2.3 km/s. Depending on the target a

eleration history, the kill-vehi
le
umulative velo
ity may be either more or less than the integral of the absolute value of
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eleration. For a high value of the PN gain, the kill vehi
le and target totalvelo
ities tend to be nearly equal, as in this example.To improve the performan
e of the guidan
e system when 
onfronting an a

eleratingtarget, an augmented proportional guidan
e law 
an be 
onsidered.12.2.2 Augmented proportional navigationFor a target with a 
onstant a

eleration, augmented proportional navigation (APN) feedsthe target a

eleration forward to the inter
eptor with a gain of N 0=2, as shown in theblo
k diagram in Fig. 12.3 [141, p. 145℄. For 
onstant target a

eleration, the 
losed-formequations for the 
ommanded a

eleration and the 
umulative velo
ity 
hange area
at = N 02  tgotgo;0!N 0�2 (12.3)and �Vi;APN = N 02(N 0 � 1) �Vt : (12.4)The symbols are de�ned in Box 12.2.
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Figure 12.3. Blo
k diagram of an idealized augmented proportional navigation s
heme. See Box 12.2for de�nitions of the symbols used.In 
ontrast to PN, for APN the total 
hange in the inter
eptor's velo
ity 
an a
tuallybe less than the total 
hange in the target's velo
ity. For example, for N 0 = 4, the ratio is2/3. For this or any value of N 0, the total 
hange in the inter
eptor's velo
ity using APN ishalf of that for PN. To a
hieve this redu
tion, the guidan
e system initially 
ommands ana

eleration greater than the target's a

eleration|in essen
e in
ating the ZEM. To derivea signi�
ant bene�t from using APN requires some knowledge of the target's a

eleration. Ingeneral, the target's a

eleration 
annot be estimated a

urately enough using only anglemeasurements made by imaging sensors on the inter
eptor; usually range information isused. The range information 
ould be supplied either by o�-board passive sensors or byon-board a
tive sensors.Even in the noise-free 
ase, it is not always possible to assure that the inter
eptor's totalvelo
ity 
hange will be less than the target's total velo
ity 
hange. For example, if the targetexe
utes 
ertain swit
hing maneuvers, APN 
an 
ause the total 
hange in the inter
eptor'svelo
ity to ex
eed the total 
hange in the target's velo
ity. However, if the inter
eptor
an mat
h the target's a

eleration normal to the LOS, the inter
eptor and target velo
ity
hanges will be equal. A

eleration mat
hing 
an therefore minimize the maximum total
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e Laws S221velo
ity 
hange required if maneuvers are unpredi
table and arbitrary. As an aside, in atwo-sided \game-theoreti
 optimal inter
ept," zero-miss distan
e 
an be guaranteed if thepursuer is more maneuverable than the target. However, when the relative maneuverabilityapproa
hes unity, the APN guidan
e law approa
hes PN guidan
e with an in�nite gain,whi
h for
es a

eleration mat
hing [147, pp. 2{3℄.12.2.3 Predi
tive guidan
ePredi
tive guidan
e (PG) assumes that the guidan
e system has some knowledge of thefuture motion of the target and uses this knowledge to help predi
t the inter
ept point.PG is parti
ularly e�e
tive if the target's a

eleration is 
onstant, but it 
an also be usefulif the target's a

eleration is 
hanging, provided the inter
eptor has some knowledge ofthe target's future a

eleration pro�le. For example, a missile traje
tory template or thetraje
tory of a model of the missile with some 
onstraints on steering 
an be used. Forthe boost-phase inter
ept problem, predi
tive guidan
e would involve predi
ting the targetmissile's traje
tory and using this information to 
ompute a predi
ted inter
ept point. Theinter
eptor's nominal traje
tory would also be proje
ted forward and the ZEM 
al
ulated.At ea
h 
orre
tive step, the inter
eptor would be steered to null the 
omponent of the ZEMnormal to the LOS. For reasonably well-
hara
terized ballisti
 targets and targets withrelatively small unpredi
table maneuvers, PG 
an be highly e�e
tive [148℄.For targets that make larger unpredi
table maneuvers, su
h as maneuvering re-entryvehi
les, a manageable set of predi
tions 
an be 
onsidered, parti
ularly when there are
onstraints on the target missile, su
h as rea
hing a spe
i�
 target area. However, allpredi
tion s
hemes are 
hallenged when|as in the boost-phase inter
ept problem|thearea to be defended is large, the intended target is unknown, knowledge of the performan
e
hara
teristi
s of the target missile may be poor, and the target intentionally maneuvers.12.2.4 The guidan
e s
heme used hereBe
ause the behavior of an ICBM in powered 
ight is diÆ
ult to predi
t, we de
ided tomake minimal a priori assumptions about the 
hara
teristi
s and behavior of the target.The target's a

eleration, velo
ity, and position are estimated initially from measurementsby o�-board sensors (see Chapter 10). The inter
eptor's state was assumed to be knownperfe
tly, relative to other un
ertainties in the problem. The inter
eptor was guided usingPN, augmented by mat
hing, the target's a

eleration normal to the LOS. A PN gain of 3and an APN gain of 2 were used. A blo
k diagram of this s
heme is shown in Fig. 12.4.This \hybrid" s
heme is motivated by the dis
ussion of APN and a

eleration mat
hingin Se
tion 12.2.2. The APN gain of 2 produ
es a

eleration mat
hing and the PN gain of 3provides a relatively low-gain feedba
k 
orre
tion for errors. Some variations were studied,but none that we 
onsidered appeared to perform as well overall. Sin
e this exploration wasby no means 
omprehensive, we 
annot pre
lude the possibility that a signi�
antly superiorguidan
e s
heme 
ould be found.An important point is that the �nal boost stages of ICBMs produ
e signi�
ant axiala

elerations. Hen
e the simple 
lassi
al equations for PN and APN, whi
h assume a
onstant 
losing velo
ity, do not stri
tly apply. For the equations to be a

urate, theadditional velo
ity that is gained by the target before the inter
ept must be mu
h less thanthe 
losing velo
ity [149℄. Generally this does not o

ur until the endgame.Setting aside these issues, the hybrid PN/APN guidan
e s
heme shown in Fig. 12.4 was
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Figure 12.4. Blo
k diagram of the guidan
e s
heme used in simulating the engagements dis
ussedin this 
hapter, ex
ept in the endgame, where a di�erent s
heme was used. The variables estimatedby the tra
king and guidan
e algorithm are indi
ated by 
arets. See Box 12.2 for de�nitions of thesymbols used.used to simulate a variety of engagements in whi
h the target a

elerated and maneuveredas an ICBM would be expe
ted to do. The sensor errors, the laten
y in pro
essing targetinformation, the kill vehi
le's dynami
al behavior, and the lag in its response to guidan
e
ommands were modeled in the simulations, as des
ribed in the relevant se
tions below.Ea
h simulation yielded the kill vehi
le's traje
tory, a

eleration pro�le, and total velo
ity
hange. The simulations were used to explore the kill-vehi
le performan
e needed to drivethe miss distan
e down to a level (a fra
tion of a kilometer) at whi
h the endgame 
ouldbe started. In the endgame, a di�erent guidan
e law and a �ner resolution were used to
ompute miss distan
es with the 
entimeter pre
ision that is ne
essary to determine whetherthe kill vehi
le su

essfully hits the target.12.3 Required Velo
ity Change CapabilityThis se
tion summarizes the results of the simulations used to estimate the total velo
ity-
hange 
apability �Vtot that the kill vehi
le would need to have a high probability ofinter
epting a target ICBM. The approa
h used in the Study is illustrated by the followingillustrative engagement.12.3.1 Engagement and tra
king modelEngagement model Most of our exploration of the �Vtot needed for inter
ept 
onsideredplanar engagements of solid-propellant ICBM model S2, whi
h has a 170-se
ond boostphase, by a kill vehi
le boosted and deployed by inter
eptor model I-4, whi
h has a 40-
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ity Change Capability S223se
ond boost phase and a burnout velo
ity of 6.5 km/s.9 Unless otherwise noted, all timesgiven are relative to the time the target ICBM was laun
hed.In the engagements simulated here, the inter
eptor was �red at 45 s from a stando�distan
e su
h that it would inter
ept the target ICBM at about 155 s, 15 s before theICBM's �nal stage would have burned out. The inter
eptor was assumed to have a headingerror of no more than 20 km when it burned out at 85 s. The kill vehi
le's shroud was eje
tedwhen the inter
eptor rea
hed an altitude of 85 km. At this altitude, whi
h the inter
eptorrea
hed at 100 s, the dynami
 pressure is low enough for the kill vehi
le to begin to operate.On
e deployed, the kill vehi
le was assumed to begin steering itself using measurements ofthe target's position provided initially by o�-board sensors and later by on-board sensors.The 
losing velo
ity for this engagement is about 10 km/s.10Tra
king sensors As des
ribed in Chapter 10, the laun
h of a large ro
ket would �rst bedete
ted by spa
e-based IR sensors, unless surfa
e- or air-based radars 
ould be positioned
lose enough to the missile laun
h site that their sightlines to the missile early in its 
ightwould not be blo
ked by the 
urvature of Earth. The pre
ision of the information on thetarget's position that 
ould be provided by modern spa
e-based IR sensors was estimatedto be about 300 m (1�) in all three dire
tions with a 1-Hz rate. This level of a

ura
y
orresponds to a uniform distribution of errors over a pixel with a 1 km � 1 km footprinton Earth's surfa
e (see Se
tion 10.1.3).On
e it has risen high enough, the target ro
ket 
ould also be tra
ked by distant surfa
e-or air-based radars (see Chapter 10). Although a radar 
ould measure the target ro
ket'srange mu
h more pre
isely than a spa
e-based IR system, if the ro
ket were above the radar'shorizon and the radar were not being jammed (but see Chapter 9), there are engagementgeometries for whi
h any of the three dire
tions 
ould be 
riti
al. We estimate that radars
ould measure the position of target ICBMs with an un
ertainty of 300 m in ea
h dire
tion.The plume of a large ro
ket 
ould be dete
ted by a passive IR sensor on board thekill vehi
le as soon as the kill vehi
le rea
hed suÆ
ient altitude for su
h a sensor to openand operate (Chapter 10). Measurements of the plume by su
h a sensor 
ould in prin
iplebe used to determine the position of the ro
ket body to within about 100 m in the twodire
tions normal to the LOS at a frame rate of 30 Hz or even greater, provided the plumeand its relationship to the position of the ro
ket body are understood well enough for therelevant engagement geometry. However, a passive IR sensor would not be able to providerange information pre
ise enough to be useful.When the kill vehi
le is 
lose enough to the target, a
tive on-board sensing te
hniques
an provide information on the position of the target in all three dimensions. For example,the on-board LIDAR seeker analyzed in Chapter 10 
an provide pre
ise measurements of therange and in
reasingly pre
ise measurements of the position of the ro
ket body normal to theLOS at a frame rate of 1 Hz or even greater, on
e the range were 250 km or less. Although9As noted at the beginning of this 
hapter, Appendix C also des
ribes simulated engagements of liquid-propellant ICBM model L by the 5-km/s inter
eptor I-2 and engagements of the solid-propellant ICBMmodel S1 by the 10-km/s inter
eptor I-5.10The 
losing velo
ity for these same ICBM and inter
eptor models would be less for non-planar engage-ments, e.g., about 7 km/s for an inter
eptor traje
tory nearly normal to the plane of the ICBM traje
tory.We fo
used on engagements in whi
h the traje
tories of the target and inter
eptor are essentially planar andin approximately the same plane be
ause this is the simplest 
ase. As explained in Se
tion 12.1.3, we do notexpe
t the required velo
ity 
hange 
apability to be qualitatively di�erent for non-planar engagements.



S224 Chapter 12. Hitting the Targetthe LIDAR frame rate 
ould be in
reased as the target range de
reases, we assumed a 1-Hzrate until the endgame.Sensor data In studying the �Vtot required to inter
ept an ICBM, we used target-positionupdate rates and un
ertainties representative of the performan
e of the o�-board and on-board sensors dis
ussed above. O�-board measurements of the target's position were as-sumed to be provided by modern spa
e-based IR sensors on two early-warning satellitesoperating in stereo mode. The un
ertainty in the position of the target provided by su
hspa
e-based sensors would be independent of the target's range from the kill vehi
le. Aftersome initial exploration of the impli
ations of other values, most of the simulations were
arried out assuming that spa
e-based IR sensors would measure the position of the targetat a 1-Hz rate with an un
ertainty of about 300 m (1�) in all three dire
tions from the timethe kill vehi
le began operating until the range to the target be
ame less than 250 km.11 Weassumed that on
e the kill vehi
le had 
losed to within 250 km of the target, a LIDAR onboard the kill vehi
le would measure the position of the target with an un
ertainty of about30 m (1�) in all three dire
tions at a frame rate of 1 Hz. For simpli
ity, we assumed thatthe un
ertainties in the position measurements made by the LIDAR were also independentof the range to the target, ex
ept in the endgame (see below).Estimating the target's state Estimating the relevant aspe
ts of the target's state (inthis 
ase its position, velo
ity, and a

eleration) 
ould be done using a Kalman �lter12 orin several other ways. Our simplifying assumption that the un
ertainties in the measuredpositions of the target ro
ket are independent of the ro
ket's range from the kill vehi
lemakes the un
ertainties independent of time. We therefore used �xed-length, se
ond-orderpolynomial �lters [151℄, tuned to the measurement error, sampling rate, and target dynam-i
s. For simpli
ity, we used only the data from the o�-board sensor from the time the killvehi
le began operating 55 s after the inter
eptor was �red (100 s after the target missile waslaun
hed) until the range to the target be
ame less than 250 km, 85 s after the inter
eptorwas �red (130 s after the target missile was laun
hed).13 A �lter length of 15 s was used forthese data. On
e the range to the target be
ame less than 250 km, we used only the datafrom the sensor onboard the kill vehi
le. A �lter length of 6 s was used for these data.The estimates of the target's state supplied by the �lters are un
ertain both be
ause ofmeasurement noise and be
ause of deviations of the target's a

eleration from the 
onstantvalue assumed by the polynomial �lters. The 1� un
ertainties in estimates of the target'sposition, velo
ity, and a

eleration indu
ed by measurement noise are listed in Table 12.2.The un
ertainties 
aused by the deviations of the target from a 
onstant a

eleration pro�leare roughly the same size. For example, a 
onstant jerk of 1 m/s3 introdu
es an 8-m/s2error in the estimated a

eleration of the target for measurements with 300-m resolutionand a 3-m/s2 error for measurements with 30-m resolution.11If a follow-on spa
e-based IR sensor system is not available and DSP data had to be used, the updaterate would be 0.1 Hz, whi
h would in
rease the �Vtot required for inter
ept. As noted earlier, radars 
ould beused to measure the position of the target ro
ket with pre
isions and update rates similar to those providedby modern spa
e-based IR sensors if they 
ould be lo
ated 
lose enough to the ICBM's laun
h point.12For an introdu
tion to Kalman �ltering, see [150℄.13Estimation of the state of the target by fusing and �ltering o�-board data from modern spa
e-based IRsensors and a surfa
e-based radar is illustrated in Appendix C.



12.3. Required Velo
ity Change Capability S225Table 12.2. Un
ertainties in Estimates of the State of the Target ICBMaUn
ertainty (1�) O�-Board Sensorsb On-Board Sensor
Position un
ertainty (m) 200 25Velo
ity un
ertainty (m/s) 60 20A

eleration un
ertainty (m/s2) 8 6aIndu
ed by errors in the measured position of the target during the 
ight of the kill vehi
le.bRepresentative of modern IR sensors on two early-warning satellites operating in stereo modeand providing measurements of the target's position with a 300-m (1�) un
ertainty in all threedire
tions at a 1-Hz update rate.
Representative of a LIDAR seeker providing measurements of the target's position with a30-m (1�) un
ertainty in all three dire
tions at a 1-Hz frame rate. The endgame was treatedseparately.12.3.2 Estimating �Vtot requirementsFigure 12.5 shows the a
tual a

eleration pro�le of the target missile during its boost phaseand the a

eleration estimates provided by the �lter used in the simulations.14 In the leftpanel, the sensor noise has been set to zero to show the basi
 e�e
t of the polynomial �lter.The two staging events are 
learly evident. The sensor noise makes these events less obvious,as the right panel shows. The e�e
t of the noise diminishes only modestly at 130 s, whenthe guidan
e algorithm starts using the far more a

urate on-board sensor data, be
ause atthis point the �lter length is redu
ed from 15 s to 6 s to make it more responsive to targetmaneuvers.
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Figure 12.5. Illustration of estimates of target a

eleration using polynomial �lters, with the sensornoise turned o� (left) and with sensor noise in
luded (right). Shown are the horizontal and verti
ala

elerations aH and aV and the 
orresponding estimates âH and âV provided by the �lter. Thea

eleration drops sharply at ea
h of the two staging events whi
h o

ur at �60 s and 120 s. Afterea
h event, the a

eleration estimates deviate from the a
tual a

eleration but re
over after a time
omparable to the �lter length (15 s before 130 s and 6 s afterward). The sensor noise was assumedto be 300 m (1�) before 130 s and 30 m afterward.14Redu
ing the delay in estimating the 
hange in target a

eleration after staging events or step targetmaneuvers is a subje
t of a
tive resear
h. Somewhat superior results are 
ited in [152℄; we did not explorethese methods to determine their generality and robustness.



S226 Chapter 12. Hitting the TargetTo determine the kill-vehi
le �Vtot required to assure inter
ept, Monte Carlo runs of100 samples ea
h were performed for a range of o�-board sensor resolutions to determinethe average �Vtot and the 90th-per
entile point in the distribution of the required �Vtot�rst, by the nominal target dynami
s and sensor noise, and se
ond, by these and evasivemaneuvers by the target. Two simple maneuvers were 
onsidered: a sudden in
rease inthe angle of atta
k of the target missile by 15Æ or a sudden de
rease by the same angle.Maneuvers like these 
ould be exe
uted either to adjust the traje
tory of the ICBM or toattempt to exhaust the velo
ity-
hange 
apability of the kill vehi
le.In order to investigate the most stressing 
onsequen
es of su
h maneuvers, we assumedthey were initiated at 86 s. This timing is disadvantageous for the defense be
ause the killvehi
le is unable to maneuver from the time the �nal stage of the inter
eptor burns outat 86 s until its shroud is eje
ted at 100 s. By 
hanging its angle of atta
k at 86 s, thetarget missile will follow a traje
tory di�erent from the one expe
ted by the defense whenthe inter
eptor burned out. Be
ause the kill vehi
le is temporarily unable to maneuver,it 
annot 
ompensate immediately for the 
hange in the target's traje
tory and therefore
ontinues in what is now the wrong dire
tion. On
e the kill vehi
le 
an maneuver, whi
h inthis situation is 14 se
onds after the 
hange in target traje
tory, it now has a larger possibleheading error to 
orre
t for than in the 
ase of no evasive maneuver. Furthermore, until theICBM burns out, the target 
an 
ontinue to a

elerate in the new dire
tion, or make furtherevasive 
hanges in its dire
tion of a

eleration; the �V required to have high 
on�den
e of
ompensating for these later 
hanges is the dominant fa
tor in the total �V budget.Figure 12.6 shows the traje
tories of the target ICBM and inter
eptor in the range-altitude plane for a simulated engagement in whi
h the se
ond stage of the ICBM in
reasesits angle of atta
k by 15Æ when the �nal boost stage of the inter
eptor burns out at 86 s. Thekill vehi
le begins to steer toward the ICBM's se
ond stage at 100 s. In this simulation, thekill vehi
le's 
losest approa
h to the ICBM's �nal stage o

urs at about 157 s. In Fig. 12.6the missile and kill vehi
le traje
tories have been extended to 160 s. On the s
ale shown,the 
rossing of the target and kill vehi
le traje
tories and their slight upward 
urvaturesnear the 
rossing are 
learly evident.
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Figure 12.6. Left: Overview of the engagement of ICBM model S2 by inter
eptor model I-4 analyzedin the text, showing the traje
tories of the ICBM (left) and inter
eptor (right) in the range-altitudeplane. In this engagement the inter
eptor is laun
hed 45 s after the ICBM, rises to get above thedensest part of the atmosphere, and then pit
hes over toward the anti
ipated inter
ept point. Itburns out 86 s after the laun
h of the ICBM. When the inter
eptor burns out, the se
ond stage ofthe ICBM in
reases its angle of atta
k by 15Æ. The kill vehi
le begins to steer toward the ICBMat 100 s and its traje
tory interse
ts that of the ICBM at 157 s. Right panel: Detail of the �nal100 km of the engagement, showing that the inter
ept was su

essful. The dots along ea
h traje
toryshow the positions of the target and inter
eptor at 1-se
ond intervals. Both traje
tories have beenextended to 160 s. Note that there are exa
tly three dots on ea
h traje
tory after they 
ross.



12.3. Required Velo
ity Change Capability S227Additional simulations were performed to study the velo
ity-
hange 
apability requiredto deal with \swit
hba
k" maneuvers by the target, in whi
h it suddenly 
hanges its angleof atta
k from a positive value to a negative value or vi
e versa. Using simulations, we in-vestigated the dependen
e of the velo
ity 
hange 
apability required to 
ompensate for su
hmaneuvers as a fun
tion of the time the maneuver was performed. Finally, we investigatedthe dependen
e of the required velo
ity-
hange 
apability on the 
losing velo
ity betweenthe kill vehi
le and the target.Various aspe
ts of the kill vehi
le's behavior during the simulated engagements areshown in the next few �gures to give some insight into the behavior of the guidan
e s
hemeand the e�e
ts of the �lter dynami
s and measurement noise.
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Figure 12.7. Left-hand panel: Verti
al (dominant) 
omponent aV of the kill vehi
le's a

elerationwith (top 
urve) and without (bottom 
urve) sensor noise in
luded. Although the two 
urves showthe same overall trends, it is 
lear that the sensor noise indu
es signi�
ant 
u
tuations in thea

eleration 
ommanded by the guidan
e s
heme. Right-hand panel: Cumulative kill-vehi
le velo
ity
hange with (top 
urve) and without (bottom 
urve) sensor noise in
luded, as a fun
tion of time sin
ethe laun
h of the target missile. The sensor noise in
reases the required velo
ity 
hange 
apabilityby about 150 m/s.The left-hand panel of Fig. 12.7 shows the verti
al 
omponent of the kill vehi
le's a
-
eleration when the sensor noise listed in Table 12.2 is in
luded (top 
urve) and when it isnot (bottom 
urve). The verti
al 
omponent of the a

eleration is the dominant 
omponentbe
ause the LOS to the target is nearly horizontal. Although the two a

eleration 
urveshave the same overall trend, the sensor noise 
reates signi�
ant 
u
tuations in the a

eler-ation 
ommanded by the guidan
e s
heme, in
reasing the 
umulative velo
ity 
hange thatis needed.The in
rease in the 
umulative velo
ity 
hange during the engagement 
aused by thesensor noise is shown in the right-hand panel of Fig. 12.7. Noise at the level assumedin
reases the �Vtot required by about 150 m/s relative to the noise-free 
ase. If the missiledid not maneuver and the 
hanges in its a

eleration were modest, the a

eleration signreversals indu
ed by the sensor noise would make a signi�
ant 
ontribution to the small�Vtot required. If, however, the missile is expe
ted to exe
ute maneuvers like the angle-of-atta
k 
hanges dis
ussed earlier, the kill vehi
le must have a mu
h larger �Vtot to rea
h



S228 Chapter 12. Hitting the Targetthe endgame, as shown below.To determine the �Vtot required to assure inter
ept, Monte Carlo runs of 100 samplesea
h were performed for a range of o�-board sensor resolutions to determine the average�Vtot required and the 90th-per
entile point in the distribution of the required �Vtot pro-du
ed by sensor measurement errors for two illustrative evasive maneuvers by the target.Figure 12.8 shows the 90th per
entile �Vtot as a fun
tion of the resolution of the o�-boardsensor, for no target maneuvers and for an in
rease or a de
rease in the missile's angle ofatta
k by 15Æ at 86 s.
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Figure 12.8. Total kill-vehi
le velo
ity 
hange required to rea
h the endgame as a fun
tion of theun
ertainty in the measurements of the target's position, when the target does not maneuver (the
urve labeled � = 0Æ) and when the target makes the two angle-of-atta
k maneuvers (the 
urveslabeled � = �15Æ and � = +15Æ).Figure 12.8 shows that the �Vtot required is fairly insensitive to the un
ertainty in themeasured position of the target for un
ertainties less than about 500 m. When the targetdoes not maneuver, an in
rease in the sensor error from zero to 500 m in
reases the �Vtotrequired from about 0.6 km/s to about 1 km/s. If, however, the target makes either of theangle-of- atta
k maneuvers des
ribed above, the �Vtot required in
reases to 1.8{2.0 km/s.Simulations showed that a swit
hba
k maneuver near the worst possible time in
reased therequired kill-vehi
le �Vtot by less than 5 per
ent. To be robust, a boost-phase inter
eptsystem would have to be able to su

essfully 
omplete the inter
ept attempt in the fa
e ofthese and other feasible maneuvers.The bulk of the kill-vehi
le �V analysis was for a kill vehi
le laun
hed by an inter
eptorhaving a burnout velo
ity of 6.5 km/s against an ICBM target. The 
losing velo
ity forthis engagement is about 10 km/s. Figure 12.8 shows that for engagements having 
losingvelo
ities of this order, the �Vtot required is at least 2 km/s, if a small margin is in
ludedto allow the kill vehi
le to 
orre
t initial aiming errors.We also performed a small number of simulations of engagements having the samegeometry but higher 
losing velo
ities, up to 16 km/s. These simulations suggest that the�Vtot required would be slightly greater for engagements in whi
h the 
losing velo
ity issigni�
antly higher than 10 km/s. We estimate that for kill vehi
les laun
hed by surfa
e-based inter
eptors having burnout velo
ities between 6.5 km/s and 10 km/s, the �Vtotrequired would be between 2 km/s and 2.5 km/s. For spa
e-based inter
eptors, whi
h 
ouldhave 
losing velo
ities in ex
ess of 15 km/s, the �Vtot required 
ould be as high as 2.5 km/s.These estimates of the total �V required for engagements at high 
losing velo
ities are



12.4. The Endgame S229based on a small number of simulations. Further analyti
al work or 
ontrolled numeri
al
omparisons would be required to draw de�nitive 
on
lusions about the e�e
t of the 
losingvelo
ity on the total �V required. However, the following preliminary dis
ussion may beuseful (see also [142, p. 109℄).For simpli
ity, suppose that the time at whi
h the engagement is initiated is determinedby external fa
tors unrelated to the inter
eptor's burnout velo
ity or its stando� distan
e.For the simple 
ase of PN or APN guidan
e, a 
onstant-velo
ity, inverse-traje
tory engage-ment15, and noise-free measurements of the LOS rate and the target's a

eleration, thetotal �V required is independent of the 
losing velo
ity. The e�e
t of the 
losing velo
ityon the LOS rate is 
an
elled by its e�e
t on the feedba
k gain (assuming the estimate ofthe 
losing velo
ity is reasonably a

urate). The target a

eleration normal to the LOS isalso independent of the 
losing velo
ity. However, when sensor measurement errors are in-
luded, these errors may depend on the range to the target. If so, they will have a di�erenttime history. For example, an on-board passive IR sensor or laser ranger having a �xedmaximum range would be able to begin operation only at a later time if the 
losing velo
ityis higher. Thus the in
uen
e of �lter dynami
s lags and the noise-indu
ed estimation errorswill be greater during a portion of the kill vehi
le's 
ight, whi
h will in
rease the total�V required. Also, for spa
e-based inter
eptors (and even for higher velo
ity surfa
e-basedinter
eptors) the engagement geometry would be di�erent, thus 
hanging the 
omponent ofthe target's a

eleration normal to the LOS, whi
h will also 
reate di�eren
es in the total�V required.12.3.3 Summary of �Vtot requirementsThe results presented in this se
tion show that in
reasing the pre
ision of the o�-board oron-board sensors would not signi�
antly redu
e the total �V 
apability that the kill vehi
lemust have. The reason is that the largest 
ontributions to the total �V requirement 
omefrom the 
ir
umstan
es that (1) the defensive system is unlikely to have full knowledgeof the 
hara
teristi
s of ICBMs deployed (perhaps with little or no testing) by 
ountrieswith emerging missile programs; (2) the intended target of su
h an ICBM is unlikely tobe known; and (3) an ICBM is an a

elerating, maneuvering target having an inherentlyunpredi
table traje
tory.Our �nding that the kill vehi
le must have a total �V 
apability of at least 2.0{2.5 km/sto rea
h the endgame is the most signi�
ant result obtained from our engagement simu-lations, be
ause this requirement is one of the most important fa
tors that determine theminimum size and mass of the kill vehi
le.12.4 The EndgameAs dis
ussed in the introdu
tion to this 
hapter, the purpose of our endgame analysis was toestimate the seeker, guidan
e and 
ontrol system, and propulsion system performan
e thatwould be needed to assure that the kill vehi
le would have a high probability of hitting thetarget missile. The major guidan
e requirement is suÆ
iently pre
ise and timely informationon the target's state and, if possible, some estimate of its likely future behavior. In addition,the kill vehi
le must have suÆ
ient a

eleration and a

eleration responsiveness to maneuverto hit the target. This se
tion examines these requirements quantitatively.15An inverse-traje
tory engagement is an engagement in whi
h the velo
ity ve
tor of the inter
eptor isantiparallel to the velo
ity ve
tor of the target.



S230 Chapter 12. Hitting the TargetThe greatest 
hallenge during the endgame is 
oping with maneuvers by the target. Asdis
ussed earlier, the target may maneuver to manage its energy, shape its traje
tory, or forother reasons, even if it is not attempting to evade a defense. If the atta
ker knows there is adefensive system, the missile may be programmed to perform maneuvers designed to 
ausethe kill vehi
le to miss. The maneuvers 
onsidered here are thought to be reasonable andlikely to be within the 
apabilities of ICBMs that 
ould be deployed by 
ountries that haveemerging missile programs, but they would not be performed if the atta
ker thought therewas no 
han
e of an inter
ept attempt. We took the ability to 
ope with these maneuversto be a requirement for any boost-phase system, be
ause they would not be diÆ
ult toimplement. Moreover, although the parti
ular maneuvers 
onsidered here were studied asexamples of maneuvers intended to evade the kill vehi
le, 
oping with energy-managementmaneuvers 
ould make similar demands on the performan
e of the kill vehi
le.Be
ause of the limited time and resour
es available for this study, we studied only twotypes of maneuvers during the endgame. Following Zar
han [141, p. 104℄, we 
onsidered(1) a sudden \lunge" maneuver exe
uted within the last 5 s before the predi
ted time ofinter
ept and (2) a 
ontinuous \jinking" maneuver during the last 5 s. For a lunge to bee�e
tive, the missile must exe
ute the maneuver near the worst possible moment for thedefense. If the atta
king missile lunges too early or too late, the lunge will not in
rease themiss distan
e signi�
antly. For a jinking maneuver, the 
hallenge is to a
hieve suÆ
ientamplitude and bandwidth.The kill-vehi
le performan
e required to 
ope with these maneuvers was explored by aseries of endgame simulations. Before reporting the results, we �rst des
ribe the model ofthe endgame used and the parameter values adopted. We then dis
uss some illustrativeexamples. Finally, we summarize our results. The analysis assumes that by the end of theinitial divert and homing phases of the engagement, the kill vehi
le is within a small enough\basket" in position and velo
ity spa
e to begin the endgame.La
king spe
i�
 dimensions of either the target missile or the kill vehi
le, we adoptedthe goal of keeping the miss distan
e to 0.5 m or less in all ten Monte Carlo runs performed.A 0.2-m-diameter kill vehi
le that is able to aim at the 
enterline of 1-m-diameter boosterand has a high probability of a miss distan
e of 0.5 m or less would almost 
ertainly 
ollidewith the missile.1612.4.1 Endgame modelTo estimate the likely miss distan
e in the fa
e of various target maneuvers, we used aone-dimensional model of the endgame (only target a

elerations normal to the LOS were
onsidered). The model has the following features:� A PN guidan
e law was used for the kill vehi
le. Various navigation gain fa
torswere explored.� The laten
y in the kill vehi
le's information about the target's 
urrent state and itspredi
tions of the target's future state was modeled using a se
ond-order Kalman�lter to estimate the ZEM and LOS angle from measurements of the LOS angle withsensor noise in
luded. The amplitude of the sensor noise was assumed to be 
onstant.16For 
omparison, the �nal stages of the model ICBMs we 
onsidered have diameters ranging from 3 mfor the liquid-propellant model to 1.5 m for solid-propellant models.



12.4. The Endgame S231� The delay in the kill vehi
le's dynami
al response was modeled as a �fth-order lagwith �ve equal time 
onstants.17� The dynami
s of the engagement were modeled as a se
ond-order pro
ess with theZEM and the LOS to the target as the two state variables.� The maximum a

eleration that 
ould be provided by the kill vehi
le's propulsionsystem was modeled by imposing a �xed upper limit on the a

eleration that 
ouldbe 
ommanded by the guidan
e system.The following assumptions were made in designing the Kalman �lter. The LOS angle ismeasured at a rate of 100 Hz with a standard deviation of 100=p12 �rad (the standarddeviation of a zero-mean uniform distribution having a width of 100 �rad). The target'srange as a fun
tion of time is known pre
isely,18 allowing distan
es normal to the LOS tobe 
omputed dire
tly from the measured LOS angle. For LOS-angle measurements havinga 
onstant un
ertainty, the response time of the Kalman �lter be
omes shorter as the timeto go de
reases. The time to go was 
omputed using the distan
e to the target and theestimated 
losing velo
ity. The standard deviation of the unpredi
table target a

elerationwas assumed to be 2 g with a 
orrelation time of 1 s. These assumptions determine theKalman �lter gains. In simulations of the endgame, we 
omputed the response of this �lterto the deterministi
 inputs 
aused by the two types of target maneuvers studied.A series of simulations like the ones des
ribed here showed that a 15-g a

eleration isadequate to assure a miss distan
e of 0.5 m or less for 
losing velo
ities less than or about14 km/s. An a

eleration of 15 g was thought to be reasonable for a boost-phase kill vehi
le.A few exploratory simulations of engagements with the higher 
losing velo
ities that wouldbe en
ountered in engagements of ICBMs by very fast, surfa
e-based inter
eptors or byspa
e-based inter
eptors indi
ated that a

elerations of 17{18 g may be needed to ensureinter
ept at the higher 
losing velo
ities produ
ed by these inter
eptors. More simulationswould be needed to establish the a

eleration requirements for su
h high 
losing velo
ities.The a

eleration of the kill vehi
le was limited to 15 g or less for the endgame simulationsdes
ribed here.12.4.2 Lunge maneuverAs an example of a lunge maneuver, 
onsider an 8 g step in the a

eleration of the targetmissile normal to the LOS initiated sometime during the last 5 s before the predi
ted timeof the inter
ept. This is the largest a

eleration that the �nal stages of the model ICBMs
onsidered in the Study 
ould reasonably produ
e 15 s before they burn out. The targetmissile might make a smaller step in its a

eleration as an energy-management maneuver,but a step this large would be made only as an evasive maneuver.In our simulations of the endgame for this maneuver, we used proportional navigationwith a guidan
e gain of 6 applied to the estimated LOS rate derived from the estimated17Low-order transfer fun
tions for inter
eptor lag 
an be 
an
elled out if the parameters are known andthere are no saturation e�e
ts. However, a
tual inter
eptor dynami
s are higher-order, and the e�e
t onmiss is 
onsiderably greater for the same overall lag. Can
ellation is problemati
 for higher-order dynami
lags in the presen
e of saturation e�e
ts and parameter un
ertainties. To be 
onservative, we assumed ahigh-order lag model and did not attempt to 
an
el out or phase 
ompensate its e�e
ts.18As shown in Chapter 10, a LIDAR on board the kill vehi
le 
ould in prin
iple measure the range withhigh pre
ision.



S232 Chapter 12. Hitting the TargetZEM. The total lag in the response of the inter
eptor to a

eleration 
ommands was setto 0.1 s in the simulations des
ribed here. This relatively high gain redu
es the maximumkill-vehi
le a

eleration demands. Although a high gain also tends to in
rease the e�e
ts ofthe sensor noise, in the endgames analyzed the noise was low enough relative to the otherfa
tors to be a

eptable.
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time to go (s)Figure 12.9. Guidan
e signal and kill-vehi
le response to an 8-g lunge maneuver by the target missile0.9 s before the predi
ted inter
ept time, in the absen
e of sensor noise. Left panel: ZEM and ZEMerror, de�ned as the di�eren
e between the ZEM and the estimated ZEM, as a fun
tion of theestimated time to go, whi
h de
reases from left to right. Right panel: Commanded and a
tual killvehi
le a

elerations as a fun
tion of the estimated time to go, showing the e�e
t of the 100-ms lagin the response of the kill vehi
le.Figure 12.9 shows a simulated endgame beginning 5 s before the predi
ted inter
ept time.The sensor noise has been set to zero so the �lter and kill-vehi
le a

eleration responses
an be seen 
learly. The ZEM and ZEM estimation error were set to zero at the beginningof the endgame and remain at zero (for the noise-free 
ase) until the target exe
utes an8 g step maneuver with 0.9 s to go. The left-hand panel shows the evolution of the ZEMand the ZEM error (de�ned as the di�eren
e between the ZEM and the estimated ZEM)during the endgame. The lag of the estimated ZEM 
aused by the �lter response is veryapparent. Although it is a few hundredths of a se
ond initially, it rapidly de
reases as thekill vehi
le approa
hes the target. In this simulation, the kill vehi
le missed its aimpoint byabout 0.7 m, as shown by the 0.7 m ZEM at zero time to go. As the kill vehi
le approa
hesthe target, the ZEM error de
reases almost to zero, showing that the miss was not a resultof the �nal error in estimating the ZEM.In 
ontrast to the �lter lag, whi
h de
reases rapidly as the kill vehi
le approa
hes thetarget, the lag in the kill vehi
le's dynami
al response to a

eleration 
ommands is indepen-dent of the time to go. The e�e
ts of the lags and the limited a

eleration of the kill vehi
le
an be seen 
learly in the right-hand panel of Fig. 12.9. The �lter and kill-vehi
le dynami
allags and the kill vehi
le's �nite maximum a

eleration all 
ontributed to the 0.7 m miss.Figure 12.10 shows how the noise-free miss distan
e 
aused by an 8-g lunge of the target
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Figure 12.10. The miss distan
e produ
ed by the 8-g lunge maneuver by the target missile as afun
tion of the time that the missile exe
utes the maneuver, negle
ting sensor noise. If the maneuveris made with more than 1 s to go, it has a negligible e�e
t on the miss distan
e, whereas if it is madein the last 0.8 s, the kill vehi
le will miss the target.missile depends on the time at whi
h the missile exe
utes the maneuver. If the lunge o

ursmore than a se
ond before the time of inter
ept, the noise-free miss distan
e is only 0.19 m.The miss distan
e be
omes una

eptable only if the lunge o

urs when the time to go is lessthan 0.8 s. It is unlikely that an atta
ker 
ould time the maneuver this pre
isely, be
auseit would be diÆ
ult to know the defender's planned engagement time to better than a fewse
onds. If the magnitude of the lunge is less than 8 g, the window of vulnerability wouldbe narrower still.In
luding the sensor noise does not alter this 
on
lusion. The simulation shown inFig. 12.11 is the same as that shown in Fig. 12.9, ex
ept that the lunge o

urs with 1 s togo and the sensor noise is in
luded. The e�e
ts of the sensor noise are pronoun
ed duringthe �rst few se
onds of the simulation but diminish rapidly as the kill vehi
le approa
hesthe target. In this simulation, the kill vehi
le missed the aimpoint by 0.21 m, hardlydi�erent from the noise-free miss distan
e of 0.19 meters for an 8-g lunge with 1 s to go.The 
on
lusion that the e�e
t of sensor noise is small in this 
ase is further supported byFig. 12.11, whi
h shows a bar 
hart of the miss distan
es obtained in ten simulations of the8-g lunge with 1 s to go, with sensor noise in
luded. All the miss distan
es are between 0.15and 0.25 meters.12.4.3 Jinking maneuverIn 
ontrast to a lunge, whi
h is made at a single instant, a jinking maneuver is a periodi
maneuver exe
uted over an extended time interval that is intended to span the period duringwhi
h an inter
ept attempt 
ould o

ur. The goal is to 
reate kill-vehi
le maneuverabilityrequirements that periodi
ally ex
eed the performan
e of the kill vehi
le, thereby 
reatinga sequen
e of intervals during whi
h the kill vehi
le would be unable to 
lose on the targetwith suÆ
ient pre
ision to hit it.
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1 2 3 4 5 6 7 8 9 10Figure 12.11. Simulation of the endgame for an 8-g lunge by the target missile one se
ond before thepredi
ted inter
ept time with sensor noise in
luded. Left panel: ZEM and ZEM error as a fun
tionof the time to go, whi
h de
reases from left to right. Right panel: Bar 
hart of the miss distan
esfor 10 simulations of the endgame, showing the variation in the miss distan
e produ
ed by the noisein the LOS angle measurements.Zar
han [141, p. 106℄ 
onsiders both square-wave and sinusoidal target a

elerations. Onaverage, the miss distan
es are similar for a

eleration waveforms of the same amplitude,although the miss distan
es for the square wave are a little greater than for the sinusoidalwave. A square-wave a

eleration would be more diÆ
ult for the missile to a
hieve. Wetherefore 
onsidered sinusoidal target a

elerations in our study of the e�e
ts of jinkingmaneuvers. The other assumptions and model parameters were the same as for the analysisof lunges.Figure 12.12 shows the a

eleration of a target missile performing a 1-Hz, 2-g jinkingmaneuver and the response of the kill vehi
le, with and without sensor noise. In the absen
eof sensor noise, the error made in estimating the ZEM de
reases steadily during the 5 sbefore the predi
ted inter
ept time. With no time to go, the ZEM error is less than 0.01 m.However, this redu
tion o

urs so late that the lag in the response of the kill vehi
le andthe limits on its ability to a

elerate prevent it from redu
ing the miss distan
e to su
h asmall value. Instead, the �nal miss distan
e is 0.36 m. Simulations of jinking maneuvershaving di�erent frequen
ies showed that the miss distan
e grows with in
reasing frequen
yand that the highest frequen
y for whi
h the miss distan
e is less than 0.5 m is about 1 Hz.For a 1.3-Hz jinking maneuver, the miss distan
e is 0.8 m.As with a target lunge, sensor noise of the magnitude assumed in the simulations hasonly a small e�e
t on the response of the kill vehi
le to jinking by the target during theendgame. Figure 12.12 shows that the behavior of the ZEM and ZEM error with sensor noiseis very similar to the behavior with no noise. In this example, the sensor noise in
reasedthe �nal miss distan
e by about 20 per
ent, to 0.44 meters.12.4.4 Summary of endgame requirementsFor the lunge and jinking evasion maneuvers that were investigated, a kill vehi
le that hasa maximum a

eleration of 15 g and a response lag of 0.1 s or less is adequate to a
hieve a
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Figure 12.12. Target a

eleration and response of the kill vehi
le to a 1-Hz, 2 g target jinking ma-neuver without (left) and with (right) the sensor noise in
luded. Shown are the target's a

elerationat in m/s2 and the ZEM and ZEM error in meters as a fun
tion of the time to go.miss distan
e of no more than 0.5 m with high probability. This 
on
lusion assumes thatthe terminal sensor errors are no greater than the assumed uniform distribution of 100 �radand that there are highly a

urate range measurements from the LIDAR.12.5 Summary of Requirements for Hitting the TargetThe major results obtained in the pre
eding analysis 
an be divided into the total velo
ity
hange 
apability that is required and the performan
e requirements for the endgame.12.5.1 �Vtot requirementsThe major result of the simulations des
ribed in this 
hapter|the total kill-vehi
le �Vrequired to a
hieve an inter
ept|is summarized in Fig. 12.8. For 
losing velo
ities of about10 km/s, our results show that a total �V of at least 2 km/s is required. For engagements atthe higher 
losing velo
ities that would be produ
ed by very fast surfa
e-based inter
eptors,we estimate that the required total �V would be between 2 km/s and 2.5 km/s. For spa
e-based inter
eptors, whi
h would have 
losing velo
ities of 15 km/s or more, the requiredtotal �V 
ould be as high as 2.5 km/s.12.5.2 Endgame requirementsTo hit the target within about 0.5 m of the intended aim point requires a kill vehi
le with amaximum a

eleration of at least 15 g, a total kill-vehi
le response lag of 0.10 s or less, anda seeker having an angular measurement error of 30 �rad or less (1�) and a 100-Hz updaterate.These requirements are presented as adequate for only the guidan
e laws that wereadopted for the parti
ular problem. For example, APN might redu
e somewhat our 15 ga

eleration result, but its response to swit
hba
k maneuvers and jinking maneuvers 
ouldbe 
ounterprodu
tive and would have to be studied. Moreover, results in [153, Table 1℄ show



S236 Chapter 12. Hitting the Targetvery little advantage for APN vs. PN. Only optimal guidan
e or phase lead estimators showlarge improvements (and this was for a known single-time-
onstant lag). As explained infootnote 16, we 
onservatively assumed that our �ve-time-
onstant lag 
ould not be phase
ompensated. Redu
ing the kill-vehi
le response lag to, say, 0.05 s 
ould help somewhat,but su
h a requirement 
ould be te
hnologi
ally stressing in itself. Moreover, our kill vehi
lewith its 15 g endgame 
apability has only about a 7 g a

eleration 
apability early in itsoperation, when it is mu
h heavier. This 
apability approximately mat
hes the requireda

eleration 
apability at that time. Unexpe
ted maneuvers are inherent in ballisti
 missile
ight and are even more likely to o

ur with target missiles that may have been tested onlyon
e, if at all. Therefore, a robust guidan
e system is highly desirable.We emphasize that these requirements do not re
e
t the additional demands that wouldlikely be pla
ed on the kill vehi
le if a de
ision is made to attempt to time the inter
eptwithin the narrow window that would be required to avoid 
ausing possibly live warheadsto fall on third 
ountries. Analyzing this issue (either te
hni
ally or politi
ally) is outsidethe s
ope of the 
urrent Study. The analysis presented here also did not 
onsider the e�e
tsof 
ountermeasures (Chapter 9) that would delay dete
tion of an unexpe
ted a

eleration,thereby in
reasing the �V requirement.Referen
es for Chapter 12[141℄ P. Zar
han, \Ta
ti
al and Strategi
 Missile Guidan
e," Vol. 176, AIAA Progress inAstronauti
s and Aeronauti
s (1997).[142℄ P. Zar
han, \Ballisti
 Missile Defense Guidan
e and Control Issues," S
ien
e &Global Se
urity 8, 99 (1998).[143℄ P. Zar
han, \Guidan
e and Control: Boost Phase Inter
ept Tradeo�s." Brie�ngpresented to the APS Study Group on Boost-Phase Defense, O
tober 2001.[144℄ Je�rey A. Isaa
son and David R. Vaughan, \Estimation and Predi
tion of Ballisti
Missile Traje
tories." Te
hni
al Report MR-737-AF, ISBN 0-8330-2376-4, RAND,Santa Moni
a, CA, 1996.[145℄ N. A. Shneydor, Missile Guidan
e and Pursuit: Kinemati
s, Dynami
s and Control.Horwood Engineering S
ien
e (Horwood Publishing, Chi
hester) 1998.[146℄ A. E. Bryson and Y.C. Ho, Applied Optimal Control. (Blaisdell, Waltham, MA),1969.[147℄ J. Z. Ben-Asher and Y. Isaa
, \Advan
es in Missile Guidan
e Theory," Vol. 180,AIAA Progress in Astronauti
s and Aeronauti
s (1998).[148℄ K. L. Zondervan et al., \Airborne Fire Control for Boost Phase Inter
ept." NationalFire Control Symposium, 1994.[149℄ J. P. Janus, \Homing Guidan
e." Te
hni
al Report A-62-1732.3-68, Aerospa
eCorporation, 1962.[150℄ P. Zar
han, \Fundamentals of Kalman Filtering: A Pra
ti
al Approa
h," Vol. 190,AIAA Progress in Astronauti
s and Aeronauti
s (2000).[151℄ P. B. Liebelt, An Introdu
tion to Optimal Estimation, (Addison Wesley) 1967.
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ient Multiple Model AdaptiveEstimation in Ballisti
 Missile Inter
eption S
enarios," J. Guidan
e, Control, andDynami
s 25(4), 667 (2002).[153℄ I. A. Shkolnikov et al., \Sliding Mode Observors Versus Kalman Filter in theHoming Loop." Un
lassi�ed report U7034 prepared for the U.S. Army SMDC under
ontra
t number DASG60-94-C-0045.
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hni
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ts of In
omplete Warhead Kill on Other Layers of a De-fense . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S24313.4 Enhan
ing the Lethality of the Kill Vehi
le . . . . . . . . . S24313.5 Summary of Con
lusions . . . . . . . . . . . . . . . . . . . . S24413.5.1 Booster destru
tion . . . . . . . . . . . . . . . . . . . . . . . . S24413.5.2 Warhead destru
tion . . . . . . . . . . . . . . . . . . . . . . . S245There are two possible targets in a boost-phase inter
ept. The �rst is the threat missilebooster. Disabling the booster so that its thrust terminates is the primary goal for aninter
ept. All the possibilities for defending the United States dis
ussed in Chapter 5 arebased on the premise that the inter
ept 
auses the missile's thrust to 
ease at the momentof impa
t.A se
ond possible target is the warhead itself, whi
h is mu
h smaller than the missile(the relative sizes 
an be seen in Fig. 16.6). Destroying the warhead|\warhead kill"|isnot essential for defending the United States|hitting the booster is suÆ
ient. However,warhead kill would be a great advantage with respe
t to the problem of not harming othernations by 
ausing live munitions to fall on them. As dis
ussed in Se
tion 5.8, timing aninter
ept to prevent munitions from falling on other 
ountries presents a formidable problemand may not be possible. If warhead kill 
ould be assured, this problem would be eliminated.This 
hapter examines the assumption about an inter
ept more 
arefully and points outthe large gaps in our understanding of the entire problem of lethality. In short, it �nds thatif a kill vehi
le hits a booster, the energy of the 
ollision is so great that the booster wouldlikely be disabled or destroyed, although the thrust may not be terminated instantly in all
ases. However, destroying the booster may not disable or destroy the warhead, whi
h isonly loosely 
oupled. Therefore a live warhead from a missile that has been \su

essfully"inter
epted may well detonate when or before it hits the ground.This 
hapter also �nds that destroying a warhead 
an be made even more diÆ
ult be-
ause the \sweet spot" or vulnerable area that the kill vehi
le must hit to ensure destru
tionmay be quite small, parti
ularly in the 
ase of submunitions. Moreover, the warhead mayS239



S240 Chapter 13. Disabling the Targetbe diÆ
ult to �nd if its lo
ation on the missile is obs
ured by a large shroud. This 
hapterdis
usses the 
ases where it might be useful to destroy the warhead and some te
hniquesfor in
reasing the lethality of the kill vehi
le against warheads.Overall, our ability to predi
t how e�e
tively a boost-phase inter
ept (BPI) kill vehi
lewill disable a booster or warhead is seriously limited by the absen
e of data from a
tualtests. No one has tried to inter
ept a booster in spa
e before, nor has anyone demonstratedin 
ight the lethality of a kill vehi
le against a warhead with submunitions or a warheadthat has been hidden. These issues would need to be explored through a robust testingprogram. The dearth of 
ight test data must be addressed before informed de
isions 
anbe made about the e�e
tiveness of boost-phase inter
ept systems.13.1 Damage Caused by Collision with a BoosterThe kineti
 destru
tion of kill-vehi
le-to-solid-body hit has been demonstrated in several
ight tests, starting with the Homing Overlay Experiment(HOE)in 1984 [154℄ and 
ontin-uing through three su

essful tests of the National Missile Defense mid
ourse system inthe last few years. In those tests, a kill vehi
le hit a solid body simulating a unitary war-head, and the energy of the 
ollision pulverized both obje
ts. The same basi
 physi
s thatgoverned kill vehi
le 
ollision with a solid body govern the 
ollision of a kill-vehi
le and abooster.As dis
ussed in Chapter 12, sensor and guidan
e and 
ontrol te
hnology that will beavailable within the next de
ade are suÆ
ient for a BPI kill vehi
le to a
hieve a missdistan
e1 against an a

elerating target of 0.5 m (rms), to be 
ompared with typi
al threatmissile diameters of a meter or more (see Fig. 16.6). Thus, hitting a point on the missilethat will disable the powered ro
ket is possible in prin
iple.During the impa
t of a kineti
-energy kill vehi
le with a target, the energy of the 
ollisionis deposited in the target and kill vehi
le primarily in the form of hydrodynami
 impulse.This 
auses failure of typi
al missile stru
tures by impulse loading and thermal energy thatmanifests itself in vaporizing material from target and kill vehi
le [155, 156℄. In the pro
ess,radiant energy is released a
ross a broad spe
trum. A deposition of approximately 5 kJ=
m2on impa
t is 
onsidered to be a typi
al damage threshold. A modest kill-vehi
le payloadmass of 5 kg that strikes at a 
losing velo
ity of 4 km/s would deliver 40 MJ. Even if thiswere distributed over an area of 1 m diameter, it would be enough to destroy the target.In reality, for reasons des
ribed in Chapter 12, the 
ontemplated systems have kill-vehi
le masses of perhaps 50 kg at the time of inter
ept and 
losing velo
ities of 10 km/s orgreater. At su
h velo
ities, the 
ollision would generate kineti
 energy almost 60 times thenominal damage threshold. However, su
h extra energy might indeed be required to e�e
twarhead kill, espe
ially in the 
ase of warheads 
arrying submunitions.Nevertheless, the results of a 
ollision between an inter
eptor kill vehi
le and a boosterare not well understood. Unlike the unitary warhead, the missile stru
ture is not solid buthas empty po
kets, parti
ularly liquid-propelled missiles. Although the energy 
al
ulationssuggest that there would be more than enough energy to destroy the booster, the spe
i�
details of the 
ollision may matter and di�er from the idealized s
enario enough that thrustwould not be terminated 
ompletely or immediately. Un
ertainty in when thrust wouldbe terminated 
ould require inter
epting the missile sooner to prevent it from rea
hing theUnited States. It would also seriously 
ompli
ate strategies for pre
isely timing the inter
ept1De�ned as the 
losest approa
h of the kill vehi
le to its aimpoint on the target ro
ket.



13.2. Warhead Destru
tion S241to avoid having the warhead from the missile damage other 
ountries. There is little, if any,
ight-test data today that would help answer these questions.Damaging the warhead by striking the booster Despite the energy released by the 
olli-sion of the kill vehi
le with the booster, it is not 
lear that the warhead would be disabled ordestroyed or that su
h damage would be observable. Warheads are usually 
oupled looselyto their missiles, often with a few explosive bolts or squibs. Long experien
e with missiletests and spa
e laun
hes, where the booster exploded or was intentionally destroyed by therange safety oÆ
er, suggest that a violent explosion of the booster may not damage thewarhead. Therefore, destru
tion of the booster does not mean destru
tion of the warhead.Moreover, it would be diÆ
ult, if not impossible, in many 
ases to verify that thewarhead has been disabled by this indire
t me
hanism. Up 
lose, it may look �ne from theoutside even to the expert eye, and less-than-
atastrophi
 damage would almost 
ertainlybe invisible to the long-range sensors that are tra
king it for the defense. In sum, boosterkill is an unreliable means for destroying the warhead. If destroying the warhead is required,a dire
t atta
k on it would produ
e better results.13.2 Warhead Destru
tionAs dis
ussed in Chapter 5, the ability to destroy the warhead does not 
hange the timelinefor a su

essful inter
ept: as long as the missile's propulsion is terminated in time to preventit from entering a ballisti
 traje
tory that would 
arry it to the United States, it is notessential that the warhead be destroyed. Thus, if one regards boost-phase inter
ept solelyfrom the point of view of defending the United States, warhead kill is not a fundamentalissue: whether or not the warhead is destroyed, if the inter
ept is su

essful no munitionswould rea
h the United States.Nevertheless, there are reasons for attempting to destroy the warhead, primarily toredu
e the risk that a boost-phase inter
ept by the United States 
ould pose to other nations.As dis
ussed in Chapter 5, it may be una

eptable for the United States to deploy a boost-phase inter
ept system that 
ould 
ause a live nu
lear warhead or 
hemi
al or biologi
alsubmunitions to strike another nation. Chapter 5 presents strategies for preventing debrisfrom falling on other nations that involve timing the inter
ept in a narrow time window(5 s to 10 s) so that the warhead would fall in the o
ean, but that goal is 
hallenging andin some situations might not be a
hievable, given that the basi
 timing un
ertainties inmissile's traje
tory are of the same order. The ability to destroy an atta
king missile'smunitions with high probability 
ould alleviate those 
on
erns.13.2.1 Types of warheadsA warhead 
an 
omprise a nu
lear weapon, unitary loads of 
hemi
al or biologi
al agents, ordozens to hundreds of bomblets 
ontaining 
hemi
al or biologi
al agents. A missile 
an also
arry several large unitary warheads. The warheads and submunitions 
ould be deployedfrom the booster within se
onds of burnout, or even before burnout.13.2.2 Te
hni
al 
hallenges for destroying the warheadThe physi
s of high-speed 
ollisions and the results of 
ight tests of mid
ourse inter
eptorsshow that if a unitary warhead is hit, it is likely to be destroyed. To su

eed in boost
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omplish four tasks: �nd the warhead, hit thewarhead, destroy any submunitions, and verify destru
tion.Finding the warhead First, the defense must �nd the warhead on the missile. This taskis usually quite straightforward|the warhead is atta
hed to the leading end of the missile.But as Fig. 16.6 shows, the warhead's exa
t lo
ation may not be obvious. For stru
turaland mass distribution reasons, the threat missile designer would prefer to aÆx the warheadto the forward end of the �nal stage motor. However, the designer 
ould in
lude a shroudthat disguises that lo
ation by a meter or more. For the relatively small kill vehi
le with adiameter of 50 
m or less des
ribed in Chapter 14, missing the warhead by a meter would
ause the inter
ept to fail. If the missile is delivering a payload of submunitions, the designer
ould distribute them around the outside of the missile body. A number of te
hniques forenhan
ing the kill vehi
le's radius of destru
tion will be dis
ussed below.Hitting the warhead Aiming the kill vehi
le to destroy the warhead is similar to aimingto destroy the missile, ex
ept that the sweet spot (optimal impa
t area) for destroyingthe warhead 
an be mu
h smaller than the area for disabling the booster. Thus, greatera

ura
y would be needed in the kill vehi
le (miss distan
es of 10 
m to 20 
m rather than50 
m), whi
h pla
es more stringent demands on the homing algorithms, responsiveness ofthe divert and attitude 
ontrol system of the kill vehi
le, and a

eleration 
apability.Attempting to destroy the warhead introdu
es additional 
hallenges. Even assumingthat the properties of the missile are known, whi
h is unlikely to be the 
ase, the sweetspot for a warhead's destru
tion would depend upon its spe
i�
 design. Dealing with thisproblem would in
rease the 
omplexity of the logi
 and pro
essing required for a boost-phasekill vehi
le, 
ompared with one designed to hit the booster.Destroying submunitions The 
hallenge of destroying the warhead is greater if it is anassembly of lightly pa
ked submunitions. Su
h an assembly is not a homogeneous stru
-ture and, 
onsequently, the transmission of the hydrodynami
 sho
k that is so e�e
tive inhardbody-to-hardbody 
ollisions be
omes less eÆ
ient. This result has been shown quan-titatively in many experiments [156℄. There has been progress in understanding thesepro
esses and simulating them quantitatively, parti
ularly at the lower 
losing velo
ities ofa few kilometers per se
ond 
hara
teristi
 of theater ballisti
 missile engagements. However,this te
hni
al issue needs more exploration.Verifying warhead destru
tion Unless the inter
ept results in obliteration of the warhead,it will be diÆ
ult to verify that the inter
ept has been su

essful and that live warheadswill not land in other 
ountries. Verifying the destru
tion of submunitions would be evenmore diÆ
ult. Verifying the destru
tion of the warhead or submunitions is an importantissue for a layered defense. To ensure that warheads do not land on other 
ountries, amid
ourse defense 
ould engage any warheads that survive the boost-phase layer. To avoidwasting inter
eptors, the mid
ourse system must know whi
h warheads have been destroyed.Moreover, the mid
ourse system must be able to handle the unpredi
table debris that theboost-phase layer may 
reate (see the next se
tion).
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ts of In
omplete Warhead Kill on Other Layers of aDefenseBoost-phase defenses 
annot be viewed in isolation from other layers of the defense system,should they exist. For example, the demands pla
ed on a boost-phase defense would beless severe if a mid
ourse system were able to engage warheads that survived boost-phaseengagement. Similarly, the boost-phase layer 
an redu
e the demands on the mid
oursedefense if it 
an destroy missiles or damage them before they 
an deploy 
ountermeasuresagainst the mid
ourse defense. But, as previously mentioned, 
ollisions in the boost phase
ould present problems for other layers of the defense. A mid
ourse system would fa
e agreater 
hallenge in identifying the warhead if it were surrounded by debris 
reated duringthe 
ollision with a boost-phase inter
eptor, or if the 
ollision 
aused the warhead to tumbleor spin in ways that the mid
ourse defense had not anti
ipated. If the boost-phase-inter
eptresulted in a target that in
luded the warhead still atta
hed to part of the booster, themid
ourse system might have trouble identifying and destroying the warhead, parti
ularlyif the tankage{warhead assembly were tumbling.These 
onsiderations do not imply that the goal of destroying the warhead rather thanthe booster is not worthwhile, but that the 
omplexities that a boost-phase system might
reate for other layers must be 
arefully examined and a

ounted for in the design of ea
hof the layers.13.4 Enhan
ing the Lethality of the Kill Vehi
leBe
ause of the potential diÆ
ulties in �nding the warhead and hitting the sweet spot witha standard kill vehi
le, it may be desirable to signi�
antly in
rease the radius of destru
-tion of the kineti
 kill vehi
le. A primary advantage of in
reasing lethality is that doingso 
ould improve the 
han
es of verifying destru
tion (parti
ularly of submunitions) andthereby redu
e the load on the mid
ourse layer (if there is one). One approa
h, employedin the Homing Overlay Experiment [154℄, is an umbrella-like devi
e to enhan
e lethality(see Fig. 11.2). A similar idea was used in the Exo-atmospheri
 Reentry Vehi
le Inter
eptorSystem (ERIS) experiment shown in Fig. 13.1 [157, 158℄.In the ERIS test, a �lm of some plasti
 material, su
h as Mylar was stret
hed on a framethat was in
ated shortly before impa
t. In the 
ases of interest here, the diameter of su
ha stru
ture might be approximately two meters. For a Mylar �lm 0.67-mm-thi
k moving ata 
losing velo
ity of 10 km/s, the kineti
 energy delivered per square 
entimeter of targetsurfa
e is about 5 kJ, suÆ
ient to 
ause severe damage in its own right as noted above. Inboth of these 
ases, however, destru
tion was a
hieved by dire
t body-to-body impa
t, sothe e�e
tiveness of lethality enhan
ements in 
ight tests remains to be demonstrated.Other lethality enhan
ement approa
hes have been proposed to in
rease lethal radiusor lethality against submunitions, in
luding the release of many rods from the kill vehi
leprior to impa
t [156℄. While these might be e�e
tive against a target in ballisti
 
ight wherethe traje
tory is predi
table, the situation in boost phase is made mu
h more stressful bythe maneuvering target, where the fusing problem is 
ompli
ated. In fa
t, deploying anyme
hani
al devi
e in a kill vehi
le that 
ould be undergoing transverse a

elerations of asmu
h as 15 g up to the time of impa
t has yet to be demonstrated.The mass of any lethality enhan
ement devi
e would also be a 
riti
al fa
tor in the designof the kill vehi
le. Be
ause the kill vehi
le must be able to maneuver rapidly and undergolarge a

eleration to the moment of impa
t, its mass is a 
riti
al design parameter. The
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Figure 13.1. Artist's 
on
eption of a lethality enhan
ement devi
e on the ERIS experiment. (Cour-tesy of LDM Asso
iates)additional mass of a lethality enhan
ement devi
e 
ould signi�
antly in
rease the overallsize of the inter
eptor. Thus, the tradeo� between the mass of a lethality-enhan
ementdevi
e against the performan
e of the kill vehi
le would need to be 
arefully evaluated,parti
ularly in deployment modes where size or mass is 
onstrained, su
h as spa
e-basedinter
eptors or missiles deployed on air
raft or in the Aegis verti
al laun
h system on ships.13.5 Summary of Con
lusionsWe draw the following 
on
lusions about destroying the booster and the warhead.13.5.1 Booster destru
tion1. The impa
t of a kill vehi
le with a booster would have more than enough energy todisable or destroy the booster and terminate thrust, although perhaps not immedi-ately, depending on the design of the missile and the spe
i�
s of the inter
ept.2. Destru
tion of the booster does not assure that the warhead has been disabled ordestroyed, be
ause it is usually loosely 
oupled to the missile.
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lusions S24513.5.2 Warhead destru
tion1. Capability for destroying the warhead (in 
ontrast to merely terminating the thrustof the target missile's booster) does not provide additional time for the inter
ept totake pla
e to defend the nation. In either 
ase, the missile must be inter
epted beforeit �rst a
hieves the range to rea
h the United States. (In terms of its traje
tory, theinter
ept must o

ur before the missile rea
hes the inter
ept points des
ribed inChapter 5.) Thus, the ability to destroy the warhead does not simplify the problemof a
hieving a su

essful inter
ept.2. As dis
ussed in Se
tion 5.8, to avoid 
ausing live munitions to fall on other nations,the target missile's thrust must be terminated in a very narrow time window. Ourassessment is that, in the fa
e of the probable un
ertainties in a boost-phase engage-ment, in many situations it would be extremely diÆ
ult, if possible at all, to a
hievethis timing. In the absen
e of su
h a timing 
apability, high 
on�den
e of warheaddestru
tion would be needed to ensure that a
hieving an inter
ept would not 
auseharm to other nations.3. If boost-phase inter
ept is one tier of a layered defense system, then the destru
tion ofa warhead in the boost-phase would have to be 
on�rmed with high reliability to avoidunne
essary �ring of additional defenders in subsequent layers. This need be
omeseven more urgent if several missiles are laun
hed in a short time window, whi
his a likely s
enario. Con�rming warhead destru
tion in the boost-phase with highreliability appears to be a 
hallenging problem be
ause of the diÆ
ulty of identifyingthe warhead fragments among the debris of the inter
ept.4. If warhead destru
tion in the boost-phase 
annot be 
on�rmed with high reliability,in a layered defense, inter
epting the warhead in mid
ourse 
ould be made morediÆ
ult by the problem of dete
ting it among the debris of the inter
ept, whi
hwould follow the same general traje
tory. Consequently, unless a reliable warheadkill assessment is possible and the mid
ourse defense is robust enough to handleunpredi
table targets 
lusters and target behavior, inter
ept during boost phase mayin some 
ases be detrimental to the mid
ourse defense.5. We 
on
lude that be
ause of the wide variability of predi
tive models of booster killand submunition payloads for ICBM engagement 
onditions, the only reliable way todetermine the lethality of kineti
-energy inter
eptors in boost-phase defense againstdi�erent types of missiles and warheads would be to 
ondu
t a
tual inter
epts aspart of a development program.Referen
es for Chapter 13[154℄ HOE, Ballisti
 Missile Defense, GAO/NSAID-94-219, July 1994.[155℄ N. Bloembergen et al., Rev. Mod. Phys. 59, S1 (1987).[156℄ R. M. Lloyd, \Physi
s of dire
t hit and near miss warhead te
hnology." Vol. 194,AIAA Progress in Astronauti
s and Aeronauti
s (2001).[157℄ \Test Firing Downs ICBM", Jane's Defense Weekly, February 1991.
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e-based kill vehi
le . . . . . . . . . . . . . . . . . . . . . . S25414.4.3 Kill-vehi
le ki
k stages . . . . . . . . . . . . . . . . . . . . . . S254The size and mass of the kill vehi
le have a profound e�e
t on the size of the inter
eptor.In the 
ase of volume or weight limited inter
eptors deployed from air
raft or Verti
al Lun
hSystem (VLS) tubes on ships, the kill-vehi
le mass determines inter
eptor 
yout speed. The
yout speed in turn determines how 
lose the inter
eptor must be based to the inter
eptpoint to rea
h the ICBM in time to disable it. In the 
ase of spa
e-based inter
eptors, thekill-vehi
le mass is 
riti
al be
ause it determines the amount of inter
eptor and supportsystem mass that must initially be pla
ed into orbit. Sin
e deploying mass into orbit is veryexpensive (more than $22,000/kg), mass-in-orbit is a 
riti
al parameter for spa
e-basedsystems.This 
hapter develops models of a notional kineti
-energy kill vehi
le for BPI that arebased on extrapolating te
hnologies that are well into development and likely to be matureenough to be in
luded in a BPI system that is deployed within a de
ade. Using the kill-vehi
le performan
e 
riteria that are developed in Chapter 12, the model kill vehi
les aresized to illustrate the approximate masses of BPI kill vehi
les for di�erent divert require-ments. The results of this analysis are used to size the inter
eptors presented in Chapter 16and the spa
e-based inter
eptors dis
ussed in Chapter 6.The philosophy behind the sizing model was to use te
hnologies that either exist todayor are reasonable extensions of 
urrent te
hnologies. Care was taken to in
lude all of the
omponents that would be ne
essary for a kill vehi
le to fun
tion (not just the 
entral 
om-ponents). Care was also taken to adjust the key propulsion 
omponents (nozzles, thrusters,and tanks) to meet the large divert velo
ities and a

elerations required for a boost-phasekill vehi
le. As su
h, the estimates of kill-vehi
le mass for BPI developed here are signi�-
antly greater than some have estimated previously, [159, 160℄ although less than would bepossible with te
hnologies that 
ould be deployed today.S247
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le14.1 Performan
e Requirements for Boost-Phase Kill Vehi
lesThe 
ight of the kill vehi
le may be thought of in three distin
t phases after it separatesfrom its booster:� The initial divert phase, when the kill vehi
le is maneuvering based on informationabout the target's behavior from external (o�-board) sensors, before its own sensorshave a
quired the target.� The homing phase, whi
h begins when the kill vehi
le's on-board sensors have a
-quired and designated the target to be hit and the kill vehi
le no longer depends onexternal data.� The endgame, the last few se
onds of the homing phase when the maneuvering limits,time lags, and sensor a

ura
y of the kill vehi
le determine the miss distan
e.Ea
h of the three phases establishes requirements for the kill vehi
le and a�e
ts its
on�guration. A

ording to the analysis done in Chapter 12, the �rst two phases generatethe requirements for total divert impulse and the minimum a

eleration on the kill vehi
le.Those requirements are driven by un
ertainties 
reated by sensor noise and target maneu-vers. For the 
losing velo
ities that 
hara
terize surfa
e-based inter
eptors engaging ICBMs,the required total 
hange in velo
ity is 2 km/s (see Se
tion 12.4). For the higher 
losingvelo
ities asso
iated with spa
e-based inter
eptors, the required total 
hange in velo
ity isexpe
ted to be at least 2.5 km/s.The total velo
ity 
hange that is required of a kill vehi
le a�e
ts its design in two ways:it drives the amount of propellant that is needed and thus the size of the propellant tanksthat are required to store that propellant.The �nal phase, the endgame, determines the requirements for maximum a

elerationand the system response 
hara
teristi
s. Se
tion 12.4 estimates that to have a high prob-ability of a
hieving a miss distan
e of 50 
m or less against an ICBM, the BPI kill vehi
lewould need to a

elerate by as mu
h as 15 g with a response lag of 0.1 s or less during theendgame (the last 10 s or so before inter
ept). In our view, a 0.1-s response lag should bea
hievable with modern guidan
e and 
ontrol systems and thrusters, and would not havea signi�
ant e�e
t on kill vehi
le size. However, meeting the high a

eleration requirementin the last 10 s would have a signi�
ant e�e
t on the size of the four divert thrusters|theymust be large enough to provide the needed impulse when the kill vehi
le has about 15per
ent of its propellant remaining in the tank. The larger divert thrusters in
rease thedry weight of the kill vehi
le, whi
h, in turn in
reases the amount of propellant required.When the divert thrusters are sized to provide 15 g during the endgame, they 
an also pro-vide about 8 g with a full load of propellant, whi
h meets the early minimum a

elerationrequirement to keep up with target maneuvers.Together, these requirements establish the inputs for the sizing analysis that follows.14.2 Natural and Indu
ed Environmental ConsiderationsIn addition to the sho
k, vibration, and a

eleration environmental requirements asso
iatedwith powered 
ight, the kill-vehi
le design must take other fa
tors into a

ount. First, 
on-sideration must be given to sun and Earth shine and their e�e
ts on the design of the opti
alsystems. Careful o�-axis reje
tion is required in the design. Depending on the time of day,there are ex
lusion regions for engagements where the kill vehi
le's homing sensor 
annot be
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ept for a Notional Kill Vehi
le S249pointed. We did not attempt to estimate those environmental 
onsiderations expli
itly, butthey must be 
onsidered in designing a real kill vehi
le and in a
tual engagement geometries.Nu
lear detonation One e�e
t that we did take into a

ount in our kill-vehi
le design wasthe radiation environment that would be 
reated by the detonation of a nu
lear weaponin spa
e. Su
h an event 
ould happen either as a 
ountermeasure or if the warhead weredesigned to detonate if it were hit by an inter
eptor.A nu
lear weapon detonated anywhere in Earth's magneti
 �eld would result in ele
tronsbe
oming trapped, os
illating from pole to pole along the magneti
 �eld lines. The ele
tronswould qui
kly equilibrate around Earth and persist long after the burst [161℄. Both spa
e-and terrestrial-based exoatmospheri
 inter
eptors operate at altitudes where the densityof ele
trons would be signi�
ant. (Inter
epts would o

ur at 150{200 km altitudes forsurfa
e- or spa
e-based kill vehi
les, and the SBIs would probably be maintained at orbitalaltitudes between 300{500 km.) A kill vehi
le would therefore be bombarded by high-speedele
trons that would be 
aptured by its metal stru
ture, emitting gamma photons in thepro
ess. Dete
tor arrays designed to measure very-low-energy photon 
ux would see thesehigh-energy events as a huge spike, with a re
overy time that depends on the materialand volume of the dete
tors. If proper 
are is taken in design, the e�e
t does not 
ausepermanent damage. However, it would 
reate repetitive upset events whi
h, dependingon the re
overy time, 
ould be frequent enough to prevent the dete
tor array from gettinguseful data. To prevent this from being a potential 
ountermeasure, high Z shielding aroundthe fo
al plane is re
ommended to redu
e the gamma 
ux. An arbitrary 1 kg of tungstenhas been provided for in the kill-vehi
le sizing model used in this study.14.3 Design Con
ept for a Notional Kill Vehi
leTo examine sizing issues, the Study Group 
reated a notional kill vehi
le. It in
ludes �vemajor 
omponents: the sensor suite, divert and altitude 
ontrol system (DACS), avioni
s,the basi
 stru
ture, and propellant and propellant storage vessels (tankage). Other 
om-ponents in
lude a battery, an inertial measurement unit (IMU), ordnan
e initiation, andradiation shielding for the fo
al plane array.The sensor suite in
ludes passive IR and visible sensors to tra
k the target and its plumeduring initial divert and homing, and a LIDAR to provide high-quality range, velo
ity, andspatial measurements during homing and the endgame (see Chapter 10). As dis
ussedin Chapter 11, the divert system uses the 
ru
iform 
on�guration for the thrusters: fourequally sized thrusters arranged in an `X' perpendi
ular to the roll axis of the vehi
le.Ea
h thruster must be large enough to provide the maximum a

eleration required of thekill vehi
le during the endgame. Figure 14.1 shows the notional kill vehi
le design thatwas used to size the stru
ture and tank 
on�guration needed to handle the 50 g boosta

eleration and kill vehi
le dynami
 requirements.14.4 Final Kill-Vehi
le SizingThe sizing model for kill vehi
les used in this study is based on analysis from severaldi�erent sour
es. Table 14.1 shows the weight breakdowns for four di�erent BPI kill vehi
les
apable of divert velo
ities of 2 km/s and a

elerations of 15 g|the requirements that wereestimated for inter
epting an ICBM target with a 6.5-km/s inter
eptor (
losing velo
itiesof 10{14 km/s). All four of the kill vehi
les use the 
ru
iform 
on�guration for the divert
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Figure 14.1. Assumed KV stru
ture. The shaded areas indi
ate the Kevlar/epoxy frame.thrusters. The �rst 
olumn lists the 
omponents that we believe would be required to builda working BPI kill vehi
le. The se
ond 
olumn shows the mass breakdown of a notional killvehi
le that 
ould be built using 
omponents from existing 
omponents or well-establishedte
hnologies.The third 
olumn shows the weight breakdowns for a light weight, notional spa
e-baseddesign for the Advan
ed Te
hnology Kill Vehi
le (ATKV) [160℄ from a Lawren
e Liver-more National Laboratory presentation to the panel. This design would redu
e weight from
urrent te
hnology by using miniaturized 
omponents that were 
ight-tested on the Clemen-tine te
hnology demonstration satellite. It also in
ludes some prototype 
omponents thatare still in development, but we assume that given suÆ
ient funding, development 
ouldbe 
ompleted with suÆ
ient for deployment within about a de
ade. The ATKV remainslargely a 
on
eptual design at this point; it has not been built or 
ight-tested.14.4.1 Surfa
e-based baseline kill vehi
leFrom the weight estimates for the 
urrent te
hnology kill vehi
le and ATKV (whi
h, withsome ex
eptions, were found to be reasonably 
onsistent if modest improvements to avioni
spa
kaging te
hnology are assumed), it is possible to proje
t 
omponent sizes in
ludingsensors, avioni
s, batteries, and 
omparable stru
tural weight that make up the non-varyingpart of the dry weight of the kill vehi
le. When 
ombined with the ne
essary propellant togenerate 2 km/s of divert thrust, the result is the \surfa
e-based baseline kill vehi
le" shownin the fourth 
olumn, whi
h was used in sizing the inter
eptors modeled in Chapter 16.The surfa
e-based baseline kill vehi
le is patterned largely on the notional ATKV design,but it has been adjusted in several important ways to re
e
t our judgment about what wouldbe needed to operate in the 
hallenging boost-phase environment. It di�ers from the ATKV
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le Sizing S251Table 14.1. Properties of a surfa
e-based kill vehi
le. Total divert: 2 km/s.
Existing 

Technology 
KV

LLNL 
Space-
Based 
ATKV

Surface-
Based 

Baseline KV

Space- 
Based 

Baseline 
KV

 KV Segment or Subassy (kg) (kg) (kg) (kg)

Divert and Attitude Control System (DACS)
    Pressure regulator Included 2.00 0.50 0.50
    Divert Thrusters 17.15 3.00 10.09 9.77
    ACS Trusters 1.50 included 1.01 0.98
    Valve drivers included included included included
    Manifold included included included included
        Subtotal, DACS 18.65       5 .00       11 .60      11 .24     

Seeker (less IMU) 4.90 7.00 7.00 7.00

Contingency for shielding for focal plane 
array 1.00 1.00 See Natural and Induced Environment section
IMU (Inertial measurement unit) 1.50 1.00 1.00 1.00
Avionics 11.50 8.00 8.00 8.00

Separation system 0.50 0.50
Ordnance inititiate lines 0.25 0.25
KV primary battery 1.90 1.80 1.80 1.80 Estimate based on other programs

KV basic structure & installation hardware 5.00         3.50 3.50
    Subtotal, KV dry weight less tankage 44.20 22.80 34.65 33.54

Propellant
    Useful Fuel and Oxidizer 60.10 27.10 47.00 45.50 Useful propellant needed to produce a total ∆V of 2000 m/sec
    ACS & press fraction of useful fuel 5.0% n/a 5.0% 5.0%
    ACS & pressurization fuel 5% 3.01 2.35 2.28 Added ACS fuel @5% of divert
    Unusable Propellant fraction n/a 3.0% 3.0%
    Unusable Propellant 1.80         1.41 1.37 Propellant trapped in system assumed to be 3% of total

        Subtotal, Propellant 63.11 27.10 49.35 47.78

Tankage 12.62 3.12 9.68 9.37

    Total, KV wet 119.93 53.02 93.68 90.69

∆V check
    Isp of propellent (sec) 300 300 300 300
    Isp (effective) after ACS & press. 285 285 285 285
    ∆V from the rocket equation (check) 1999 1999 2002 2002
    ∆V desired (input) 2000 2000 2000 2000

Endgame acceleration calculation
    KV Mass with 15% fuel remaining 66.29 29.98 51.73 50.08
    Thrust for15g's @ 15% fuel load(Newtons) 9744 4407 7604 7362 Used to estimate thruster size
    G's at full fuel load 8.29 8.48 8.28 8.28

To account for ACS/pressure fuel used but not effective for thrust

Total propellant includes useful propellant and ACS propellant, of 
which the amount shown as unusable is trapped in the system.

Total KV wet mass includes the dry mass, propellant mass , and 
tankage mass

Kevlar epoxy composite structure used for hign axial and lateral 
accelerations;propellant tanks used as load carrying structure

To calculate tankage mass, LLNL uses 0.115*propellant mass, which 
is based on a pumped DACS and lower pressure tanks. We assume 
conventional high pressure tanks with mass 0.2*propellant mass

Separation system and ordnance initiation lines not include on space-
based KV systems

Notes

Includes LIDAR and passive IR and visible sensors.  Used Clementine 
sensor suite masses

Avionics include: guidance/control computer,tactical 
communications transponder, KV electronic safe arm, FTS antenna 
(non-tactical), FTS battery,  command destruct receiver, signal 
conditioner/submux, X-band antennas, X-band transmit module, 
power divider/hybrid coupler, J-box,  control module, logic module, 
tactical signal and power distribution

KV sized for closing velocities of 10-14 km/sec.  Total time of KV 
operation 120 sec.   Assumes 4 divert thrusters in cruciform 
configuration, sized to deliver 15 g in last 10 sec.  LLNL example 
uses fixed thruster mass regardless of divert requirements; baseline 
KV corrects for this by adjusting divert thruster mass  for 15 g 
using Wilkening scaling factors.   ACS impulse  assumed to be 5% of 
divert impulse.     

design primarily in its treatment of the divert and altitude 
ontrol systems (DACS) and themass of the tankage. One of the prin
ipal sour
es that we used for those adjustments was aseries of physi
s- and histori
ally based s
aling relationships developed by Dean Wilkeningin a study that examines airborne BPI options for both ta
ti
al and ICBM engagementsand validates those s
aling relationships with hardware examples [162℄.Six adjustments were made to the �xed dry weights estimated for the ATKV:� The size of the divert thrusters was s
aled using Wilkening's s
aling relationships forthe thrust levels needed to produ
e 15 g a

elerations in the last 10 s of the endgame(assumed here to be when 15 per
ent of the propellant remains), as des
ribed inChapter 12.� A 20 per
ent ratio of tank weight to propellant weight was used to re
e
t 
ur-rent state-of-the-art pressurization, instead of 11.5 per
ent in the ATKV design.The ATKV's smaller ratio re
e
ts a pumped approa
h to feeding propellant to the
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lethrusters, whi
h, if su

essful, would redu
e the requirement to pressurize the fueland result in simpler, more lightweight tanks. We used the 
onventional approa
hbe
ause the sizes required for the kill vehi
les 
onsidered here for BPI are mu
h largerthan the very small prototype systems that have been demonstrated to date for thepumped system. The 20 per
ent ratio used here was 
ross-
he
ked using Wilkening'ss
aling relationships.� So that the kill vehi
le 
ould operate at high axial and lateral loads, 3.5 kg of 
om-posite stru
ture was added. The fuel tanks were also used as load-
arrying stru
ture.� Shielding (1 kg) for the sensor fo
al plane assembly was added to redu
e the 
ux oftrapped ele
tron-indu
ed radiation noise from a nu
lear detonation.� Weight was added to the terrestrial-based kill vehi
le for separation hardware andordnan
e that remains with the kill vehi
le after separation from the booster. It isnot required for the spa
e-based kill vehi
le be
ause that hardware is in
luded in themass fra
tion of the spa
e-based inter
eptor boost stage.Using those estimates for dry mass, we determined the wet mass of the kill vehi
le by
al
ulating, via the ro
ket equation, the propellant needed to provide enough divert thrust,with an allowan
e of 3 per
ent for unusable propellant. The propellant used for the altitude
ontrol system (ACS), whi
h 
onsumes propellant but does not 
ontribute to divert thrust,was a

ounted for by using a slightly redu
ed ISP (285 s) (ISP is the spe
i�
 impulse ofthe propellant) in the ro
ket equation instead of the a
tual ISP of the fuel (300 s). This5-per
ent redu
tion in e�e
tive ISP is 
onsistent with the design assumption that the ACSimpulse required would be 5 per
ent of the divert impulse.For the surfa
e-based baseline kill vehi
le to be 
apable of a 2-km/s divert, our modelyields a total wet mass of about 90 kg (see Table 14.1). If the divert-thrust requirementis in
reased to 2.5 km/s, the wet mass of the surfa
e-based kill vehi
le in
reases to 140 kg(see Table 14.2).The wet masses of these kill vehi
les are greater than the Exoatmospheri
 Kill Vehi
le(EKV) planned for the mid
ourse system. That kill vehi
le is reported to have a wet massof about 55 kg [161℄, 
ompared to the 90-kg wet mass of the BPI kill vehi
le having a2-km/s divert 
apability. The dry mass of the EKV is a
tually greater than for the BPIkill vehi
les estimated here. With 9{14 kg of propellant [163℄, the dry mass of the EKV isabout 40 kg, 
ompared with 35 kg for the BPI kill vehi
le. The di�eren
e is in propellant,with the BPI kill vehi
le requiring signi�
antly more propellant (47 kg) to generate 2 km/sof divert propulsion. By 
omparison, the EKV divert requirement is well below 1 km/s.Using the relationships from the tables and adjusting divert thruster size to maintain15-g maneuver 
apability with 15 per
ent of fuel remaining, vehi
les were sized for four total�V 
ases: 1500-, 2000-, 2500-, and 3000-m/s 
apability. Table 14.3 shows the results forsurfa
e-based kill vehi
les. The limited Monte Carlo analysis 
ondu
ted during the Studyindi
ated that a 90 per
ent probable total divert �V requirement for 
losing velo
ities of10 km/s is about 2 km/s (see Se
tion 12.3). At the 16-km/s 
losing velo
ities that wouldbe en
ountered by spa
e-based inter
eptors against ICBMs, the divert requirement may be2.5 km/s or higher.



14.4. Final Kill-Vehi
le Sizing S253Table 14.2. Properties of terrestrial- and spa
e-based kill vehi
les. Total divert: 2.5 km/s.
Existing 

Technology 
KV

LLNL 
Space-
Based 
ATKV

Surface-
Based 

Baseline KV

Space- 
Based 

Baseline 
KV

 KV Segment or Subassy (kg) (kg) (kg) (kg)

Divert and Attitude Control System (DACS)
    Pressure regulator Included 2.00 0.50 0.50
    Divert Thrusters 17.15 3.00 13.17 12.75
    ACS Trusters 1.50 included 1.32 1.28
    Valve drivers included included included included
    Manifold included included included included
        Subtotal, DACS 18.65       5 .00       14 .99      14 .53     

Seeker (less IMU) 4.90 7.00 7.00 7.00

Contingency for shielding for focal plane 
array 1.00 1.00 See Natural and Induced Environment section
IMU (Inertial measurement unit) 1.50 1.00 1.00 1.00
Avionics 11.50 8.00 8.00 8.00

Separation system 0.50 0.50
Ordnance inititiate lines 0.25 0.25
KV primary battery 1.90 1.80 1.80 1.80 Estimate based on other programs

KV basic structure & installation hardware 5.00         3.50 3.50
    Subtotal, KV dry weight less tankage 44.20 22.80 38.04 36.83

Propellant
    Useful Fuel and Oxidizer 95.00 39.60 81.20 78.60 Useful propellant needed to produce a total ∆V of 2500 m/sec
    ACS & press fraction of useful fuel 5.0% n/a 5.0% 5.0%
    ACS & pressurization fuel 5% 4.75 4.06 3.93 Added ACS fuel @5% of divert
    Unusable Propellant fraction n/a 3.0% 3.0%
    Unusable Propellant 2.85         2.44 2.36 Propellant trapped in system assumed to be 3% of total

        Subtotal, Total Propellant 99.75 39.60 85.26 82.53

Tankage 19.95 4.55 16.73 16.19

    Total, KV wet 163.90 66.95 140.03 135.55

∆V check
    Isp of propellent (sec) 300 300 300 300
    Isp (effective) after ACS & press. 285 285 285 285
    ∆V from the rocket equation (check) 2499 2500 2500 2500
    ∆V desired (input) 2500 2500 2500 2500

Endgame acceleration calculation
    KV Mass with 15% fuel remaining 79.11 33.29 67.56 65.40
    Thrust for15g's @ 15% fuel load(Newtons) 11630 4894 9931 9614 Used to estimate thruster size
    G's at full fuel load 7.24 7.46 7.24 7.24

To account for ACS/pressure fuel used but not effective for thrust

Total propellant includes useful propellant and  ACS propellant, of 
which the amount shown as unusable is trapped in the system.

Total KV wet mass includes the dry mass, propellant mass , and 
tankage mass

Kevlar epoxy composite structure used for hign axial and lateral 
accelerations;propellant tanks used as load carrying structure

To calculate tankage mass, LLNL uses 0.115*propellant mass, which 
is based on a pumped DACS and lower pressure tanks. We assume 
conventional high pressure tanks with mass 0.2*propellant mass at 
completion

Separation system and ordnance initiation lines not include on space-
based KV systems

Notes

Includes LIDAR and passive IR and visible sensors.  Used Clementine 
sensor suite masses

Avionics include: guidance/control computer,tactical 
communications transponder, KV electronic safe arm, FTS antenna 
(non-tactical), FTS battery,  command destruct receiver, signal 
conditioner/submux, X-band antennas, X-band transmit module, 
power divider/hybrid coupler, J-box,  control module, logic module, 
tactical signal and power distribution

KV sized for closing velocities of 10-14 km/sec.  Total time of KV 
operation 120 sec.   Assumes 4 divert thrusters in cruciform 
configuration, sized to deliver 15 g in last 10 sec.  LLNL example 
uses fixed thruster mass regardless of divert requirements; baseline 
KV corrects for this by adjusting divert thruster mass  for 15 g 
using Wilkening scaling factors.   ACS impulse  assumed to be 5% of 
divert impulse.     

Table 14.3. Surfa
e-based kill vehi
les.Divert �V Kill vehi
le(m/s) wet mass (kg)1500 672000 942500 1403000 240
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le14.4.2 Spa
e-based kill vehi
leIn addition to estimating the mass of a surfa
e-based kill vehi
le, we estimated the massof a spa
e-based kill vehi
le (see 
olumn 5 of Table 14.2), whi
h is a little lighter be
auseit does not in
lude separation hardware. In addition to the kill vehi
le mass indi
atedin the table, the spa
e-based kill vehi
le would be mounted on a booster that providesits initial 
yout velo
ity, and the whole inter
eptor would be housed in an orbital garageor lifeja
ket. The lifeja
ket would prote
t the inter
eptor from the spa
e environment andprovide essential station-keeping and life-support fun
tions that would allow the inter
eptorto remain in spa
e for years. In addition to the prote
tive stru
ture and shielding, the lifeja
ket would in
lude solar panels, a battery, and a d
-to-d
 
onverter to 
olle
t and storeenergy; radiators to 
ool the satellite; momentum wheels, 
ontrollers, and horizon- andstar-tra
ker sensors for station keeping; an ACS for dumping momentum from the wheels;a Hall e�e
t ion engine and 
ontrols for maintaining altitude; a 
ommuni
ations link andantenna; and other mis
ellaneous equipment. The size of the spa
e-based inter
eptors andlifeja
kets is dis
ussed further in Chapter 6.14.4.3 Kill-vehi
le ki
k stagesIn sizing our kill vehi
les, we 
onsidered only single-stage kill vehi
les. Two-stage killvehi
les have been suggested to redu
e the over all mass of both mid
ourse and boost-phasekineti
 kill vehi
les. Adding a stage would entail the addition of a \ki
k" motor or stageto the kill vehi
le to perform a post boost initial divert using either external tra
king dataor on-board sensor data taken before the ki
k motor is �red. There are several reasonsto 
onsider this approa
h. For example, it might allow the adaptation of an existing killvehi
le design by providing additional divert 
apability without resizing existing tankageand thrusters. For a new design, a ki
k stage 
ould be used for the initial large divert toremove the signi�
ant target traje
tory error that will inevitably a

rue during inter
eptorboost. The ki
k stage would be jettisoned before 
ontinuing kill-vehi
le operations.The advantage of this approa
h would be lower kill-vehi
le tankage and thruster sizes tomeet the endgame requirements presented in Chapter 12. The advantages must be weighedagainst the added mass and 
omplexity of the additional interstage stru
ture, separationme
hanism, and thrust ve
tor 
ontrol 
omponents. This trade-o� may be favorable formid
ourse inter
eptors, where on
e the kill-stage sensors have established a target traje
tory,the future target motion is very predi
table, and a `blind' divert 
an be used.For boost-phase defense, however, the target 
ontinues to a

elerate unpredi
tably. Un-less the kill vehi
le's on-board sensor is gimbaled or has an internal steering mirror havingmore than 90Æ of angular freedom with its asso
iated weight penalty, an axial-thrust ki
kstage will not allow the kill vehi
le to look at or tra
k the target during ki
k-stage burn.The kill vehi
le must then rely on external tra
k data during that burn, whi
h introdu
eslarger a

eleration un
ertainties that must then be removed by the �nal kill vehi
le stage.Whether we gimbal the sensor or rely on external tra
k data, we in
ur a weight penalty thaterodes the gain that a

rues from a ki
k stage; we therefore did not in
lude a ki
k stage inour baseline design.
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Chapter 15Ballisti
 Missile and Traje
tory ModelsContents15.1 ICBM Models . . . . . . . . . . . . . . . . . . . . . . . . . . . S26015.2 ICBM Traje
tories . . . . . . . . . . . . . . . . . . . . . . . . S26415.2.1 Maximum-range and lofted traje
tories . . . . . . . . . . . . . S26715.2.2 Other traje
tories . . . . . . . . . . . . . . . . . . . . . . . . . S26915.3 Models of Medium-Range Ballisti
 Missiles . . . . . . . . . S274Any analyti
al study of the potential feasibility and performan
e of various BPI systemsmust begin by developing 
omputer models of the various types of ballisti
 missiles thatthese systems might fa
e. Of greatest 
on
ern is the possible eventual deployment of inter-
ontinental ballisti
 missiles (ICBMs) by 
ountries that have ballisti
-missile developmentprograms but 
urrently do not have friendly relations with the United States. None of these
ountries are believed to have tested or deployed long-range missiles that 
ould threatenthe territory of the United States, and the likelihood, timing, and 
hara
ter of any futureICBM threat from these 
ountries is un
ertain (see Chapter 3). Development and deploy-ment of a BPI missile defense system would be a major investment and would probablytake a de
ade or more to 
omplete. The Study Group therefore 
onsidered a spe
trum ofICBMs that might be a
quired or developed and deployed by 
ountries of 
on
ern duringthe next 10{15 years, in
luding ICBMs that might be developed or a
quired and �elded inresponse to prospe
tive or a
tual deployment of BPI missile defense system by the UnitedStates.Current estimates by the U.S. intelligen
e 
ommunity (see Chapter 3) suggest that the�rst ICBMs that might be deployed by 
ountries of 
on
ern would be liquid-propellantmissiles. Although the �rst ICBMs deployed would probably have shorter ranges, it isestimated that missiles with ranges of 12,000 km 
ould be deployed within the next de
adeor so. Deployment of solid-propellant ICBMs would be a natural response to a boost-phase missile defense system, be
ause solid-propellant ICBMs burn out sooner than liquid-propellant ICBMs, redu
ing the time available to inter
ept them. The U.S. intelligen
e
ommunity estimates that 
ountries of 
on
ern 
ould deploy solid-propellant ICBMs withinthe next de
ade, if they were able to a
quire solid-propellant missiles or te
hnology from
ountries with more advan
ed missile programs. The intelligen
e 
ommunity and othershave 
ited numerous examples of the transfer of solid-propellant te
hnology to 
ountries of
on
ern.11Chapter 3 des
ribes the 
hara
teristi
s of di�erent types of ballisti
 missiles and dis
usses 
urrent as-S259



S260 Chapter 15. Ballisti
 Missile and Traje
tory ModelsThe studies of BPI that have been published previously in the open literature [164, 165℄
onsidered primarily models of liquid-propellant ICBMs with very long boost phases, su
has the Titan II, whi
h had a total boost time of about 330 s [166, pp. 456{458℄. Su
h a longboost phase redu
es signi�
antly the performan
e requirements for a boost-phase missiledefense system. Liquid-propellant ICBM-te
hnology now available to 
ountries of 
on
erntypi
ally have total boost times of 250 s or less, and solid-propellant ICBMs based on 1960ste
hnology 
ould be expe
ted to have total boost times of 170 to 180 s. For these reasons theStudy Group developed 
omputer models of solid-propellant ICBMs based on 40-year-old,�rst-generation solid-propellant te
hnology, as well as liquid-propellant ICBMs similar tothose �rst deployed by the Soviets in the early 1960s and by the Chinese in the early 1980s,to explore the potential ability of BPI systems to defend against a spe
trum of possiblemissiles. For the missiles that were modeled in detail, the Study Group 
hara
terized theirstage-by-stage properties, burn times, the sequen
e of events during their 
ight, and theirpossible traje
tories.To redu
e the number of ICBMs 
onstru
ted and engagements analyzed, the StudyGroup fo
used on ICBMs with ranges of 12,000 km (6,400 nauti
al miles). The StudyGroup also 
onstru
ted two medium-range ballisti
 missile (MRBM) models to investigatethe possible relevan
e of BPI of shorter-range missiles laun
hed from platforms positionedo� the 
oasts of the United States. The basi
 properties of these missiles are listed inTables 15.1 and 15.2. The model ballisti
 missiles and traje
tories des
ribed in this 
hapterare used throughout the rest of the Study. The meanings of the most important symbolsused in this 
hapter are listed in Box 15.1. Some are de�ned below. De�nitions anddis
ussions of all of them may be found in Appendix B.15.1 ICBM ModelsThe Study Group 
onstru
ted three primary ICBM models: one liquid-propellant and twosolid-propellant missiles. All have maximum �nal velo
ities of about 7.2 km/s and max-imum ranges of about 12,000 km (6,400 nauti
al miles). The liquid-propellant model isbased on the Chinese DF-5 missile and has a maximum total boost time of 240 s. The twosolid-propellant models are typi
al of �rst-generation U.S. and Soviet long-range ICBMs.As single-warhead designs, they are based on solid propulsion te
hnology that is 40 yearsold. Both have maximum total boost times of 170 s, but they have di�erent staging ra-tios, to test the sensitivity of defense performan
e requirements to di�eren
es in ICBMa

eleration pro�les. The Study Group also 
onstru
ted a fast-burn solid-propellant ICBMhaving a maximum total boost time of 130 s and a maximum range of 12,000 km, to explorethe impa
t of fast-burn ICBMs on defense performan
e requirements. The ICBM modelsused are based on generi
 but plausible performan
e 
hara
teristi
s drawn from the openliterature (see, e.g., [167, 168℄). Where details about foreign missiles were unavailable, themodels were based on older U.S. te
hnology.The mass properties and performan
e 
hara
teristi
s of ICBM models L, S1, and S2are listed in Tables 15.3{15.5. The meanings of and symbols for the relevant masses areas follows. The mass fra
tion of a given stage is mp=(mp + minert), where minert is theinert mass of the stage and mp is the mass of the propellant that will be 
onsumed duringthat stage of boost. The inert mass of a stage in
ludes its propulsion hardware, fuel tanks,thrust ve
tor 
ontrols, asso
iated power supplies and interstage stru
ture, as well as thesessments of potential ballisti
 missile threats to the territory of the United States.



15.1. ICBM Models S261Table 15.1. Model ICBMs Considered in the StudyaName Propellant Boost Time (s)b RemarksL Liquid 240 Intermediate between the SS-11 and DF-5L2 Liquid 300 Similar to the U.S. Titan II ICBM
S1 Solid 170 Based on 40-year-old, �rst-generation te
hnologyS2 Solid 170 Based on 40-year-old, �rst-generation te
hnologyS3 Solid 130 Illustrates the 
hallenge of a fast-burn ICBMaLiquid-propellant ICBMs have two stages; solid-propellant ICBMs have three stages. Allmodels have nominal ranges of 12,000 km.bTotal duration of the boost phase.
Large, heavy missile; 
onsidered but not analyzed in detail.Table 15.2. Single-Stage Model MRBMs Considered in the StudyName Propellant Boost Time (s)a Range (km) RemarksM1 Liquid 95 1300 Similar to the No DongM2 Solid 65 600 Similar to the Chinese M-9 & Shahab-3aTotal duration of the boost phase.mass of any propellant that is unburned when the stage shuts down or burns out. On
ea given stage has shut down or burned out, its inert mass is dropped, leaving the initialmass of the subsequent stage. The initial mass minitial of a stage in
ludes the mass thatwill be dis
arded, minert, its �nal mass m�nal, the mass of the shroud mshroud if it is eje
tedwhile that stage is in powered 
ight, and the mass of the propellant that will be 
onsumedduring that stage of boost, i.e., minitial = minert +m�nal +mshroud +mp. The �nal massof a given stage in
ludes its inert mass and the initial mass of the subsequent stage. The�nal mass of the �nal stage in
ludes its inert mass, guidan
e and navigation equipment,Box 15.1: Symbols Used in This Chapter
 Flight-path angle relative to lo
al horizontalIsp Spe
i�
 impulse of the propellantIt Impulse of the propellantminitial Initial mass of the missile stagem�nal Mass of the missile stage at burnoutminert Inert mass of the missile stage�V Total velo
ity 
hangemp Mass of the propellant in the missile stage
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 Missile and Traje
tory Models
Table 15.3. Chara
teristi
s of Liquid-Propellant ICBM LaAttribute Unitsb Stage 2 Stage 1 TotalsDiameter meters 3.00 3.00Mass fra
tion | 0.90 0.90minitial
 tonne 41.5 201 201m�nal tonne 6.39 57.4minert tonne 3.86 15.9mp tonne 35 143Isp se
onds 282 275Thrust (average) kN 810 3226Burn time se
onds 120 120 240It MN-s 96 385�V added (ideal) km/s 5.16 3.38 8.54�V added (a
tual) km/s 4.78 2.48 7.26aNominal range: 12,000 km; payload mass mpayload = 2; 545 kg;shroud mass mshroud = 66 kg; shroud eje
t o

urs at 146 s, 26 sinto se
ond-stage burn.bUnits: MN-s = Meganewton-se
onds, kN = kilonewtons, 1 tonne= 1,000 kg.
Cumulative from left to right.Table 15.4. Chara
teristi
s of Solid-Propellant ICBM S1aAttribute Unitsb Stage 3 Stage 2 Stage 1 TotalsDiameter meters 1.50 1.85 1.85Mass fra
tion 0.90 0.90 0.90minitial
 tonne 1.93 8.81 41.1 41.1m�nal tonne 1.02 2.61 12.0minert tonne 0.10 0.68 3.2mp tonne 0.91 6.12 29.0Isp se
onds 277 275 265Thrust (average) kN 62 254 1160Burn time
 se
onds 40 65 65 170It MN-s 2.4 16.5 75.4�V added (ideal)
 km/s 1.73 3.27 3.21 8.21�V added (a
tual)
 km/s 1.60 2.96 2.64 7.20aNominal range: 12,000 km; payload mass mp = 918 kg; shroud massmshroud = 66 kg; shroud eje
t o

urs at 102 s, 28 s before the se
ond stageburns out.bUnits: MN-s = Meganewton-se
onds, kN = kilonewtons, 1 tonne = 1,000 kg.
Cumulative from left to right.



15.1. ICBM Models S263Table 15.5. Chara
teristi
s of Solid-Propellant ICBM S2aAttribute Unitsb Stage 3 Stage 2 Stage 1 TotalsDiameter meters 1.50 1.50 1.50Mass fra
tion 0.90 0.90 0.90minitial
 tonne 4.37 12.80 43.1 43.1m�nal tonne 1.37 5.21 15.8minert tonne 0.33 0.84 3.0mp tonne 3.00 7.55 27.3Isp se
onds 277 275 265Thrust (average) kN 163 340 1183Burn time se
onds 50 60 60 170Total impulse MN-s 8.1 20.3 70.7�V added (ideal) km/s 3.15 2.42 2.61 8.17�V added (a
tual) km/s 2.97 2.15 2.11 7.22aNominal range: 12,000 km; payload mass mp = 1,040 kg; shroud massmshroud = 51 kg; shroud eje
t o

urs at 103 s, 17 s before se
ond stage burnsout.bUnits: MN-s = Meganewton-se
onds, kN = kilonewtons, 1 tonne = 1,000 kg.
Cumulative from left to right.and the mass mpayload of the payload. The total impulse It is the time integral of thethrust T and is therefore equal to the produ
t of the total burn time and the time-averagedthrust. The spe
i�
 impulse Isp = T= _mpgs, where _mp is the propellant 
ow rate and gsis the a

eleration of gravity at sea level, is a standard measure of the performan
e of apropulsion system. For further dis
ussion of these quantities, see Appendix B and [168℄.We turn now to a brief des
ription of the prin
ipal ICBM models 
onsidered in theStudy.Liquid-propellant ICBM model LThe ICBM model L is based roughly on the large Chinese DF-5 missile, whi
h is a two-stage, liquid-propellant missile having a range that is reported to be between 12,000 kmand 13,000 km [167℄ and a maximum total burn time estimated to be between 230 s and255 s [166, 169℄. A missile similar to the DF-5 was 
onstru
ted be
ause su
h a missile 
ouldbe built using te
hnology that is more than 20 years old|old enough to be a

essible to
ountries that are 
urrently developing their �rst long-range missiles. Model L is a two-stage, 12,000-km-range missile with �rst- and se
ond-stage burn times of 120 s ea
h. Thephysi
al 
hara
teristi
s of this model are listed in Table 15.3.It has been reported (see Chapter 3) that the Taepo Dong 2 missile 
urrently underdevelopment by North Korea will have a range of about 6000 km and burn for about 200 s.In
reasing its range by adding a third stage or making the �rst two stages larger wouldin
rease its burn time to something 
lose to that of the DF-5.



S264 Chapter 15. Ballisti
 Missile and Traje
tory ModelsSolid-propellant ICBM model S1The ICBM model S1 has three stages and a maximum total boost time of 170 s. The �rsttwo stages burn for 65 s ea
h, whereas the third stage burns for 40 s. Staging ratios werenot optimized. The vehi
le is assumed to have a payload shroud that is eje
ted when thedynami
 pressure be
omes less than 0.5 psf (pounds per square foot), whi
h o

urs at 102 safter laun
h for its maximum-range traje
tory. The physi
al 
hara
teristi
s of this modelare listed in Table 15.4.Solid-propellant ICBM model S2Di�erent staging ratios 
an have a profound e�e
t on the performan
e requirements fora boost-phase defense. The ICBM model S2 was 
reated after it was noti
ed that thea

eleration 
urve of the �nal stage of the DF-5{type ICBM model L be
omes very steep asit approa
hes burnout, making its range highly sensitive to the time at whi
h its thrust isterminated. In 
ontrast, ICBM model S1 has a relatively low-a

eleration third stage andits range is therefore mu
h less sensitive to the time at whi
h its thrust is terminated. Toensure that the results of the Study were not biased by a parti
ular 
hoi
e of booster-stagingratios, ICBM model S2 was designed so that its range would depend more sensitively onthe time at whi
h its thrust was terminated during third-stage burn.Like ICBM model S1, model S2 is a three-stage missile having a maximum total boosttime of 170 s and a maximum velo
ity of 7.2 km/s, but it has di�erent staging ratios. Its �rstand se
ond stages burn for 60 s ea
h, whereas its third stage burns for 50 s. Staging ratioswere not optimized. The vehi
le is assumed to have a payload shroud that is eje
ted whenthe dynami
 pressure be
omes less than 0.5 psf, whi
h o

urs at 103 s for its maximum-rangetraje
tory. The physi
al 
hara
teristi
s of ICBM model S2 are listed in Table 15.5.Solid-propellant ICBM model S3In addition to the three ICBM models des
ribed above, a variant of solid-propellant ICBMS1 having redu
ed burn times for ea
h stage was used as a variation to examine the e�e
tof a short-burn missile, often suggested as a 
ountermeasure to boost-phase inter
ept. The�rst- and se
ond-stage burn times were redu
ed from 65 s to 50 s ea
h, and the third-stageburn time was redu
ed from 40 s to 30 s, for a maximum total boost time of 130 s. Likethe other ICBMs that we modeled, the range of this fast-burn missile is 12,000 km. Itsimpli
ations are dis
ussed in Chapter 9.15.2 ICBM Traje
toriesThe signi�
an
e of traje
tory variationsTo be su

essful, a BPI system that uses inter
eptor missiles must perform two basi
 tasks.First, it must be able to get inter
eptors to atta
king missiles soon enough to prevent themfrom giving their munitions velo
ities that would 
arry them to the United States. Thistask is analyzed in Chapters 4 and 5. Se
ond, on
e they are 
lose to the target missile,the system's inter
eptors must be able to maneuver to hit and disable or destroy it. Thistask is analyzed in Chapters 12 and 13. One of the most important fa
tors determining thesystem performan
e required to a
hieve these tasks is the spe
trum of possible boost-phasetraje
tories that atta
king missiles may 
y. The defense may not know in advan
e the



15.2. ICBM Traje
tories S265type and performan
e 
hara
teristi
s of the missiles available to the atta
ker and almost
ertainly will not know in advan
e the traje
tories atta
king missiles are going to follow.Consequently, the defensive system must be 
apable of rea
hing and hitting in time anymissiles available to the atta
ker, 
ying on any traje
tories of whi
h they are 
apable.2The spe
trum of possible atta
king missile traje
tories de�nes the potential inter
eptvolume, whi
h is the lo
us in time and spa
e of the inter
ept points that the defense system'sinter
eptors might have to rea
h to prevent the atta
ker's missiles from giving munitions avelo
ity that would 
arry them to the United States. In order to determine the potentialinter
ept volume, the defense must have at least some information about the types andperforman
e 
hara
teristi
s of all the missiles that might be available to the atta
ker.Countries of 
on
ern for this study may or may not have tested the missiles used in anatta
k (see Chapter 3). Consequently, the defense may not know in advan
e the relevant
hara
teristi
s of all the ICBMs that may be laun
hed against the United States by a given
ountry, or even whether they use liquid or solid propellants. Su
h un
ertainties in
reasethe potential inter
ept volume the defense must be able to 
over.In addition to the un
ertainties introdu
ed by the defense's la
k of 
omplete infor-mation on the 
hara
teristi
s of potentially threatening missiles, further un
ertainties areintrodu
ed by the defense's la
k of knowledge of the parti
ular traje
tory a given atta
kingmissile has been programmed to 
y. A missile atta
king a target with a range signi�
antlyless than its maximum range 
ould 
y any of a broad spe
trum of boost-phase traje
tories.Even if the missile's maximum range is not mu
h greater than the range to the target, thevariety of possible traje
tories is signi�
ant.The traje
tories 
own may be designed to atta
k a parti
ular target or to evade thedefense. Examples in
lude traje
tories that are lofted or depressed relative to the maximum-range traje
tory, traje
tories that have single or multiple verti
al or lateral deviations su
has dog-legs, and traje
tories that in
lude energy-expending maneuvers to hit a parti
ulartarget3. All su
h possibilities must be 
onsidered in determining the inter
ept volume thedefense must 
over.The spe
trum of boost-phase traje
tories that atta
king missiles may 
y is also impor-tant in determining the minimum kill-vehi
le performan
e required to have a high prob-ability of hitting them. Be
ause the defense does not know whi
h of the many possibleboost-phase traje
tories a given atta
king missile has been programmed to 
y, it mustobserve the position of the missile as a fun
tion of time, estimate its state (position, ve-lo
ity, and a

eleration), use a guidan
e law that predi
ts, either expli
itly or impli
itly,2One of the ways in whi
h this study di�ers from studies published previously in the open literature isthat it 
onsiders a full spe
trum of feasible traje
tories and maneuvers and does not assume that the defenseknows in advan
e the traje
tory the atta
king missile will follow.3Every missile has a so-
alled \maximum-range" traje
tory, whi
h is the traje
tory for whi
h the impa
tpoint of the payload is farthest from the laun
h site. The shape of a missile's maximum range traje
torydepends on the missile's shape, stru
ture, a

eleration pro�le, and payload mass (see Appendix B). Forta
ti
al reasons, an atta
ker may program a missile to 
y a traje
tory that is higher (\lofted") or lower(\depressed") than the missile's maximum range. As shown below, the range penalty for deviating from themaximum-range traje
tory by a modest amount is small. \Dog-legs" are maneuvers in whi
h the missilestarts out in one dire
tion and then veers o� in another, making it diÆ
ult for the defense to anti
ipate theintended missile traje
tory. The missile may maneuver in the verti
al dire
tion, remaining in the plane of itsprevious traje
tory, in the horizontal dire
tion, or in an arbitrary dire
tion. Energy-expending maneuversredu
e the �nal velo
ity of the missile by 
ausing the missile to make ex
ursions around the traje
tory to thetarget. Solid-propellant missiles in powered 
ight 
an and sometimes do rotate and 
y nearly nose-ba
kwardat very high altitude where atmospheri
 fri
tion is unimportant, to enable them to burn all their propellantand still hit a target at less than their maximum range.
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 Missile and Traje
tory Modelsthe future position of the missile, and guide the kill vehi
le so that it hits the missile.The performan
e of the kill vehi
le's sensors, guidan
e and 
ontrol system, and propulsionsystem that is required to have a high probability of hitting the missile depends on thespe
trum of traje
tories and maneuvers the missile may exe
ute.4 Verti
al or lateral de-viations may be programmed into the missile's 
ight to obfus
ate the missile's 
ight pathand intended target, to evade the kill vehi
le, or simply to manage the missile's propulsiveenergy. Energy-management maneuvers 
ould in
lude in-plane and out-of-plane dog-legsor the generalized energy management maneuvers (GEMS) that are used on modern U.S.solid-propellant missiles to avoid having to terminate the thrust of the solid ro
ket motor.5Evasive maneuvers 
ould in
lude dog-legs, lunges, or jinking maneuvers. (These are de-s
ribed in Chapter 12). They 
ould be employed alone or in 
on
ert with de
oys to exhaustthe kill vehi
le's propellant or in
rease the probability that it will miss its target. Mostof these maneuvers, su
h as lofting or dog-legs, 
ould be exe
uted by any missile, whetherliquid- or solid-propellant. Other maneuvers, su
h as GEMS, 
ould be exe
uted only bysolid-propellant missiles.To understand the impli
ations of boost-phase traje
tory variations for the performan
eof BPI systems, we investigated a variety of traje
tories and maneuvers.Traje
tories used in the StudyThe traje
tories used in the Study were 
omputed as des
ribed in Appendix B. Several
omputer programs were used to 
ompute missile and inter
eptor traje
tories. They werevalidated by 
omparing their results for sele
ted 
ases and by 
he
king sele
ted runs againstthe results given by a six-degree-of-freedom 
omputer 
ode at Sandia National Laboratoriesthat has been 
arefully validated over years of use in ro
ket design. Most of our analysisis based on 
al
ulations of planar missile and inter
eptor traje
tories over a spheri
al, non-rotating Earth. These 
an be used to analyze out-of-plane engagements (engagements inwhi
h the missile and inter
eptor traje
tory planes do not 
oin
ide), as shown in Chapter 4.In addition to lofted and depressed traje
tories, we also simulated a variety of planar missiletraje
tories produ
ed by 
hanging the missile's 
ight path angle after the payload shroudwas eje
ted. A few non-planar, dog-leg traje
tories were also simulated. These 
al
ulations
on�rmed that the e�e
t on a missile's range of moderate out-of-plane maneuvers, su
h asdog-legs, 
an be estimated by analyzing similar in-plane maneuvers. We also simulated ageneralized energy-management (GEMS) maneuver. The results of these simulations aredes
ribed in this 
hapter. In addition, we simulated separately a variety of smaller-s
alein-plane maneuvers as part of our analysis of the homing phase of boost-phase engagements.These maneuvers in
luded traje
tory 
hanges produ
ed by a sudden in
rease or de
reasein the missile's angle of atta
k, swit
hba
k maneuvers in whi
h the target swit
hed from apositive to a negative angle of atta
k, sudden lunges, and �shtail-like jinking maneuvers in-tended to evade the kill vehi
le. The results of these simulations are des
ribed in Chapter 12and Appendix C.4We note that even if the defense knew exa
tly the 
hara
teristi
s of the atta
king missiles and thetraje
tories they have been programmed to 
y, the inter
ept points would still be un
ertain be
ause the a
tualtraje
tories 
own by the missiles would be a�e
ted by unpredi
table variations in propellant formulation,winds aloft, and other fa
tors.5Terminating the thrust of a solid-propellant ro
ket before all the propellant is expended is 
hallenging; itinvolves blowing a hole in the missile 
ase, whi
h 
an be diÆ
ult to 
ontrol. By 
omparison, liquid-propellantro
ket motors 
an easily be throttled ba
k by redu
ing the 
ow of propellant to the 
ombustion 
hamber.
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range from launch site (km)Figure 15.1. Maximum-range boost-phase traje
tory of liquid-propellant ICBM model L in thealtitude-range plane. The �rst- and se
ond-stage boost-phase traje
tories are shown respe
tivelyby the heavy and light lines. Inset: A

eleration pro�les of the two stages. The a

eleration of these
ond stage rea
hes 12 g before it burns out.The nominal maximum-range traje
tory of liquid-propellant ICBM model L and thea

eleration time history of its two stages are shown in Fig. 15.1. The traje
tories during�rst- and se
ond-stage boost are indi
ated by the heavy and light lines, respe
tively. These
ond stage ignites 120 s after laun
h, the payload shroud is eje
ted at 146 s, and the se
ondstage burns out at 240 s. Be
ause of the low 
ight-path angle of the missile's maximum-range traje
tory and the high a

eleration of its se
ond stage during the last half of itsburn, di�eren
es of a few se
onds in the time at whi
h the se
ond stage burns out or has itsthrust terminated and small 
hanges in its 
ight-path angle have a very large e�e
t on themissile's range. For example, terminating the thrust of the se
ond stage 15 s before normalburnout would redu
e the missile's range by more than 50 per
ent. Lofting the missile'straje
tory would redu
e this time sensitivity slightly.The nominal maximum-range traje
tory of solid-propellant ICBM model S1 and thea

eleration time history of its three stages are shown in Fig. 15.2. Also shown is the loftedtraje
tory produ
ed by in
reasing the initial 
ight-path angle (measured relative to the lo
alhorizontal) from 19Æ to 27Æ. The traje
tories during �rst-, se
ond- and third-stage boostare indi
ated by the heavy, light, and dotted lines, respe
tively. The se
ond stage ignites65 s after laun
h, and the shroud is eje
ted at 102 s. The third stage ignites at 130 s andburns out at 170 s.The nominal maximum-range traje
tory of solid-propellant ICBM model S2 and thea

eleration time history of its three stages are shown in Fig. 15.3. As in Fig. 15.2, thelofted traje
tory was produ
ed by in
reasing the initial 
ight path angle from 19Æ to 27Æ.The traje
tories during �rst-, se
ond-, and third-stage boost are indi
ated by the heavy,light, and dotted lines, respe
tively. For this model, the se
ond stage ignites at 60 s andthe shroud is eje
ted at 103 s. The third stage ignites at 120 s and burns out at 170 s.Figure 15.4 shows missile altitude as a fun
tion of range for the maximum-range boost-
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tories during �rst-, se
ond- and third-stage boost are indi-
ated by the heavy, light, and dotted lines, respe
tively. The 
ight-path angle measured from thelo
al horizontal is 19Æ for the maximum-range traje
tory and 27Æ for the lofted traje
tory. Inset:A

eleration pro�les of the three stages.
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tory and 27Æ for the loftedtraje
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range from launch site (km)Figure 15.4. Comparison of the missile's altitude as a fun
tion of its range for the maximum-rangeboost-phase traje
tories of the three primary ICBM models. (The numbers in parentheses indi
ateburn times.)phase traje
tories of the three primary ICBM models. Be
ause of its lower a

eleration andlonger burn time, a liquid-propellant ICBM similar to model L experien
es more gravitydrop than a solid-propellant missile with the same range. As a result, its altitude duringse
ond-stage 
ight is lower and its entire traje
tory is 
atter (the 
ight-path angle of ICBMmodel L is 11.5Æ at burnout, whereas the 
ight path angles of solid-propellant models S1and S2 are 19Æ at burnout).Figure 15.5 shows elapsed time as a fun
tion of range for the maximum-range boost-phase traje
tories of the three primary ICBM models. The solid-propellant ICBMs burn out
loser to their laun
h site and mu
h more qui
kly than the liquid-propellant ICBM. Thismakes them more diÆ
ult to inter
ept during their boost phase and drives a BPI systemto use faster inter
eptors and base them 
loser to potential ICBM laun
h sites.15.2.2 Other traje
toriesAn almost in�nite variety of maneuvers is possible for an ICBM atta
king a target that is ata range less than the missile's maximum range. In 
hoosing whi
h maneuvers to 
onsider,we used pra
ti
al 
onsiderations to 
ir
ums
ribe the possibilities. First, with the ex
eptionof GEMS maneuvers and dog-leg maneuvers of ICBMs laun
hed from North Korea againsttargets in Alaska, no maneuvers were 
onsidered that would redu
e the ICBM's range bymore than 1500 km from its maximum. Se
ond, no planned maneuvers were 
onsideredthat would in
rease the stru
tural loading or heating of the missile. A

ordingly, all majormaneuvers were initiated only after the shroud was eje
ted, whi
h was assumed to be doneon
e the dynami
 pressure fell below 0.5 psf. Finally, limits were pla
ed on transient oros
illatory a

elerations by assuming an outer 
ontrol loop 
orner frequen
y of 2 Hz or lessand a thrust-ve
tor-
ontrol 
orner frequen
y of about 20 Hz.Traje
tory-shaping maneuvers An ICBM atta
king a target that is 
loser than its maxi-mum range 
an be programmed to follow a wide variety of traje
tories, espe
ially after it has
limbed above the atmosphere. The range penalty for small deviations from the missile's
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h as a fun
tion of range for the maximum-range boost-phase traje
tories of the three primary ICBM models. (The numbers in parentheses indi
ate burntimes.)maximum-range traje
tory is se
ond-order in the deviation and is therefore relatively small.Figure 15.6 illustrates the variety of planar traje
tories that are possible for solid-propellantICBM model S1 by lofting it slightly at laun
h or by 
hanging its 
ight-path angle aftershroud eje
t. Traje
tory variations like these are also possible for liquid-propellant ICBMmodel L and solid-propellant ICBM model S2. The 
ases shown are as follows:1. The nominal maximum-range traje
tory for ICBM model S1. The missile waslaun
hed with an initial 
ight-path angle of 81.5Æ and 
ondu
ted a gravity turn6from laun
h through shroud eje
t, whi
h o

urred during se
ond-stage 
ight, 102 safter the missile was laun
hed.2. The traje
tory produ
ed by lofting the missile so that its 
ight-path angle at burnoutis 27.5Æ. The range of the missile (when all of its propulsive energy is used) isshortened by 1,000 km, relative to its nominal maximum range.3. The traje
tory produ
ed by laun
hing the missile as in Case 1 but in
reasing its angleof atta
k by 20Æ from shroud eje
t through se
ond-stage burnout.4. The traje
tory produ
ed by laun
hing the missile as in Case 1 but in
reasing its angleof atta
k by 10Æ from shroud eje
t through third-stage burnout.5. The traje
tory produ
ed by laun
hing the missile as in Case 1 but de
reasing itsangle of atta
k by 15Æ from shroud eje
t through se
ond-stage burnout.None of these traje
tory variations redu
e the missile's range by more than 1,500 km(12 per
ent). Out-of-plane deviations by similar distan
es redu
e the range by a similaramount, as 
on�rmed by 
omputing several out-of-plane traje
tories. Thus, the missile 
an6If the thrust ve
tor of a ro
ket having a 
ight-path angle less than 90Æ is kept aligned with its velo
ityve
tor, gravity will 
ause its 
ight path angle to de
rease gradually, i.e., the missile will gradually turntoward horizontal 
ight; this e�e
t is 
alled a \gravity turn."
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Figure 15.6. Examples of the variety of planar traje
tories that are possible for solid-propellantICBM model S1 by lofting it slightly at laun
h or by 
hanging its 
ight path angle after shroudeje
t. (The numbers are keys for the text.) The large-s
ale traje
tory variations shown redu
e therange of the missile by at most 12% of its maximum range. Out-of-plane deviations by similardistan
es redu
e the range by a similar amount. Traje
tory variations like these are also possible forliquid-propellant ICBM model L and solid-propellant ICBM model S2, with similar range penalties.The volume in spa
e that these traje
tories span illustrates the volume that inter
eptors must beable to 
over to ensure that a boost-phase inter
ept is possible.easily vary its azimuth by �10Æ before 
ut-o� with little loss of range. Traje
tory-shapingmaneuvers like these are routinely performed by some U.S. missiles.Figure 15.6 shows the large-s
ale traje
tory variations that are possible for a given rangepenalty span an approximately 
oni
al volume in spa
e 
entered on the maximum-rangetraje
tory. The diameter of the 
one at the missile's burnout point 
an be 120{150 km ifa 10 per
ent redu
tion in the missile's range is a

eptable, or as large as 250 km if a 50per
ent redu
tion in the missile's range is a

eptable. The latter would still allow any ofthe model missiles used in the Study to rea
h targets anywhere in Alaska from laun
h sitesin North Korea. The kill vehi
les of a BPI system must be able to rea
h points anywherein this volume within the time available to ensure that an inter
ept is possible (to a
tuallya
hieve inter
ept, the kill vehi
le must then hit the missile).Energy-management maneuvers Generalized energy-management steering (GEMS) ma-neuvers may be performed late in a solid-propellant ICBM's boost phase in lieu of thrusttermination to redu
e the missile's e�e
tive range, allowing it to hit a target 
loser thanits maximum range. Figure 15.7 shows an example of a GEMS maneuver performed toredu
e the impa
t range of ICBM model S2, whi
h has a third stage similar to that of theMinuteman I. In su
h a maneuver, the 
enterline of the missile may deviate from its 
ightpath by up to 120Æ. The need to 
ope with maneuvers like this, whi
h are quite typi
al forsolid-propellant missiles that have no thrust termination, in
reases signi�
antly the perfor-man
e requirements for the guidan
e and 
ontrol systems, and also the propulsion systems,
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Figure 15.8. Components of the a

eleration of the third stage of ICBM model S2 along the x, y,and z axes during an illustrative GEMS maneuver.of the kill vehi
le.During a GEMS maneuver, the time-varying thrust ve
tor 
an be assumed to be ap-proximately 
oaxial with the 
enterline of the vehi
le. The vehi
le's attitude is de�ned byits Euler angles, whi
h are shown as fun
tions of time in Fig. 15.7 for an illustrative GEMSmaneuver. We express the thrust ve
tor, whi
h varies in both magnitude and dire
tion, byspe
ifying its Cartesian 
omponents as fun
tions of time in the referen
e frame of the missileat laun
h. We 
hoose the z axis in the verti
al dire
tion, the x axis along the proje
tionof the �ring dire
tion into the horizontal plane, and the y axis perpendi
ular to the x� z(�ring) plane. For the example shown, the �ring dire
tion is about 25Æ east of north. Usingthe thrust a

eleration of the third-stage of ICBM model S2 to �x the magnitude of themissile's a

eleration and the Euler angles shown in Fig. 15.7 to determine its 
omponentsalong the x, y, and z axes, we obtain the results shown in Fig. 15.8. This GEMS maneuverredu
ed the velo
ity of the third stage of ICBM S2 along its 
ight path by 970 m/s, de-
reasing its impa
t range from 12,000 km to 6,280 km. The latter is the range from NorthKorea to just south of the southern boundary of Alaska, so a GEMS maneuver similar tothis one would be appropriate for an ICBM laun
hed from North Korea against targets inAlaska.



15.2. ICBM Traje
tories S273Sin
e the defense does not know the ICBM's intended target or how its maneuver willunfold, to be sure of hitting the ICBM, the kill vehi
le must mat
h or ex
eed the ICBM'sunpredi
ted a

eleration normal to the line-of-sight from the inter
eptor to the ICBM atevery moment.7 Hen
e the inter
eptor must expend propellant, regardless of the dire
tionof the ICBM's a

eleration. To be sure of hitting the ICBM, the kill vehi
le must 
hangeits velo
ity by an amount equal to the integral of the absolute magnitude of the ICBM'sunanti
ipated a

eleration normal to the line-of-sight.For the GEMS maneuver shown in Figs. 15.7 and 15.8, an inter
eptor approa
hing theICBM from a dire
tion approximately perpendi
ular to the ICBM's traje
tory plane wouldhave to be able to 
hange its velo
ity by about 1,200 m/s in order to be 
ertain of hittingthe missile, assuming that the state of the target ICBM 
an be determined instantly andexa
tly and that the kill vehi
le 
an 
hange its a

eleration instantly to mat
h that of theICBM. In reality, errors and lags in estimating the state of the target and the laten
y inthe kill vehi
le's dynami
al response must also be 
onsidered in determining the requiredperforman
e of the kill vehi
le.Impli
ations for boost-phase inter
ept systems The results presented in this se
tionillustrate the large unpredi
tability in performan
e of an atta
king ICBM that in
reases thepotential inter
ept volume that the defensive system must be prepared to 
over. Figures 15.4and 15.5 show that the burnout altitude and range of liquid-propellant ICBM L di�er fromthose of solid-propellant ICBM S2 by more than 50 km and more than 100 km, respe
tively.Even the burnout ranges of the two solid-propellant ICBMmodels di�er by more than 50 km.The boost phases of the solid-propellant missiles are 70 s shorter than the boost phase ofthe liquid-propellant missile.The traje
tory variations and maneuvers that were simulated show that even if theperforman
e 
hara
teristi
s of the atta
king ICBM are known pre
isely, the defense's la
kof knowledge of the traje
tory the missile has been programmed to 
y in
reases the requiredperforman
e of the inter
eptor and kill vehi
le be
ause they o

ur after the inter
eptor hasbeen �red and has 
ompleted its boost. Figure 15.6 shows that the large s
ale traje
toryvariations possible for a 10-per
ent redu
tion in the missile's range �ll an approximately
oni
al volume having a diameter at the burnout point of 120{150 km; for a 50-per
entredu
tion in the missile's range, the diameter 
an be as large as 250 km. The latter redu
tionin range would still allow any of the model missiles used in the Study to atta
k targetsanywhere in Alaska from laun
h sites in North Korea.The traje
tory variations shown in Fig. 15.6 unders
ore another important point aboutthe design of a BPI system: there is a downside to using inter
eptors having very shortboost times or 
ommitting them early. As long as the inter
eptor is in its boost phase,it 
an 
ompensate for deviations of the ICBM's traje
tory from the traje
tory expe
tedwhen the inter
eptor was �red with little additional expenditure of propellant, provided theinter
eptor re
eives nearly 
ontinuous updates about the target missile's position from o�-board sensors, su
h as spa
e-based IR dete
tors or radars. However, on
e the inter
eptor's�nal boost stage burns out, whi
h o

urs 85{105 s after the laun
h of the target ICBM foran inter
eptor with a 40-s boost phase �red 45{65 s after the ICBM was laun
hed, the killvehi
le must use its own propulsion to 
ompensate for any unpredi
ted maneuvers by theICBM.7As dis
ussed in Chapter 12, a

eleration-mat
hing minimizes the total velo
ity 
hange the kill vehi
lemust be able to a
hieve if the target's maneuvers are unpredi
table and arbitrary.
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 Missile and Traje
tory ModelsFor example, if the ICBM initiates a 15Æ out-of-plane dog-leg beginning immediatelyafter it eje
ts its shroud and 
ontinuing until its third stage has burned out, the kill vehi
lewould have to 
hange its velo
ity by about 840 m/s to 
ompensate, assuming that the killvehi
le has perfe
t knowledge of the target's a

eleration without any time lag. In reality,the total velo
ity 
hange required will be larger, be
ause of random and systemati
 errorsand delays in estimating the state (position, velo
ity, and a

eleration) of the target andlaten
y in the dynami
al response of the kill vehi
le to 
ommanded a

elerations.Our simulation of a GEMS maneuver showed that the kill vehi
le would have to be ableto 
hange its velo
ity by about 1,200 m/s to be 
ertain of hitting the missile, assumingthat the state of the target ICBM 
an be determined instantly and exa
tly and that thekill vehi
le 
an 
hange its a

eleration instantly to mat
h that of the ICBM. As with thedog-leg maneuver, the total velo
ity 
hange required will be larger, be
ause of the errorsand delays in estimating the target's state and laten
y in the dynami
al response of the killvehi
le to 
ommanded a

elerations.We emphasize that the ICBM traje
tory variations and maneuvers dis
ussed here aremerely examples of a broad spe
trum of possible maneuvers. An ICBM 
ould exe
ute anyone of these maneuvers or a 
ombination of them, but 
ould not exe
ute more than one ofthe extreme examples without redu
ing its impa
t range to signi�
antly less than 6,000 km.The kill-vehi
le performan
e required to inter
ept an ICBM exe
uting maneuvers likethese is analyzed quantitatively in Chapter 12. The resulting performan
e requirementsare then used in Chapter 14 to determine the required sizes and masses of kill vehi
les forboost-phase inter
ept.15.3 Models of Medium-Range Ballisti
 MissilesTo explore the issues asso
iated with BPI of shorter-range missiles laun
hed o� the 
oastof the United States, the Study Group 
onstru
ted two models of medium-range theaterballisti
 missiles:1. A 1300-km, single-stage, liquid-propellant missile having a 95-se
ond burn time,having 
hara
teristi
s similar to those that have been reported [170℄ for Shahab-3,No Dong, and Ghauri missiles. We denote this model M1.2. A 600-km, single-stage, solid-propellant missile having a 65-se
ond burn time, having
hara
teristi
s roughly similar to the solid-propellant Chinese M-9. We denote thismodel M2.The maximum-range traje
tories of these models are shown in Fig. 15.9 and their phys-i
al 
hara
teristi
s are summarized in Tables 15.6 and 15.7.
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tories of the two medium-range missile models listed in Ta-bles 15.6 and 15.7. M1 has a range of 1,300 km and burn time of 95 s; M2 has a range of 600 kmand a burn time of 65 s.
Table 15.6. Chara
teristi
s of 1300-km M1aAttribute Units Stage 1Mass fra
tion 0.85Isp s 265It MN-s 35.5Wp tonne 13.6minert tonne 2.4minitial tonne 17.1m�nal tonne 3.4�V added (ideal) km/s 4.17�V added (a
tual) km/s 3.22Burn time s 95Thrust (average) kN 374Diameter m 1.85aPayload: 975 kg; shroud mass: 66 kg;eje
ted after burnout.
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 Missile and Traje
tory ModelsTable 15.7. Chara
teristi
s of 600-km M2aAttribute Units Stage 1Mass fra
tion 0.85Isp s 265It MN-s 17.7Wp tonne 6.8minert tonne 1.2minitial tonne 9.1m�nal tonne 2.26�V added (ideal) km/s 2.84�V added (a
tual) km/s 2.20Burn time s 65Thrust (average) kN 273Diameter m 1.0aPayload: 2,176 kg; shroud mass: 66 kg;eje
ted after burnout.Referen
es for Chapter 15[164℄ Ri
hard L. Garwin, \Boost-phase inter
ept: A better alternative," Arms ControlToday 30(7), 8 (2000).[165℄ Theodore A. Postol, \A preliminary analysis of a Russian-U.S. boost-phase defenseto defend Russia and the U.S. from postulated rogue-state ICBMs: A potentialoption for Russian-U.S. 
ooperation in missile defense." Te
hni
al report, CarnegieEndowment for International Pea
e, O
tober 1999.[166℄ Steven J. Isakowitz, Joseph P. Hopkins, and Joshua B. Hopkins, InternationalReferen
e Guide to Spa
e Laun
h Systems. Ameri
an Institute of Aeronauti
s andAstronauti
s, 3rd edition, De
ember 1999.[167℄ Jane's Strategi
 Weapons Systems (JSWS) 36, 12 July 2001. Arti
le: CSS-4 (DF-5).[168℄ George P. Sutton and Os
ar Biblarz, Ro
ket Propulsion Elements. (John Wiley &Sons, In
.), 7th edition, 2001.[169℄ Dean Wilkening, \Boost-Phase Missile Defense." Brie�ng Presented to the APSStudy Group, July 2001.[170℄ David Wright, \Ballisti
 missile systems." Brie�ng Presented to the APS StudyGroup, July 2001.
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al Approa
h . . . . . . . . . . . . . . . . . . . . . . . S27716.2 Models of Un
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eptors suitable for use in a boost-phase defense exist today. Consequently,to analyze boost-phase engagements, the Study Group had to 
reate 
omputer modelsof inter
eptors. Two sets of inter
eptors were 
reated: inter
eptors in the �rst set wereun
onstrained in size, whereas those in the se
ond set were 
onstrained to �t an existinglaun
h system. The inter
eptors were 
hosen to span the range of performan
e relevantto the BPI problem and to explore a variety of issues, in
luding the ability of inter
eptorshaving di�erent 
yout velo
ities and a

elerations to engage the model target missiles inthe suite developed in Chapter 15.The model inter
eptors developed here are employed throughout Part A of this reportand in the engagement simulations in Appendix C. The inter
eptor's traje
tories were
omputed as des
ribed in Appendix B.16.1 Analyti
al Approa
hA set of notional dynami
 models for inter
eptors were developed to de�ne plausible 
yout
hara
teristi
s for a variety of s
enarios of interest. As a �rst step, a rough estimate ofthe inter
eptor performan
e required to rea
h the target during its boost phase may beobtained using a kinemati
 equation for Ri, the distan
e the inter
eptor must 
y to rea
h adesired nominal inter
ept point on the boost-phase traje
tory of the target missile, namelyRi = 12at2b + Vbo(ti � tb) ; (16.1)where a is the nominal mean a

eleration of the inter
eptor, tb is the total duration of theinter
eptor's boost phase, Vbo is the inter
eptor's burnout velo
ity, and ti is the desiredS277



S278 Chapter 16. Terrestrial-Based Inter
eptor Modelsinter
ept time measured from time at whi
h the inter
eptor was laun
hed. The time avail-able to inter
ept the target missile is the burn time the target missile needs to a
hieve thevelo
ity required to deliver its payload to the nearest defended area, less the interval fromtime the missile was laun
hed to the time the inter
eptor was �red.Equation (16.1) presumes the inter
eptor's a

eleration is 
onstant during its boostphase, whereas the a
tual a

eleration of an inter
eptor varies 
ontinuously during its 
youtbe
ause of variations in its thrust, the de
reasing mass of the propellant, staging events, the
hanging dynami
 pressure, and traje
tory shaping, as well as the e�e
t of gravity. There-fore, to 
ompute an inter
eptor's traje
tory a

urately, the time history of the inter
eptor's
ight to the inter
ept point must be 
arefully modeled. To a

ount for these 
omplex fa
tors,notional inter
eptors were initially de�ned using rough estimates of the required kill-vehi
lemass and then 
ying them out on a variety of traje
tories through a standard atmosphereand the 
entral gravitational �eld of a spheri
al model Earth. These initial studies wereused to establish the \
yout fan" or �eld of �re needed to engage the target ICBMs duringtheir boost-phases. Like the target missile traje
tories used in the Study, the inter
eptortraje
tories were validated by 
omparing sample traje
tories with traje
tories 
omputed bySandia National Laboratories using 
odes that have been 
arefully validated during years ofuse. The results of the Sandia simulations mat
hed the Study Group's results very 
losely.
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Figure 16.1. Fan of planar 
yout traje
tories 
omputed for the notional 6.7-km/s inter
eptor I-3,whi
h has a 75-se
ond boost phase.Figure 16.1 illustrates one set of traje
tories that evolved from the analysis of a two-stageinter
eptor having a 6.7-km/s verti
al burnout velo
ity (Vbo) and a total burn time of 75 s.The radial lines are spe
i�
 
yout traje
tories, and the 
ir
umferential 
urves are 
ontoursof 
onstant time after the time of inter
eptor laun
h. This inter
eptor also has a burnoutvelo
ity of about 6.4 km/s on typi
al shallow inter
ept traje
tories. It was 
hosen to 
omparewith results of prior analyses using an inter
eptor of similar performan
e [171, 172℄. Thephysi
al and performan
e 
hara
teristi
s of this inter
eptor are summarized in Table 16.1.
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eptors S279Table 16.1. Chara
teristi
s of the 6.7-km/s Inter
eptor I-3aAttribute Unitsb Stage 2 Stage 1 TotalsMass fra
tion 0.85 0.85Isp s 270 265It MN� s 4.82 27.3Wp tonne 1.82 10.5minert tonne 0.32 1.85minitial
 tonne 2.25 14.60 14.60m�nal tonne 0.43 4.10�V added (ideal) km/s 4.37 3.31 7.67�V added (a
tual) km/s 4.05 2.61 6.66Burn time s 40 35 75Thrust (average) kN 121 781Diameter(average) m 1.0 1.2aKill vehi
le mass 91 kg; shroud mass 22 kg; eje
t after burnout.b Units: MN� s = Meganewton s, kN = kilonewton; tonne = 1000 kg.
 Cumulative from left to right.The initial inter
eptor models were 
onstru
ted without regard to size or laun
h platform
onstraints, a reasonable assumption for ground-based inter
eptors or inter
eptors based onlarge ships. Inter
eptors having di�erent burn times and burnout velo
ities Vbo were 
onsid-ered to understand the impli
ations of burn time, 
yout velo
ity, and a

eleration pro�lesfor the BPI problem. The �rst step in that pro
ess was to size several inter
eptors with aninitial set of mass properties, stage 
on�guration, thrust, and aerodynami
 
hara
teristi
s,to meet a range of performan
e 
riteria. The inter
eptors were then used to analyze engage-ments and establish kill-vehi
le sizing requirements. The kill vehi
le masses that resultedfrom that analysis (Chapter 14) were then used to develop the �nal mass properties of theinter
eptors.16.2 Models of Un
onstrained Inter
eptorsThe un
onstrained inter
eptor models had burnout velo
ities ranging from 6.5 km/s to10 km/s (verti
al). Spe
i�
ally, these inter
eptors in
luded:1. Inter
eptor I-3: a 6.7-km/s, two-stage booster having a 75-se
ond burn time and alarge kill vehi
le 
apable of a total velo
ity 
hange (�V) of 2 km/s for divert andhoming.12. Inter
eptor I-4: a 6.5-km/s, three-stage booster having a 40-se
ond burn time andthe same kill vehi
le as I-3. This model represents a missile that burns out veryqui
kly.3. Inter
eptor I-5: a 10-km/s, three-stage booster having a 45-se
ond burn time anda larger kill vehi
le having a divert velo
ity of 2.5 km/s to a

ount for the higher
losing velo
ities asso
iated with this faster inter
eptor.1Throughout the Report we refer to the integral of the absolute magnitude of the kill vehi
le's a

elerationfrom the time it is deployed until the end of the engagement as the total velo
ity 
hange �V (see Chapter 12).
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I-3Figure 16.2. Notional pro�les of the inter
eptor models used in the Study; the dimensions arein meters. These drawings are intended only to represent the approximate physi
al sizes of theinter
eptors that were modeled; they do not represent a
tual missiles. Inter
eptor models I-2, I-4,and I-5 were used in the analysis.The notional dimensions of the three un
onstrained inter
eptor models are shown in Fig. 16.2.The 
apability of an inter
eptor is sometimes des
ribed by the ideal velo
ity from thero
ket equation, but this does not a

ount for aerodynami
 drag e�e
ts or gravity and
an overstate a
tual performan
e by 20 per
ent or more. In this study, we 
hose to de�neinter
eptors by their burnout velo
ity when �red verti
ally from the surfa
e of Earth throughthe atmosphere, a better standard for 
omparing the a
tual 
y-out performan
e of di�erentinter
eptors.In the early phase of the engagement analysis, it was found that the 75-se
ond a

eler-ation time of the 6.7-km/s inter
eptor I-3 limited its range to su
h an extent that it wasnot useful in most engagements, parti
ularly against solid-propellant ICBMs. The 6.5-km/sinter
eptor I-4, whi
h has a boost time of 40 s, was found to be mu
h more e�e
tive thaninter
eptor I-3. The basi
 physi
al and performan
e 
hara
teristi
s of inter
eptor I-4 arelisted in Table 16.2. Figure 16.3 shows a 
yout fan of planar traje
tories and the a

elerationpro�le 
al
ulated for inter
eptor I-4.Engagement analyses done by the Study Group indi
ated that in some 
ases very fastinter
eptors were needed to rea
h the target in time. Those 
ases either required largestando� distan
es for geographi
 reasons or required early inter
epts and short engagementtimes. The fastest inter
eptor 
onsidered in this study was the 10-km/s inter
eptor I-5,
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eptors S281Table 16.2. Chara
teristi
s of the 6.5-km/s Inter
eptor I-4aAttribute Unitsb Stage 2 Stage 1 TotalsMass fra
tion 0.83 0.83Isp s 280 270It MN� s 3.5 33.8Wp tonne 1.28 12.73minert tonne 0.26 2.55minitial
 tonne 1.63 16.91 16.91m�nal tonne 0.36 4.18�V added (ideal) km/s 4.19 3.71 7.90�V added (a
tual) km/s 3.56 2.94 6.50Burn time s 15 25 40Thrust (average) kN 234 1350Diameter (average) m 1.2 1.4aKill vehi
le mass 91 kg; shroud mass 9.1 kg; eje
t after burnout.bUnits: MN� s = Meganewton s, kN = kilonewton; tonne = 1000 kg.
Cumulative from left to right.
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S282 Chapter 16. Terrestrial-Based Inter
eptor Modelswhi
h has a 45-se
ond burn time. The basi
 physi
al and performan
e 
hara
teristi
s ofthis inter
eptor are listed in Table 16.3. Figure 16.4 shows a 
yout fan of planar traje
toriesand the a

eleration pro�le 
al
ulated for inter
eptor I-5.Table 16.3. Chara
teristi
s of the 10-km/s Inter
eptor I-5aAttribute Unitsb Stage 3 Stage 2 Stage 1 TotalsMass fra
tion 0.90 0.85 0.85Isp s 280 280 270It MN� s 1.9 13.7 132.6Wp tonne 0.68 5.00 50.0minert tonne 0.08 0.88 8.80minitial
 tonne 0.92 6.80 65.60 65.60m�nal tonne 0.24 1.80 15.60�V added (ideal) km/s 3.71 3.65 3.81 11.18�V added (a
tual) km/s 3.38 3.24 3.38 10.00Burn time s 15 15 15 45Thrust (average) kN 125 917 8840Diameter (average) m 1.32 1.50 2.20aKill vehi
le mass 136 kg. Shroud mass 27 kg; eje
t after burnout.bUnits: MN� s = Meganewton s, kN = kilonewton, tonne = 1000 kg.
Cumulative from left to right.Although building su
h a fast inter
eptor may be possible within the next 10 years, itwould be te
hni
ally 
hallenging. The inter
eptor would have a mass of 66 tonnes, whi
h isas heavy as an ICBM, and yet must rea
h a speed 50 per
ent faster than an ICBM in onlyone-quarter of the time. Su
h a missile has never been built.Any ro
ket moving faster than about 7 km/s would have the range of an ICBM and 
ouldtherefore be mistaken for an ICBM. Inter
eptor I-2 is slower than this, and there would beno danger of su
h a mistake. However, Inter
eptor I-4 (6.5 km/s) and I-5 (10 km/s) 
ouldbe mistaken for an ICBM. The inter
eptor traje
tories from North Korea are generally tothe northwest, and head a
ross China to Russia. Thus, an inter
eptor �red in defense runsthe risk of inadvertently triggering a retaliatory a
tion by another 
ountry. This s
enariois of parti
ular 
on
ern for defense of missiles from North Korea, where the inter
eptorswould be on traje
tories headed for China and Russia. While boost-phase inter
eptors 
ya 
at traje
tory, even a 4000-km-range would be a threat to most of eastern Russia and allof China, so even a 5-km/s inter
eptor 
ould be a problem.16.3 Models of Constrained Inter
eptorsThe Study Group also developed models of three inter
eptors 
onstrained in volume and-ormass so that they 
ould be based on ships or air
raft. Those models in
lude:1. Inter
eptor I-1: A 1.7-km/s, two-stage inter
eptor having a dual-thrust se
ond stagethat is similar to the existing Standard Missile SM-2, 
urrently deployed on U. S.Navy Aegis 
ruisers and destroyers. While mu
h too slow to inter
ept ICBMs, thisinter
eptor 
ould be used to inter
ept theater-range missiles laun
hed from ships o�U.S. 
oasts, provided that the Aegis ship 
ould be lo
ated 
lose to the missile laun
h
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Figure 16.4. A 
yout fan of planar traje
tories and the a

eleration pro�le 
omputed for the 10-km/sinter
eptor I-5.platform. There would be no kill vehi
le on this inter
eptor; instead, it would usethe blast-fragmentation warhead on the Standard Missile SM-2.2. Inter
eptor I-2: A 5-km/s, three-stage inter
eptor having a 21-in
h diameter thatwould �ll the entire volume of the verti
al-laun
h-system (VLS) tubes in Aegis ships.It would 
arry the same 2-km/s kill vehi
le as inter
eptors I-3 and I-4. This missilewould have a laun
h mass of about 2,200 kg. Note that it would be a new missileand not a modi�
ation of the existing Standard Missile SM-2, 
urrently deployed onU.S. Navy 
ruisers and destroyers.3. An air-laun
hed inter
eptor 
onstrained for bomber 
arriage with a gross weight ofabout 2,000 kg, similar to the size and weight of an Air-Laun
hed Cruise Missile(ALCM) that is 
arried by B-52H bombers [173℄. This inter
eptor would 
arry thesame 2-km/s kill vehi
le as inter
eptor I-2. Due to time 
onstraints, we did notdevelop a detailed model of this missile. However, it would be only slightly smallerthan the 5-km/s VLS model (I-2) and would have about the same 
apabilities (the
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eptor Modelssmaller size would be 
ompensated by its being laun
hed at an altitude of about13 km where the atmosphere is thinner and the drag is less). Therefore, we used I-2as a surrogate for the range 
apabilities of the ALCM-sized inter
eptor.Inter
eptor I-2 was an important inter
eptor in our analysis be
ause it 
ould be deployedin a VLS tube on Aegis ships|a basing mode 
ommonly suggested for BPI. In our view, aninter
eptor similar to I-2 would be the most 
apable inter
eptor that 
ould be deployed onan Aegis ship without making signi�
ant modi�
ations to the ship. The basi
 physi
al andperforman
e 
hara
teristi
s of this inter
eptor are listed in Table 16.4. Figure 16.5 shows a
yout fan of planar traje
tories and the a

eleration pro�le 
al
ulated for inter
eptor I-2.Table 16.4. Chara
teristi
s of the VLS 5-km/s Inter
eptor I-2aAttribute Unitsb Stage 3 Stage 2 Stage 1 TotalsMass fra
tion 0.80 0.90 0.67Isp s 270 265 256It MN� s 0.24 3.21 1.14Wp tonne 0.091 1.23 0.45minert tonne 0.023 0.137 0.224minitial
 tonne 0.21 1.58 2.26 2.26m�nal tonne 0.11 0.35 1.81�V added (ideal) km/s 1.56 3.98 0.57 6.10�V added (a
tual) km/s 1.22 3.32 0.49 5.02Burn time s 20 20 6.5 46.5Thrust (average) kN 12 160 176Diameter m 0.53 0.53 0.53aKill vehi
le mass 91 kg; shroud mass 9.1 kg; eje
t after burnout.b Units: MN� s = Meganewton s, kN = kilonewton, tonne = 1000 kg.
 Cumulative from left to right.16.4 Summary of Inter
eptor ModelsThe �ve inter
eptors des
ribed in this 
hapter are 
entral to the analysis in the remainderof this Report. Table 16.5 
ompares them. Most of the analysis in the Report fo
useson inter
eptor models I-2, I-4, and I-5. Inter
eptor I-3, whi
h has a 75-se
ond burn time,a

elerates too slowly to be very useful against ICBMs. Inter
eptor I-1 
ould be used only todefend the United States against medium-range ballisti
 missiles (MRBMs) laun
hed fromforward-based platforms su
h as ships. An airborne inter
eptor would have a performan
esimilar to inter
eptor I-2, whi
h is approximately the size of an ALCM.Table 16.5. Inter
eptor Models Used in the StudyBurnout Lifto� Mass Number ofModel Velo
ity (km/s) Boost Time (s) (tonne) StagesI-1 1.7 47 1.57 2I-2 5.0 47 2.26 3I-3 6.7 75 14.60 2I-4 6.5 40 16.91 2I-5 10.0 45 65.60 3Note: Burnout velo
ity is that for a verti
al traje
tory.
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Figure 16.5. A 
yout fan of planar traje
tories and the a

eleration pro�le 
omputed for the 5-km/sinter
eptor I-2.Figure 16.6 
ompares the sizes of the �ve model inter
eptors to other missiles thathave been built in the past. Noti
e that the faster (6.5-km/s to 10-km/s) inter
eptors are
omparable in size to most ICBMs, or even larger. Inter
eptors I-2 and I-3 are about halfthe weight of the Minuteman III; I-5 is twi
e as heavy as the Minuteman III and about10 per
ent heavier than the Trident II. All are heavier than the Spartan inter
eptor usedin the ground-based antiballisti
 missile (ABM) system the United States deployed nearGrand Forks, North Dakota in the early 1970s.16.5 Inter
eptor Basing OptionsWe 
on
lude our dis
ussion of inter
eptors for boost-phase defense by 
ommenting brie
yon some of the options for deploying them. These in
lude basing on land, on ships at sea,and on air
raft. Basing inter
eptors in spa
e would involve quite di�erent 
onsiderations;dis
ussion of this option is therefore given in Chapter 6. The dis
ussion here fo
uses 
hie
y
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eptors with various existing missiles. The lifto� mass ofea
h inter
eptor or missile in tonnes (1 tn =1000 kg) is listed beneath the name of the inter
eptoror missile.on inter
eptors for defending against ICBMs, but we dis
uss brie
y some deployment op-tions for inter
eptors intended to defend the United States against MRBMs laun
hed fromplatforms o� the 
oasts of the United States.Although 
ommand, 
ontrol, and 
ommuni
ations are vitally important, they are outsidethe s
ope of the Study and are not dis
ussed.16.5.1 Land basingIt 
an be assumed that 6.5-km/s inter
eptors like I-4 
ould be air-transported and deployedwith �eld army units. Transporter-ere
tor-laun
her vehi
les for land-basing of missiles inthis 
lass should be feasible and should not require advan
e 
onstru
tion of spe
ial sitesor laun
hing pads. Inter
eptor I-5 may be road-transportable, but its mass is 66 tonnes(73 tons), more than twi
e the mass of a Minuteman III, and its diameter is three m. It
ould not be transported readily by air and might require �xed laun
h pads or silos. (SeeFig. 16.2).
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eptor Basing Options S28716.5.2 Sea basingBasing boost-phase inter
eptors on sea-going vessels would o�er some potential advantagesover land-based systems, but would also impose some limitations. An ar
hetype for a sea-based boost-phase system is the Aegis system, whi
h is 
urrently deployed on many 
ruisersand destroyers in the U.S. 
eet. These ships have the normal 
omplement of 
ombat systems,in
luding systems for laun
hing Tomahawk 
ruise missiles as well as Standard Missiles,whi
h are designed primarily to defend the 
eet against unmanned air-breathing threats(often 
alled 
ruise missiles). The Standard Missile SM-2 blo
k 4A was designed to engageshort-range ta
ti
al ballisti
 missiles (SRBMs) reentering the atmosphere as well as 
ruisemissiles. However, its produ
tion was re
ently 
an
elled. Another variant, the SM-3, is inthe early stages of prototype development and is intended to provide \theater-wide" defenseagainst MRBMs.The Aegis VLS 
an laun
h only missiles having diameters of 21 in
hes or less. Ouranalysis indi
ates that given a 
apable kill vehi
le with the ne
essary on-board sensors,a

eleration, and �V 
apability, an inter
eptor like model I-2, whi
h has a burnout velo
ityof 5 km/se
, is the largest that 
ould be laun
hed using the VLS. It is possible the system
ould be modi�ed to take a slightly larger, and hen
e faster, inter
eptor.The Aegis system 
ontains three additional organi
 
omponents: a 
apable, large,phased-array radar (the SPY-1), whi
h is 
losely integrated into the ship's superstru
ture;a weapon battle-management and �re-
ontrol system 
apable of engaging multiple targetssimultaneously; and the 
ommuni
ations suite required for tying into a larger, integrateddefense stru
ture within the theater of 
ombat.The 6.5-km/s inter
eptor I-4 would be the size of a Polaris A3 missile, too large tobe laun
hed by the VLS. Hen
e, if this inter
eptor were to be deployed on ships, a newlaun
hing system must be developed.There is some pra
ti
al limit to the size of an inter
eptor that 
ould be 
arried aboardships other than Aegis platforms. With steam-eje
t laun
h, missiles su
h as the 74-in
h-diameter, �70,000-lb. Poseidon C3 missile were laun
hed from tubes on the USS Obser-vation Island in the late 1960s. Trident submarines 
arry 24 missiles weighing more than120,000 lbs. ea
h and having a diameter of nearly 90 in
hes. For purposes of 
omparison,the model I-5-10 km/s inter
eptor has a diameter of 127 in
hes and weighs 144,000 lbs. (seeFig. 16.2). To a

ommodate su
h a missile, a ship larger than the existing Aegis would beneeded|perhaps a new ship or a 
onverted 
argo ship|as well as a new laun
h system.The primary bene�ts of using submarines as the inter
eptor laun
hers are that theywould be relatively diÆ
ult to dete
t and 
ould laun
h their inter
eptors in very poorweather and sea 
onditions. However, a wide-band 
ommuni
ation link between the radarand the ship laun
hing the inter
eptor would be essential. A submarine would thereforehave to have an exposed wide-band antenna, whi
h would 
ompromise its stealthiness.The advantages of sea basing in
lude the ability to move inter
eptors to 
riti
al lo
a-tions almost anywhere in the world when a 
on
i
t arises. In addition, su
h a defensivesystem 
ould remain on-station at su
h lo
ations inde�nitely, taking advantage of the 
rewinfrastru
ture, replenishment, and prote
tion of the host vessel and its asso
iated battlegroup.
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eptor Models16.5.3 Air basingPrevious studies of airborne BPIs have assumed that inter
eptors having burnout velo
itiesof 4 km/s to 5 km/s 
ould be based on air
raft, su
h as the B-52 [174, 175, 176℄. At thesame time this study has been underway, Dean Wilkening at Stanford University has beenspe
i�
ally studying airborne boost-phase solutions and briefed our Study Group on hisinterim results [177℄.There are three issues that must be re
ognized with air-based ICBM BPIs|enduran
e,payload limits, and self defense. In similar air operations involving maintaining one air
raft
ontinuously on station, typi
ally �ve to six air
raft plus some tankers are required. Hen
ethe operational 
ost of maintaining an air-based defense is quite high. In planning an air-based BPI system, the vulnerability of inter
eptor-
arrying air
raft to long-range surfa
e-to-air missiles (SAMS) would have to be 
onsidered.The SA-5 (Russian S-200) SAM system has been operational sin
e the mid-1960s, hasbeen exported to hostile nations, and remains operational today. It 
an inter
ept largeair
raft operating at high altitudes out to distan
es of 200 km or more from the SAMsite. More modern SA-12 (Russian S-300V) SAMs have 
omparable range 
apability 
ou-pled with mobility that would permit surprise deployments. There is a possible ele
troni

ountermeasure (ECM) defense against these long-range SAMs, but the risk involved instationing large air
raft within 200 km of hostile territory would probably prevent su
h op-eration for long periods. In addition, the vulnerability of su
h air
raft to air-to-air missilesdelivered by enemy �ghters would require 
ontinuous prote
tion by U.S. 
ombat air patrolsor long-range SAMs based within 50 to 100 km of the BPI air
raft, negating most of thepotential basing advantage. Inter
eptors having velo
ities in ex
ess of 5 km/s appear to betoo large to be deployed on air
raft.While having a radar at altitudes of 10{13 km o�ers some viewing advantages, the sizeof the radar required to a
quire these targets at ranges of 800 km is prohibitive for mostair
raft.For these reasons, and the fa
t that another study was fo
using on that approa
h, wedid not explore air-based solutions expli
itly, but rather treated it generi
ally.16.5.4 Deployment for defense against SRBMs and MRBMsIf there is an ideal appli
ation of boost-phase defense in the near term, it is defending againstSRBMs or MRBMs laun
hed from vessels positioned o� U.S. 
oasts2. Engagements of atypi
al SRBM and a typi
al MRBM laun
hed from ships at sea are analyzed in Se
tion 5.7.1.There it is shown that the SRBMs and MRBMs 
ould be engaged by inter
eptor I-1, whi
his similar to the U.S. Navy's existing SM-2. This inter
eptor would have to be stationedwithin approximately 40 km of the vessel laun
hing the ballisti
 missile.During the Cold War, the U.S. Navy maintained a large and e�e
tive wide-area surveil-lan
e of surfa
e vessels as well as submarines in U.S. 
oastal waters. The assets used for thispurpose, su
h as the P-3 Orion patrol air
raft and the U.S. Underwater Sound Surveillan
eSystem (SOSUS), still exist. Suspe
t or unidenti�ed vessels 
ould be shadowed by Aegisships, whi
h might be able to inter
ept SRBMs or MRBMs during their boost phase, beforethey 
ould deploy submunitions. It is unlikely that any un
oordinated preparation for ora
tual laun
h of a ro
ket from waters near the U.S. 
ould have a pea
eful purpose. It is also2Medium-range ballisti
 missiles en
ompass the missiles that, in a military 
ontext, are sometimes 
alled\theater" or \ta
ti
al" ballisti
 missiles.
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eptor Basing Options S289unlikely that su
h a laun
h would involve many ships. Su
h laun
hes 
ould therefore beengaged immediately with pre-delegated authority, thus avoiding three of the most serious
hallenges fa
ing most BPI systems|being 
lose enough to the target laun
h site to beable to inter
ept the missile during its boost phase, having the de
ision time required be-tween the time a potentially threatening ro
ket is dete
ted to the time inter
eptors must be�red, and avoiding shortfall of the missile's munitions on friendly territory. With adequatesurveillan
e, it 
an be assumed that an Aegis ship 
ould be stationed in-shore of the suspe
tship.Referen
es for Chapter 16[171℄ Ri
hard L. Garwin, \Boost-phase inter
ept: A better alternative." Arms ControlToday 30(7), 8 (2000).[172℄ Theodore A. Postol, \A preliminary analysis of a Russian-U.S. boost-phase defenseto defend Russia and the U.S. from postulated rogue-state ICBMs: A potentialoption for Russian-U.S. 
ooperation in missile defense." Te
hni
al report, CarnegieEndowment for International Pea
e, O
tober 1999.[173℄ Jane's Strategi
 Weapons Systems (JSWS), 36, De
ember 2001. Arti
le: AGM-86ALCM/CALCM.[174℄ D. C. Johannsen et al., \Airborne Inter
eptor Program." Pro
eedings of the 4thAnnual Te
hnology Readiness Conferen
e (BMDO/AIAA), 1995.[175℄ D. R. Vaughan, J. A. Isaa
son, and J. S. Kvitky, \Airbore Inter
ept: Boost- andAs
ent-Phase Options and Issues," RAND, 1996.[176℄ Dean Wilkening, \Boost-Phase Missile Defense." Brie�ng Presented to the APSStudy Group, July 2001.[177℄ Dean Wilkening, \Airborne Boost-Phase Ballisti
 Missile Defense," S
ien
e andGlobal Se
urity, Vol. 12:2-3, to be published.
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Chapter 17Overview of the Airborne Laser AnalysisChapter 7 in Part A des
ribed the fundamentals of ABL engagements and Chapter 8 pre-sented 
on
lusions on the 
overage the ABL 
ould o�er for boost-phase ICBM defenseagainst North Korea, Iraq, and Iran. We turn now to the te
hni
al 
onsiderations involvedin employing the ABL in a boost-phase defense system.Basing lasers on satellites was an option dis
ussed some years ago in the 
ontext ofthe Strategi
 Defense Initiative (SDI), but this te
hnology is not 
onsidered to be availablewithin our time frame. The only laser te
hnology that 
ould reasonably be hoped to be readyfor deployment within the 10-year time frame of this report is the ABL, whi
h is 
urrentlybeing developed. The high-power laser of the ABL would be 
arried by a modi�ed Boeing747. As a 
onsequen
e of laun
hing the laser beam from an air
raft in the atmosphere, thepropagation of the beam through the atmosphere is a major issue.As was shown in Chapter 5, the time available for a kill-vehi
le inter
ept is very short,espe
ially if the 30-s de
ision time is imposed before laun
hing the inter
eptors. This
ompressed time line for
es the defense into using very high speed inter
eptors to rea
h thetarget in time. The ultimate extension of this trend is travel at the speed of light, whi
h alaser beam does.The ABL is designed from the beginning to be a boost-phase-defense weapon, althoughits design mission is for use against theater missiles having relatively short range, 
omparedwith the long range of ICBMs. Nevertheless, the same prin
iples apply for theater missiledefense as for boost-phase defense against ICBMs. We shall see that be
ause of the higherburnout altitude of ICBMs 
ompared with theater missiles, inter
epting ICBMs with a laseris in some ways easier than inter
epting theater missiles.We have adopted the ABL hardware as best we 
an determine, subje
t to the limits of
lassi�
ation, as the basis of our analysis. No major modi�
ations are 
onsidered. As a
onsequen
e of 
lassi�
ation issues, some important parameters are unknown, su
h as thelaser power and the amount of energy required to be delivered to disable a missile. Wemake what we 
onsider to be reasonable estimates and show the sensitivity to 
hanges inthese estimates. In 
ases of doubt, we have taken an optimisti
 view and given the ABLthe bene�t of the doubt. We 
ompute the range from the ABL to the missile at whi
hthe ABL 
ould be e�e
tive against both liquid- and solid-propellant boosters. As expe
ted,the \speed-of-light" weapon is insensitive to the laun
h delay de
ision time that stressedthe kill-vehi
le performan
e, as shown in Se
tion 5.1.2. Nevertheless, the e�e
tive range isnot as great as one would desire, but it is 
omparable to that of the various kill vehi
les,depending on the 
ir
umstan
es.Our dis
ussion of the ABL starts with Chapter 18, whi
h provides an overview of theABL hardware, the airframe, the lasers on board, and the assumed performan
e. Chap-S293



S294 Chapter 17. Overview of the Airborne Laser Analysister 19 des
ribes the issues related to propagating the laser beam long distan
es throughthe atmosphere and fo
using it on the target. Doing this requires a sophisti
ated adaptiveopti
s (AO) system to 
ompensate for the atmospheri
 distortions, and this is des
ribedin Se
tion 19.4. Although the ABL has not yet been �eld-tested, small-s
ale experimentshave been done to validate the spe
i�
ations and the performan
e of the AO system. Theseare des
ribed in Se
tion 19.5, and the results are used as the basis for the expe
ted ABLperforman
e used in our 
al
ulations. Se
tion 19.7 summarizes the limits of AO parametersand engagement time to whi
h all 
al
ulations are subje
t.The damage me
hanism for a kill vehi
le is simple: The physi
al impa
t deposits a verylarge amount of energy on the target in a very short time (less than a millise
ond). Ifimpa
t is a
hieved, severe damage to the target is assured. Delivery of suÆ
ient energy tothe target by a laser, however, is more 
omplex. A time measured in se
onds is required,and the amount of energy delivered to the target required to assure destru
tion depends onmany things, su
h as the di�erent me
hani
al and opti
al absorption properties of liquid-vs. solid-propellant boosters. Solid-propellant boosters require mu
h more energy density(
uen
e) delivered by the laser. Se
tion 20.1 des
ribes how we estimated the 
uen
e re-quired. Se
tion 20.2 dis
usses the problem of assessing whether and when an engagementis su

essful.Se
tion 21.1 des
ribes the sequen
e of events of a laser atta
k, from the initial observationof the target through the delivery of the high-energy laser (HEL) beam onto the target. Theopti
al engagement itself is 
omplex, oddly enough be
ause of the �nite speed of light. TheAO system needed to fo
us the beam onto the target after traversal of a long air pathdepends on re
eiving an image of the target at the ABL, and then returning the HELalong the same air path (ideally) to the missile. During this round trip time for light overhundreds of km (a few millise
onds) the target, moving at several km/s, will have moveda few meters. Hitting the target at the sele
ted spot imposes serious 
onstraints on theengagement, as des
ribed in Se
tions 21.3 and 21.4.The results of the analysis in terms of the e�e
tive range of the ABL against liquid- andsolid-propellant missiles are given in Se
tion 21.5. This analysis folds in the target 
ightpro�le (altitude, speed, and a

eleration vs. time) with the missile hardness (
uen
e requiredfor destru
tion), the laser power, and the performan
e and limitations of the AO systemto 
ompute the maximum range vs. inter
ept altitude. The altitude is a key parameter,be
ause it plays a major role in the amount of atmospheri
 turbulen
e with whi
h the ABLmust 
ontend. Figure 21.7 shows this relationship for both kinds of ICBMs. In broad terms,we estimate that liquid-propellant missiles 
ould be inter
epted at distan
es up to about600 km from the ABL, but solid-propellant missiles 
ould be inter
epted only at about300 km.Be
ause there are substantial un
ertainties in basi
 parameters, su
h as the laser power,the beam quality, the atmospheri
 turbulen
e, the minimum 
uen
e required to disable abooster, and the e�e
t of aim point on AO performan
e, we did a sensitivity analysis forthese variables, whi
h is presented in 21.5.2. We �nd that our 
on
lusions on useful rangeare robust with respe
t to reasonable 
hanges. For example, de
reasing the laser power bya fa
tor of 2 or, alternatively, doubling the 
uen
e required, redu
es the e�e
tive range byonly 15{20 per
ent. It is important to note that this sensitivity analysis applies to the ICBMinter
epts we studied; it may not apply to the TBM 
ase for whi
h the ABL is designed.Chapter 22 des
ribes how the ABL might be deployed in the �eld. Se
tion 22.2 dis
ussespossible problems 
aused by high-altitude 
irrus 
louds, whi
h 
ould disrupt the laser beam.Se
tion 22.3 brie
y treats the appli
ation of the ABL to the defense of the United States from



S295missiles laun
hed from ships o� its 
oasts. This dis
ussion is analogous to the dis
ussion ofSe
tion 5.7.1 for kill vehi
les.All the analysis was done without taking into a

ount 
ountermeasures that might betaken to redu
e the e�e
tiveness of the ABL. One e�e
tive 
ountermeasure would be todestroy the whole airframe with air
raft or surfa
e-to-air missiles (SAMs), as is dis
ussedin Se
tion 9.2.1. Other measures that redu
e the energy density absorbed by the targetare dis
ussed in Se
tions 9.2.2{9.2.4. Ea
h ABL airframe 
an, of ne
essity, engage only onetarget at a time, and multiple targets must be engaged sequentially. As a 
onsequen
e,multiple ABLs may be needed to defend against multiple simultaneous missile laun
hes, asdis
ussed in Se
tion 9.2.5. The defense would require three or four ABLs to be deployed inthe region for every ABL on station around the 
lo
k.Finally, Appendix D provides referen
e material and additional detail for topi
s treatedin Chapters 18{22. This material is provided for the reader wishing more detailed informa-tion, parti
ularly with respe
t to AO systems.





Chapter 18Te
hnology of the Airborne LaserContents18.1 Overview of the Airborne Laser . . . . . . . . . . . . . . . . S29718.2 Des
ription of COIL . . . . . . . . . . . . . . . . . . . . . . . S29918.3 Chronology of the Airborne Laser . . . . . . . . . . . . . . . S30018.4 Airborne Laser Performan
e . . . . . . . . . . . . . . . . . . S301This 
hapter des
ribes the ABL hardware as it has been designed for use in theatermissile defense. The subsequent 
hapters use the same hardware without modi�
ation asa basis to examine the ABL's 
apability for use against ICBMs. Here we give a generaldes
ription of the airframe, the lasers, other major systems that it 
arries, and some of theirparameters.The ABL will use a high-power 
hemi
al oxygen-iodine laser (COIL) as a dire
ted-energy-beam weapon to disable missiles during their boost phase. The COIL laser belongsto a 
lass of lasers that are driven by exothermi
 
hemi
al rea
tions. The 
hemistry andtypi
al operating parameters of a COIL are des
ribed in Se
tion 18.2. The laser beamenergy delivered during a several-se
ond engagement onto a spot on the missile will 
auseheating and a redu
tion in material strength of the missile's \skin." Be
ause of internalfuel tank pressure and stru
tural stress in the missile during boost-phase a

eleration, themissile skin may then rupture, resulting in destru
tion of the missile or termination ofa

eleration.The atmosphere in whi
h the COIL operates is a nonuniform medium, and its turbulen
ewould normally seriously degrade the fo
us of the laser beam as it travels the long distan
ethrough the atmosphere, mu
h like the distortion of images seen 
lose to the surfa
e ofa long, hot, paved road. The ABL uses an advan
ed system of adaptive opti
s (AO) tomeasure the distortion and then adjust the high-energy-laser (HEL) beam to fo
us it onthe target. To do this, two other lasers are used to illuminate the target, whose image isthen transmitted to the ABL for this 
orre
tion.18.1 Overview of the Airborne LaserThe ABL uses a modi�ed 747-400 freighter air
raft 
ruising at an altitude of about 12 kmas the platform for a 
omplex system of opti
al devi
es that will target threat missiles withlaser beams fo
used to tens of 
entimeters at distan
es up to several hundred kilometers(see Fig. 18.1). The ABL is to have a 
apability of �ring tens of shots against threat missilesS297



S298 Chapter 18. Te
hnology of the Airborne Laserand an extended operation period (based on refueling). It 
ould be deployed singly to athreat area or in 
on
ert with other theater defense resour
es [178℄.
 Yb-Yag Track Illuminator Laser

 Nd-Yag Beacon Illuminator Laser

 COIL High Energy Laser

 CO2 Active Ranger System

Figure 18.1. S
hemati
 drawing of ABL engagement, showing the four laser beams ontothe target. From top to bottom these are: (a) the CO2 laser for range, (b) the Yb-YAGtra
k illuminator laser (TILL), (
) the Nd-YAG bea
on illuminator laser (BILL), and (d)the COIL high-energy laser (HEL). Reprodu
ed with permission from [183℄.There are four major sub-systems on the air
raft:� The 
w (
ontinuous wave) high-power COIL laser weapon.� The beam 
ontrol assembly, whi
h aligns and transports multiple laser beams throughthe air
raft and provides AO systems to 
ompensate for atmospheri
 distortion ofthe laser beams.� The battle management and 
ommuni
ations, 
ommand, 
ontrol, and intelligen
esystem, whi
h provides engagement and �re 
ontrol.� The nose-mounted, gimbaled turret assembly, whi
h 
an be rotated to aim sensorsand laser beams in horizontal and verti
al planes, so as to lo
ate, tra
k, and targetmissiles.The initial Program De�nition and Risk Redu
tion phase of the ABL program in
ludes6 COIL modules in series in the air
raft, while the Engineering and Manufa
turing Devel-opment phase plans for 14 laser modules. Multiple-gain modules are used to provide higheroutput power than 
onventional COIL systems.While operation of the ABL COIL with both extremely high output power and goodbeam quality is 
ru
ial to the ABL's ability to deliver signi�
ant energy to the surfa
e ofa missile at relevant target distan
es, we have not found any referen
e to measured beampower and beam quality of the ABL COIL in the available literature. Lethality-basedrequirements for COIL power and beam quality are dis
ussed in subsequent 
hapters.Additional high-power lasers in the ABL are used for missile tra
king and AO 
ompen-sation for atmospheri
 distortion. A kW-power-level Yb-YAG tra
king illuminator laser(TILL) provides illumination of the tip of the threat missile; return light from this sharp-edged feature is used for a tra
king sensor and the �rst stage (tilt) of AO beam 
orre
tions.A kW-power-level Nd-YAG bea
on illuminating laser (BILL) provides an illuminated spoton the missile; return light from this spot is used in higher-order (phase) AO 
orre
tionsof atmospheri
 distortion for the 
w COIL laser. Both the TILL and BILL are pulsed at5 kHz.The beam-
ontrol system and transport of the three main laser beams within the air
raftis based on a 
ommon-path{
ommon-mode approa
h. A shared set of opti
al 
omponents
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ription of COIL S299and a 
ounter-propagating alignment laser are used for alignment, targeting, fo
using, andbeam 
ompensation, as well as sensing and 
ontrol fun
tions. This shared-aperture designo�ers advantages in tra
king, jitter, and alignment 
ontrol. Deformable and rapid-steeringmirrors provide high-bandwidth (500-Hz) beam 
lean-up and atmospheri
 
ompensationand pointing. Signi�
ant demands on mirror and 
oating quality to handle high powerloading [179℄ appear to be a
hievable. Alignment and pointing at the level of 100 nanoradis sought to keep the COIL fo
used on the missile. This is a 
hallenging requirement, sin
ea 747 air
raft frame 
an experien
e signi�
ant relative motion front-to-rear during 
ight.An a
tive alignment system is planned [180℄.The ABL may be initially 
ued to a missile laun
h by IR sear
h and tra
k sensors lo
atedon the airplane, or by satellite or radar dete
tion systems. An a
tive ranging system usesa laser illuminator mounted on top of the airplane to provide early position 
oordinates ofthe missile. Subsequent engagement and �re 
ontrol steps, in
luding IR-based 
oarse and�ne plume tra
king, pla
ement of the TILL, BILL, and COIL laser beams on the missile,and AO 
ompensation of atmospheri
 distortions are dis
ussed in Chapter 21.The nose of the air
raft holds the approximately 6,000-kg turret assembly that 
arries a1.7-m-diameter window [181℄ and a 1.5-m-diameter fo
using teles
ope mirror. The gimbaledmirror assembly points the three, nearly 
o-propagating laser beams toward the missile in ahemispheri
al �eld-of-regard, whi
h is 
entered on the air
raft 
ight path and whi
h extendsba
k towards the wings. The turret window transmits the TILL, BILL, and COIL lasers,as well as the images of the missile plume and the opti
al signals for the AO 
ompensationsystem. The window must be 
onstru
ted to minimize air turbulen
e and distortion for theopti
al signals.These are design goals for the HEL:� Beam power of several megawatts. The a
tual power spe
i�
ation is 
lassi�ed, butwe assume 3 MW for the purposes of this report.� Beam quality: 1.2 times di�ra
tion limit.18.2 Des
ription of COILThe COIL was �rst demonstrated at the Air For
e Weapons Laboratory in 1977. Chem-i
al oxygen-iodine lasers are 
urrently being developed in several 
ountries for a range ofappli
ations, in
luding industrial uses, for reasons whi
h in
lude their high 
w power at rel-atively low 
ost and suitable wavelength for �ber opti
s and intera
tion with materials. Anexample of demonstrated high-power (30 kW), was the RotoCOIL, whi
h had an apertureof about 40 
m2 and a gain length of 54 
m [182℄.The primary 
hemi
al rea
tions in the ABL COIL are:Cl2(g) + H2O2(l) + 2KOH(l)! O2(a1�) + 2KCl + 2H2O (18.1)O2(a1�) + I2 ! O2(X3�) + I2(v) (18.2)O2(a1�) + I2(v)! O2(X3�) + 2I(2P3=2) (18.3)O2(a1�) + I(2P3=2)! O2(X3�) + I(2P1=2) (18.4)I(2P1=2) + h� ! I(2P3=2) + 2h� (� = 1:315 �m) (18.5)Rea
tion 18.1 involves a multi-step pro
ess for the produ
tion of ex
ited-state O2(a1�). Inan ABL-COIL gain module, basi
 hydrogen-peroxide BHP, a mixture of hydrogen peroxide,
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hnology of the Airborne Laserpotassium hydroxide,1 and water, is sprayed through holes in an inje
tor plate, forminga droplet �eld [183℄. A helium-
hlorine gas mixture is for
ed through this droplet �eld,and the resulting rea
tions yield O2(a1�) and 
hlorine as dissolved salt. Remaining BHPis re
y
led, water vapor is removed, and waste heat and gases are exhausted beneath theairplane through a titanium exhaust system. Ex
ited O2(a1�) is relatively long-lived in theabsen
e of 
ollisions, and it is transported to the next rea
tion region by helium gas 
ow.The He-O2 (a1�) mixture is a

elerated through a supersoni
 nozzle and I2 mole
ulesare inje
ted into the 
ow. In Eqs. 18.2{18.3, ex
ited O2(a1�) disso
iates an iodine mole
ule,forming atoms in the ground state through a multi-step 
ollision pro
ess. It is estimatedthat several O2(a1�) ex
ited-state mole
ules are e�e
tively removed in the disso
iation ofan I2 mole
ule, a pro
ess that probably pro
eeds through vibrationally ex
ited I2(v).In Eq. 18.4, the ground-state iodine atoms are ex
ited to the spin-orbit split stateI(2P1=2) by resonant energy transfer from the ex
ited O2(a1�). Large-diameter opti
s, sit-uated transverse to the rea
ting 
ow and pla
ed out of the rea
tion zone, form a resonator
avity stru
ture that provides opti
al feedba
k, beam-power build up, and output 
ouplingof laser power to the ABL beam 
ontrol systems and ultimately to the target missile. TheCOIL lases at a wavelength of 1.315 �m (Eq. 18.5). The 
ross se
tion for stimulated emis-sion on the I(2P1=2 !2 P3=2) laser transition is about 10�17 
m2 [184, p. 330℄. Typi
al gainin a COIL devi
e is about 1%/
m [185℄ and a typi
al saturation intensity is 10 kW/
m2 [184,p. 334℄. A laser system having an aperture of 25 
m and suÆ
ient gain length and appro-priate mirror re
e
tivity should therefore be 
apable of generating multi-megawatt outputpower. Large aperture lasers of this type typi
ally operate with unstable resonator mirrorstru
tures, allowing good spatial-mode overlap with the gain region and a relatively high-quality (transverse mode quality) output beam. In the ABL, an ar
hite
ture that uses upto 14 separate laser gain modules is planned. Figure 18.2 shows the layout of the HEL
omponents.Chemi
als are typi
ally 
onsumed in the 
hemi
al rea
tions at a rate of about 100 kgper 10 MJ of energy produ
ed by a COIL [184, p. 321℄.18.3 Chronology of the Airborne LaserThe Air For
e laun
hed the ABL program in FY 1994. It followed the Airborne LaserLaboratory (ALL) weapons program of the 1970s and early 1980s whi
h used a CO2 lasersystem. In 1996, the Program De�nition and Risk Redu
tion (PDRR) phase 
ontra
t wasawarded to Team-ABL (Boeing, TRW, and Lo
kheed Martin).Milestones of the ABL e�ort in
luded a Preliminary Design Review (1998), Authorityto Pro
eed-1 (1998); System-Level Criti
al Design Review (2000); and delivery of the �rstair
raft, YAL-1A, (2001). Flight tests against a representative TBM in boost phase areplanned in 2004. Following su

essful demonstration of missile destru
tion, the Engineeringand Manufa
turing Development (EMD) phase is planned to begin in the middle of thisde
ade. The PDRR phase in
ludes 6 COIL-laser modules for ea
h air
raft, while the EMDphase plans 14 laser modules. Produ
tion is planned for seven air
raft. Initial operational
apability 
ould be �elded by 2008{10; a date for full operational 
apability has not yetbeen determined [178℄.Funding and program management for the ABL was transferred to the Ballisti
 MissileDefense OÆ
e (BMDO) in 2001. In 2002, this oÆ
e was renamed the Missile Defense1In pra
ti
e a mixture of alkaline hydroxides, LiOH, KOH, and NaOH, are used instead of simply KOH,but for simpli
ity, this dis
ussion uses only KOH.
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 diagram of laser (left); illustration oflaser gain module (right). Reprodu
ed with permission from [183℄.Agen
y.18.4 Airborne Laser Performan
eBe
ause the measured performan
e of the laser is 
lassi�ed, little information is availableto evaluate how nearly the ABL approa
hes its design goals. From published information,two areas deserve attention:� A re
ent GAO report [186℄ states that the present laser with 6 modules weighs 180,000pounds (82 tonnes), 
ompared with the design 
ight weight of 175,000 pounds (79tonnes) for the full laser of 14 modules. Ea
h module weighs about 6,000 pounds(2.7 tonnes). Unless or until this weight problem is solved, the power output is likelyto be less than half of the design power.� It has been reported by GAO [187℄ that the laser modules have a
hieved poweroutput ex
eeding the design requirements. However, these tests were performedusing a stable resonator rather than the unstable resonator that is 
alled for in thedesign. A later GAO report [186℄ states that the laser modules have not yet beentested with an unstable resonator. The unstable resonator is important to a
hievethe high spatial mode quality and for eÆ
ient extra
tion of energy from the lasermedium.
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hapter lays the groundwork for understanding the requirements for an e�e
tivelaser weapon to fun
tion in the atmosphere. Se
tion 19.1 dis
usses the basi
 opti
s ofpropagation in the absen
e of atmospheri
 disturban
e. Se
tion 19.2 gives an overviewof atmospheri
 e�e
ts and brie
y des
ribes measures used to des
ribe the disturban
es.Se
tion 19.3 
hara
terizes the atmosphere in the framework of a widely used model. Se
-tions 19.4 and 19.5 dis
uss the use and parameters of adaptive opti
s (AO) along withben
hmark experiments to test the AO design. Finally, Se
tion 19.7 des
ribes the parame-ters of the engagement \envelope" 
ompatible with the ABL design presented in Chapter 18.The symbols used in this 
hapter are summarized on page S310.We assume that the ABL 
an deliver the laser beams meeting its spe
i�
ations. However,the atmosphere is not perfe
tly homogeneous, whi
h a�e
ts the size of the spot on themissile that is illuminated by the laser beam. The beam power and spot size are 
ru
ialparameters for delivering the 
uen
e (MJ/m2) required to 
ause the requisite damage todisable the target. Thus, propagation of those beams through the atmosphere requiresparti
ular attention, and we have analyzed this problem in some depth. This 
hapterprovides an overview, and details for the interested reader are given in Appendix D.19.1 Va
uum PropagationFor a total power P , an ideal di�ra
tion-limited laser beam of diameter D and wavelength�, fo
used on a target at a distan
e L, will deliver an irradian
e I, the power per unit area,as a fun
tion of transverse 
oordinates r and � ofI(r; �) = �4 � D�L�2 �2J1(�rD=(�L))�rD=(�L) �2 P ; (19.1)S303



S304 Chapter 19. Airborne Laser Beam Propagationwhere J1 is the Bessel fun
tion of order 1.A real ABL laser beam will not have an exa
tly uniform pro�le, and there will probablybe a \hole" in the 
enter as part of the opti
al design. The 
entral hole has a minimale�e
t.1 There will be some imperfe
tions in the beam quality, too.2 A measure of opti
alperforman
e of a system is the Strehl ratio SR, whi
h is the ratio of the peak irradian
edelivered divided by the same quantity for a di�ra
tion-limited system.19.2 Atmospheri
 E�e
tsEven very small variations of the index of refra
tion n of the atmosphere 
an signi�
antlyredu
e the Strehl ratio, be
ause the path length is so long. These variations 
ome aboutbe
ause of small 
u
tuations in the lo
al temperature, whi
h in turn 
ause variations in thedensity, and thus the index of refra
tion.The simplest manifestation of phase variations is a \tilt" of the beam. (\Tilt" refers tothe �rst moments in transverse angle 
oordinates around the x and y axes.) The tilt 
ausesthe beam spot to move rapidly about its 
entral point|the primary problem ground-basedastronomers have with getting a good image. Any resear
h-grade teles
ope 
oming 
lose tothe di�ra
tion limit must do something to avoid this problem. Adaptive opti
s have beendeveloped to over
ome this problem, as well as some of the higher-order distortions (seeAppendix D.3). Corre
ting for atmospheri
 e�e
ts for the ABL is more diÆ
ult than forastronomi
al teles
opes be
ause the laser beam travels through the atmosphere obliquely,giving it a mu
h longer atmospheri
 path than for astronomi
al viewing. This is dis
ussedin Se
tion 19.4.The variation of the index of refra
tion is a statisti
al problem. Kolmogorov [188℄developed a model of the atmosphere used in many analyses. The parameter C2n is a lo
almeasure of the turbulen
e, and values of C2n vary with time, altitude, and atmospheri

onditions. The ABL 
ies at an altitude � 12 km, above the worst atmospheri
 turbulen
eand above most 
loud 
over. Chara
teristi
ally, C2n � 5 � 10�18 m�2=3 at an altitude of12 km, but it 
an 
u
tuate by an order of magnitude above or below this value with evensmall 
hanges of altitude.Maxwell's equations for the beam propagation are solved in the Rytov approximation(see D.1), whi
h is valid for low turbulen
e. For many 
al
ulations, integrals of C2n are
omputed along the path of propagation z with weighting fa
tors depending on z. Thefollowing quantities are of primary interest. Appendix D provides additional details.� r0 (see Eq. D.6), the Fried parameter, is a measure of the transverse 
hara
teristi

oheren
e length for an engagement. For typi
al ABL engagements, it ranges from0.26 m at low altitudes to 0.8 m at high altitudes.� �t xy (see Eq. D.7) is the rms tilt angle of a beam 
aused by turbulen
e, and it isthe dominant 
ause of beam spot spreading on target without AO. For 
omparison,the 
ore of a di�ra
tion-limited intensity pro�le is similar to a Gaussian having astandard deviation � = 0.45 �=D. The rms tilt a
hieves this value for r0 � D, whi
his not rea
hed, even for the highest altitude engagements.1In Eq. 19.1, D2 is repla
ed by D2 � d2, where d is the diameter of the 
entral hole, � 0.3 m, 
omparedto D = 1.5 m.2The beam shape is an o
tagon, not a 
ir
le. It is not 
lear if the 
orners are 
lipped. In addition, theintensity pro�le a
ross the aperture may not be uniform.
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terization of Turbulen
e S305� �2' is the spatial varian
e of the phase of the beam 
aused by turbulen
e. Phase-
orre
tion AO seek to minimize this quantity (see Eqs. D.8, D.10, D.27, D.29,and D.32).� �2R (see Eq. D.12), the Rytov varian
e, is the spatial varian
e of the log amplitudeof the ele
tri
 �eld. It is the most widely used single measure of turbulen
e foran engagement. The region of validity of the Rytov approximation is essentially�2R � 0.5 np2.(3)� �0 (see Eq. D.28), the isoplanati
 angle, is a measure of how rapidly the phasevariations 
hange with angle away from the 
enter of view be
ause the beam passesthrough a di�erent part of the atmosphere. Stated di�erently, it is a measure of the�eld angle over whi
h the AO 
an be e�e
tive.For large phase varian
es, e.g. before the appli
ation of AO, the Strehl ratio is given byan asymptoti
 series [189, p. 164℄SR � �r0D�2 � 0:6159�r0D�3 + 0:05�r0D�5 + 0:00661� r0D�7 : : : (r0=D < 1) : (19.2)This expression is appli
able for engagements of interest and sets a lower bound for theatmospheri
 part of the Strehl ratio without AO. This limit on SR ranges from 0.02 to 0.2,depending on the engagement geometry. For small varian
es, e.g. in low turbulen
e or afterappli
ation of AO, the Strehl ratio is given approximately by [189, p. 46℄SR � exp(��2R � �2') : (19.3)This relation is 
alled the extended Mar�e
hal limit, and it underestimates the Strehl ratio;(see Se
tion D.5.3). After AO, �2' is used in Eq. 19.3 as appropriate for the degree of
orre
tion a
hieved.19.3 Chara
terization of Turbulen
eCorre
tly 
hara
terizing the turbulen
e with whi
h the ABL must 
ontend is 
riti
al. The�rst question is how values of C2n vary with lo
ale, season of year, and day to day. Whatfra
tion of the time would the turbulen
e be low enough for the ABL to perform its missionif 
alled upon?A standard model of atmospheri
 turbulen
e is 
alled \Clear-1" [190℄. The ABL spe
i-�
ation is that it must fun
tion properly despite turbulen
e as intense as twi
e this model.The model is based on smoothed thermal measurements made with balloons. The modelassumes that the C2n depends only on altitude, and in parti
ular it is independent of timeand geographi
al lo
ation. There is a broad plateau of C2n � (0:5 � 1:0) � 10�17 m�2=3 foraltitudes between 10 and 17 km. Values fall rapidly at greater altitudes (see Appendix D.2).There has been some 
ontroversy regarding C2n. Measurements of C2n have been madeusing opti
al methods [191℄, thermal methods [192, 193℄, and radar methods [192, 194℄. The
onsisten
y among various measurements is not very good. At least part of the dis
repan
yresults from the natural variations of C2n itself; its values are not expe
ted to be stati
in time. Geographi
al variations are also expe
ted [195℄. Two General A

ounting OÆ
e(GAO) reports [196, 197℄ and the United States Air For
e (USAF) S
ienti�
 Advisory3The unit np = neper is used to emphasize the use of natural log instead of 
ommon log.
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ommented on this dis
repan
y and re
ommended that opti
al measurementsbe the primary referen
e. The GAO report [197℄ is 
riti
al of the state of the knowledgeof turbulen
e in theaters of interest. More measurements have been made using balloons,radar, and stellar s
intillometers [199℄ in southern Asia and the Middle East, but the resultshave not been published [200℄. As we shall see in Se
tion 21.5.2, whether the standardC2n = 2� \Clear 1 Night" or 4� as advo
ated by some 
riti
s is used makes no qualitativedi�eren
e for the engagements of interest to this study, be
ause of the high engagementaltitudes.It should be noted that although the normal ABL operating altitude of 12 km is abovemost of the turbulen
e (whi
h de
reases rapidly above the tropopause), the altitude of thetropopause varies with season and lo
ation. Greater turbulen
e and high-altitude 
irrus
louds may sometimes present problems (see Se
tion 22.2).An interesting phenomenon is that of large-s
ale waves that are 
reated in the atmo-sphere as air masses 
ow a
ross mountains [201℄. These waves may 
reate unusually intenseturbulen
e even at high altitudes. It is not known to what extent, if any, this e�e
t 
ouldin
uen
e ABL engagements.19.4 Adaptive Opti
sAlthough astronomers �rst suggested the use of AO [202℄, its �rst use was for militaryappli
ations in the mid 1970s and early 1980s.4 Astronomers now use AO to 
ompensatefor the image broadening due to atmospheri
 turbulen
e. Deformable mirrors are used in
onjun
tion with a referen
e signal (guide or referen
e star, either real or arti�
ial) to largely
ompensate errors, with impressive results. For example, the Ke
k teles
ope's adaptiveopti
s system a
hieved a Strehl ratio of 0.30 at �=1.65 �m 
ompared to an un
orre
tedStrehl ratio of 0.006 [204℄.Adaptive opti
s are essential to the ABL program. However, for a number of reasonsAO is more diÆ
ult to implement for the ABL than for astronomi
al appli
ations. Here aresome of the AO 
hallenges for ABL and how they di�er from the astronomi
al 
ase:1. Astronomy deals with opti
al paths through the atmosphere not far from the zenith(of the order of 15 km). The ABL deals with a slant range through the atmosphereof the order of 100 km to 300 km.2. The ABL requires a very high bandwidth AO operation. Astronomi
al AO systemsrun at a 
losed-loop bandwidth of 10{100 Hz, whereas the ABL's AO system requiresa 
losed-loop bandwidth of 500 Hz. This bandwidth requirement is more demandingthan has been a
hieved on ground-based teles
opes to date.3. The isoplanati
 angle �0 is a measure of the 
hara
teristi
 angle over whi
h the AO
orre
tions 
hange. A separation of the \guide star" (bea
on) from the target by anangle larger than the isoplanati
 angle substantially degrades AO performan
e. Theisoplanati
 angle is mu
h smaller for the ABL than for astronomi
al appli
ations.It 
an be between 1 to 10 times the di�ra
tion limit angle for the ABL, dependingon the engagement. For near-infrared 8{10 m teles
opes, the isoplanati
 angle 
anbe several hundred times the di�ra
tion limit. This di�eren
e arises be
ause mostof the turbulen
e is distributed near the ground for the astronomi
al 
ase, but it isdistributed over a mu
h longer length for the ABL.4A ni
e histori
al a

ount of the development of AO may be found in Ref. [203, p. 16 et seq.℄.
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hmarking Adaptive Opti
s Hardware and Algorithms S3074. Be
ause of the long 
ight path from the ABL to target and ba
k, there is a signi�
antdelay just from the propagation time of light between re
eiving an image to 
orre
twith AO and delivering the beam on target. In this time, the ABL and the targetmove, and the atmosphere may have 
hanged. This is another form of anisoplanatism.5. For the ABL, atmospheri
 turbulen
e 
auses large 
u
tuations in the intensity of thebeam, whi
h is 
alled s
intillation. The ABL program does phase-only 
orre
tionsfor the wavefront. With the large e�e
t of s
intillation, the suÆ
ien
y of phase-onlyAO 
ould be an issue.6. Although astronomi
al teles
opes su�er from vibrations due to wind-shake and otherdrivers, the ABL has airframe 
exure and vibration that are of 
onsiderably largeramplitude and that may be of higher frequen
y as well.19.5 Ben
hmarking Adaptive Opti
s Hardware and AlgorithmsSeveral s
aled test beds have been set up to simulate the s
aled ABL 
onditions. Thosesimulations 
hose the wavelengths of the lasers, the size of the opti
s, the length of propaga-tion, and the turbulen
e so that four dimensionless parameters mat
h that of a 
hara
teristi
ABL TBM engagement [205℄:� Fresnel number D2=(�L) = 6.34,5� D=r0 = 5.86,� �0=(�=D) = 0.65, and� �2R = 0.49 np2.Using su
h test beds, the performan
e of the AO 
an be tested quantitatively.The MIT Lin
oln Lab built the ABL Firepond fa
ility in hilly terrain to test AO over arange of 5.4 km. By 
hoosing the data during a 
alm period shortly before sunset, turbulen
erepresenting appropriate ABL parameters 
ould be obtained. A mo
k missile, a 
ylinderhaving a pointed end, served as the opti
al target. Beam splitters at the target analyzedthe beams in
ident on the target. Two major results are reported [206, 207, 208, 209℄ fromthese measurements:� Tra
king error (tilt) due to s
intillation and spe
kle on the target 
ould be substan-tially redu
ed by the use of multiple, in
oherent target illuminator (TILL) lasers.This is parti
ularly important to 
ontrol tilt jitter in the dire
tion along the missile.� The Strehl ratio 
ould be improved by a fa
tor as great as 4 by the AO, a
hievingSR as large as 0.15 for �2R = 0.5 np2 for a nearly ideal laser sour
e. This is the worst
ase for the ABL design envelope. The Strehl ratio will be better for engagementshaving lower values of �2R.The ABL Advan
ed Con
epts Testbed (ABL ACT) at the White Sands Missile Rangeis also a fa
ility s
aled to ABL parameters, like Firepond, but the range is 51 km. In this
ase the laser was �xed as in Firepond, but the target was 
arried on the side of an airplane.The target provided a \
ooperative bea
on," i.e., a laser diode, instead of the un
ooperative5From the Fresnel number, one 
an dedu
e L = 270 km. For simpli
ity this report uses 300 km.
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e
ted image of a mo
k missile. Results from this test stand [210℄ report the ability ofthe AO to improve the Strehl ratio and 
entroid jitter by fa
tors of about 4.The Lo
kheed Martin Sunnyvale \Brassboard" is another very powerful experimentalsimulator s
aled to ABL parameters [205, 211℄. It is of laboratory dimensions, having a rangeof only 16 m. It is also parti
ularly elegant, in that it 
an \make an atmosphere to order"by means of 7 rotating phase s
reens in the opti
al path. The AO 
losely follows the ABLdesign, and the simulator employs 80 per
ent to 90 per
ent of the ABL beam 
ontrol systemhardware. There are four target-illuminator and four bea
on-laser sub-beams. Brassboard'sperforman
e has been ben
hmarked against the ABL ACE and Firepond. In addition tothe turbulen
e 
orre
tion issues, Brassboard also deals with the motion of the air
raft.Sin
e pointing a

ura
y is 
ru
ial and the 
ight of the air
raft itself wanders and jittersby mu
h more than allowed, 
orre
tion is ne
essary. The Brassboard in
ludes an inertialreferen
e transfer unit (IRTU) providing inputs to the steering mirrors. Two major resultsare reported from these experiments:� Firepond results are reprodu
ed, SR � 0.15 for �2R � 0.5 np2.� Results of propagation 
ode are reprodu
ed.Another s
aled laboratory with a \made-to-order" atmosphere using rotating phases
reens similar to the Brassboard is the Advan
ed Con
epts Laboratory (ACL) at MIT'sLin
oln Lab. This set-up has a range of 10 to 28 m with 7 rotating phase s
reens. Itsfeedba
k loop has a bandwidth of 2.5 Hz, whi
h s
ales to the ABL's design value of 500 Hz.Unfortunately, only results for �2R � 0.25 np2, or in a few 
ases 0.34 np2, are presented.Reported results are: [212℄� Results of the propagation 
ode are reprodu
ed.� The tilt jitter perpendi
ular to the missile axis is about the same as from a pointsour
e, but the jitter along the axis is 2 to 3 times as large, largely due to s
intillation.� The main loss of Strehl ratio 
omes from tra
king (tilt) errors.� Extended bea
on spot sizes have only a modest deleterious e�e
t on the performan
eof the AO.It is worth noting that none of these simulations 
an properly test e�e
ts involvingpropagation delay be
ause of the short baseline (20 m to a few kilometers) 
ompared withhundreds of kilometers in the a
tual ABL system. This issue will arise in subsequentdis
ussion. In prin
iple the results should not 
hange, but part of the AO algorithm is nottested.There are reports that a test fa
ility has demonstrated pointing 
orre
tion for the air
raftat the level of 100 nrad [213℄ and [214, p. 4℄, but the reports have too few details toevaluate. Sin
e no tests in an air
raft are yet possible, this test must be some sort of s
aledmeasurement of the degree to whi
h a feedba
k system 
ould a

ommodate some assumed
exing, vibration, and wandering of the air
raft.In summary, making the ABL beam propagation work to the spe
i�
ations stated willbe a te
hni
al 
hallenge, but we see no intrinsi
 reason these goals 
annot be rea
hed ifadequate resear
h and engineering resour
es are given to the proje
t. In parti
ular, if theengagement altitudes are appropriately 
hosen, slant ranges of 300 to 600 km against ICBMs
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hievable.6 We shall assume that a Strehl ratio � 0.13 
an be a
hieved for anideal laser in engagements. It 
an be substantially better for high-altitude engagementswhere the turbulen
e is less. A large un
ertainty is the engagement time, whi
h dependson the hardness of the threat missile. See Se
tion 20.1.19.6 Other IssuesA potential 
on
ern is the o

urren
e of unusually high-altitude 
irrus 
louds. See Se
-tion 22.2 for more information.Other issues have been raised, su
h as1. The adaptive opti
s do a phase 
orre
tion, but no amplitude 
orre
tion.2. Bran
h points in the phase of the wavefront o

ur at zeros of the amplitude.3. Chromati
 anisoplanatism due to the di�eren
e of wavelengths of the TILL, BILL,and HEL.4. Nonlinear phenomena.5. Aerosol s
attering.None of these is seen as a serious problem; see Appendix D.6 for dis
ussion.19.7 Engagement EnvelopeWe de�ne engagement requirements in these terms, making an arbitrary 
hoi
e that theengagement time te � 20 s:� Turbulen
e � 2� Clear-1 Night,� �2R � 0.5 np2,� r0 � 0.26 m,� �t � 1.8 (�=D),� �0 � 0:65 (�=D),� te � 20 s.The limits on the parameters r0, �t, and �0 (see Appendix D.1 and D.4) are limits set byatmospheri
 turbulen
e and the ability to do AO 
orre
tions. The limit on te is one ofpra
ti
ality. If the engagement time is too long, the target kinemati
s 
an 
hange, su
h asstaging or burnout. In addition, the fuel magazine is limited, and the ABL needs to havethe 
apability of multiple shots.Further analysis of the problem of beam propagation is presented in Appendix D. Weturn now to examining the e�e
t of the laser beam on a missile.6This statement does not ne
essarily apply to the theater defense role in whi
h the burnout altitude ofa short range missile may be low enough to interfere with the minimum engagement altitude requirement.



S310 Chapter 19. Airborne Laser Beam PropagationBox 19.1: Symbols Used in This ChapterP laser power (Se
tion 19.1)D beam dire
tor mirror diameter (Se
tion 19.1)� wavelength (Se
tion 19.1)L distan
e from laser to target (Se
tion 19.1)I irradian
e (power per unit area) (Se
tion 19.1)C2n lo
al measure of turbulen
e (Eq. 19.2)ro Fried parameter (Eq. D.6)�t rms tilt angle of laser beam, due to turbulen
e (Eq. D.7)�2' opti
al varian
e of phase, due to turbulen
e (Eq. D.16 )�2R Rytov varian
e (Eq. D.12)�0 isoplanati
 angle (Se
tions 19.2, D.4.1 )SR Strehl ratio (Eq. 19.2)te dwell time of laser beam on target (Se
tion 19.7)
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Chapter 20Disabling Missiles Using the Airborne LaserContents20.1 E�e
ts of Laser Beams on Boosters and Warheads . . . . . S31420.2 Kill Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . S316The ABL was designed for theater missile defense. For that purpose, it must engagea variety of missiles, from relatively short-range S
uds to longer-range missiles su
h as theTaepo Dong 1. See Table 20.1 for a summary of the 
hara
teristi
s of both theater missilesand ICBMs [215, 216, 217, 218, 219, 220, 221℄.In some ways, inter
epting ICBMs is less diÆ
ult than inter
epting theater missiles. Thetime line is longer and the burnout altitude is greater. The short time line for a S
ud B isvery stressing, but the longer-range missiles are mu
h less troublesome. Be
ause the amountof turbulen
e de
reases at high altitude, a higher burnout altitude redu
es the degradationof laser performan
e by atmospheri
 turbulen
e.Se
tion 20.1 of this 
hapter des
ribes the requirements for destroying missiles using alaser beam. Estimates for the energy density (
uen
e) required to disable both liquid-and solid-propellant missiles are given. It is important to know when and if an engagementattempt resulted in a su

essful inter
ept, and issues related to this veri�
ation are dis
ussedin Se
tion 20.2. Table 20.1. Summary of Missile PropertiesName Range tabo hbbo(km) (s) (km)S
ud B 300 60 31No Dong 1000 95 69Taepo Dong 1 3000 165 150Titan II 12000 320 360Liquid-propellant ICBM
 12000 240 175Solid-propellant ICBM
 12000 170 200a Time at burnout.b Altitude at burnout.
 Models de�ned in Se
tion 15.1.S313



S314 Chapter 20. Disabling Missiles Using the Airborne Laser20.1 E�e
ts of Laser Beams on Boosters and WarheadsWe begin by using available information for the ABL in theater missile defense as an in-trodu
tion. Unfortunately, there appears to be no de�nitive publi
 statement of a theatermissile defense engagement for the ABL that 
ould be used to estimate performan
e of theABL. Putting together information from various sour
es, however, provides a 
onsistents
enario of a slant range L � 300 km and an engagement time te � 5 s. The exa
t laserpower is 
lassi�ed, but publi
 statements give it as \multi-MW"; we assume P = 3MW.This report deals with ICBM engagements, and as an atta
k on a liquid-propellant missilerequires delivering a 
uen
e to the target of the order of 1 kJ=
m2 = 10MJ=m2. For awavelength � = 1:315�m and a beam-dire
tor diameter D = 1:5m, the 
hara
teristi
 sizeof the beam spot at the target for a di�ra
tion-limited opti
al system is of the order ofL�=D. The irradian
e I0, the 
entral power density on the target, would be (see Eq. 19.1)I0 � �4 � D�L�2 P (20.1)� 34�300 kmL �2 MW/m2 : (20.2)A real system will not be di�ra
tion-limited, and the best peak power density the system
an deliver is I = I0 � SR ; (20.3)where SR is the Strehl ratio. The ABL design goal is for a beam quality of 1.2 \timesdi�ra
tion limited,"[222℄ whi
h translates into a Strehl ratio of SR = 1=1:22 = 0:69.1 Thebeam exits the air
raft through a turret window, where it en
ounters un
orre
table turbu-len
e in the thin boundary layer there. An estimate of a Strehl ratio from this turbulen
ealone is 0.8. There are other e�e
ts asso
iated with propagation in the atmosphere thatmake SR for the system � 0.15 after AO for engagements of interest. The laser beam isunlikely to hit the missile at a right angle, redu
ing the 
uen
e delivered by a fa
tor of
os �i � 0:5 (attitude of booster with respe
t to the ABL plus 
urvature of booster). Thusan engagement dwell time would be of the order of te � 10=(34 � 0:15 � 0:5) � 4 s.We turn now to 
onsideration of the use of the ABL against ICBMs, having a possiblylonger range.The laser beam spot fo
used on the missile may be relatively large. A di�ra
tion-limitedspot would have a diameter of about �L=D, whi
h is 0.44 m at a distan
e of 500 km. Thereal spot size and shape will be larger, a�e
ted by the opti
al performan
e of the laser,and parti
ularly by the degree to whi
h the AO 
an 
ompensate for the deleterious e�e
tsof atmospheri
 turbulen
e. Be
ause of asymmetri
 un
ompensated jitter, the spot will beelongated along the axis of the missile, with an aspe
t ratio of roughly 1:2 [223℄.Liquid-propellant boosters are large fuel tanks made of thin metal. Stru
turally, thetanks are under moderate internal pressure for fuel delivery, and they also are under a highaxial 
ompression load from the a

eleration of the whole ro
ket. Heating the metal to a
riti
al temperature 
auses the metal to lose its strength and will likely 
ause the tank torupture or the missile to bu
kle. Bu
kling may well vent the stru
k fuel tank, but in any
ase, the 
enter of mass will be severely a�e
ted, and the thrust will no longer be in line,1It is not 
lear what is meant by the spe
i�
ation, in light of the less-than-ideal-parameters, su
h as theshape and intensity pro�le (see 19.1). We take 0.69 as an upper limit.
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ts of Laser Beams on Boosters and Warheads S315
ausing the missile to tumble. The 
riti
al temperature to disable the missile is well belowthe melting temperature of the metal. For example, aluminum loses its strength at about180 ÆC and steel loses its strength at about 480 ÆC [216℄. Relating these temperatures tothe absorbed 
uen
e is 
ompli
ated problem. The air fri
tion during as
ent through theatmosphere will have substantially raised the temperature of the missile's metal skin abovethe ambient laun
h temperature, but the amount of heating depends on many fa
tors.Conve
tive or radiative 
ooling will be small for interesting engagements [224, p. 120℄.Cooling by the liquid in a tank is not expe
ted to be large, be
ause the metal will rapidlyrise above the nu
leate boiling point of the liquid, forming an insulating layer [224, p. 125℄.We make a 
onservative assumption that the starting temperature of the metal is only20 ÆC. For a wall of 2 mm of Al, rea
hing the 
riti
al temperature requires absorbing about0.8MJ/m2. For a wall of 1 mm of steel, about 1.6MJ/m2 must be absorbed.It is not known what fra
tion of the 
uen
e would be absorbed, but the re
e
tivityRe might be as large as 0.9. Note that Re refers to the total re
e
tivity, i.e., spe
ularplus di�use. Perhaps the best measure of this quantity is Re = 1 � �, where the � is theemissivity for the metal. Values for � range from 0.05 to 0.2 [225℄, depending on the surfa
e
ondition, temperature, and metal (ex
epting rusted iron, whi
h is mu
h higher). Theabsorbed 
uen
e F (MJ/m2) is given byF = I0SR 
os �i(1�Re)te : (20.4)Table 20.2. Some Material Properties of Threat MissilesProperty Materiala(a) (b) (
) (d)Thi
kness [mm℄ 2 1 5 6Fabs [MJ/m2℄ 0.8 1.6 60 50F
 [MJ/m2℄b 15 32 240 100Re 0.9 0.9 0.5 0.0Density [g/
m3℄ 2.7 7.8 2 0.25Cp [J/(
m3 K)℄ 2.4 3.5�T [K℄ 160 460Q� [kJ/g℄ 6 32aMaterials: (a) aluminum, (b) steel,(
) 
omposite, (d) 
ork.bh
os �ii = 0:5Table 20.2 summarizes the material properties relevant to atta
king missiles. Fabs isthe 
uen
e that must be absorbed, and F
 = Fabs=[(1 � Re)h
os �ii℄ is the in
ident 
uen
erequired be
ause of re
e
tivity and the average 
osine of the angle of in
iden
e h
os �ii = 0:5.It should be noted that the material thi
knesses given in the table are only rough estimates,but thi
knesses for real missiles are not likely to be smaller than those presented in thetable. Thus, the values for the 
uen
e required are lower bounds.Atta
king a solid-propellant missile is more diÆ
ult and 
omplex be
ause of its stru
ture.The body is a very strong pressure vessel, and the primary load is a hoop stress rather than
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ompressive one. The amount of energy required to damage the wall is mu
h higher thanfor the liquid-propellant missile, be
ause the 
omposite stru
ture is mu
h thi
ker and mu
henergy must be expended to melt or vaporize the resin binder. On
e suÆ
ient energy isdelivered to the wall, it is more likely to blow out than to bu
kle the whole stru
ture. Thereare substantial un
ertainties in the 
uen
e required to damage the 
omposite stru
ture [224,p. 126℄. The 
riti
al 
uen
e per unit mass Q� for �berglass 
omposite ranges from 6 kJ/gat lower irradian
e to 15 kJ/g at higher irradian
e, with a rather sharp transition at about10 MW/m2. For a typi
al engagement Q� = 6 kJ/g. The re
e
tivity is not likely to ex
eed0.5 [224, p. 126℄. A booster wall is about 1-
m thi
k, and if half the thi
kness is damagedover the large area of the beam spot, it probably will blow out. Taking a density of about2 g/
m3 and a thi
kness of 0.5 
m means an absorbed 
uen
e of 6 kJ/
m2 (60 MJ/m2) isrequired.The 
uen
e required to disable either a liquid- or solid-propellant missile will depend ondetails of the 
onstru
tion at the aim point of the laser. For example, sti�ening membersof a liquid-propellant missile would be mu
h more resistant to atta
k than the values inTable 20.2 indi
ate. As a 
onsequen
e, some 
are may be needed in sele
ting the aim pointfor the atta
k, based on the type of missile. For the purposes of this study, we take therequired in
ident 
uen
e, F
 to be 32 MJ/m2 for a liquid-propellant missile and 240 MJ/m2for a solid-propellant missile (Table 20.2, Columns (b) and (
)).With the 
uen
e available from the ABL, atta
king a warhead hardened for re-entrythrough the atmosphere (as opposed to atta
king the missile) is simply not feasible, by alarge fa
tor.20.2 Kill AssessmentKill assessment plays an important role, not only to determine if an engagement weresu

essful, but also to know when the engagement 
an be terminated and the HEL turnedo� or dire
ted to another target. The latter is parti
ularly important in the 
ase of multiple-threat missile laun
hes. Preventing waste of laser fuel is also important, sin
e the magazine(fuel runtime) is limited.The impa
t of a kill vehi
le on a target has a very 
lear signature. In 
ontrast, the e�e
tof the HEL on the target may be subtle. The simplest 
ase is when a liquid-propellantmissile su�ers 
atastrophi
 bu
kling, whi
h will lead, at minimum, to a drasti
 
hange inthe traje
tory of the missile and probably tumbling, be
ause the thrust is no longer alongthe 
enter of mass. Bu
kling any stage of the missile, even one not under power, wouldprobably have similar 
atastrophi
 e�e
ts. Rupture of the fuel tank will be a less 
lear
utindi
ation of su

essful engagement, sin
e some time may be required for the motor to loosethrust.For the solid-propellant missile, a blowout on the side of the missile will 
hange theopti
al signature and perhaps also indu
e tumbling. In the absen
e of tumbling, the sig-nature of a su

essful engagement will most likely be marked 
hange in the a

eleration ofthe missile and the opti
al 
hara
ter of the exhaust, 
aused by gases exiting from the sideof the missile. We have not tried to estimate the diÆ
ulty of su
h observations.
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onds, in 
ontrast to the two or three minutes required for a kill vehi
le to inter
eptthe target missile. On the other hand, on
e a kill vehi
le rea
hes the target, the damageis done almost instantaneously, whereas the laser must fo
us its beam on the target for aminimum of several se
onds to deliver enough energy density (
uen
e) to damage it.This 
hapter is devoted to the issue of engaging targets in realisti
 geographi
 s
enarios.Se
tion 21.1 des
ribes the sequen
e of events leading up to the delivery of an ABL beam ontothe target, and Se
tion 21.2 summarizes the parameters and assumptions made to 
ompletethe opti
al engagement. Some quantities 
an only be roughly estimated. For example, thelaser power of the ABL is 
lassi�ed, and we 
an make only a reasonable assumption for it.Similarly, there is substantial un
ertainty in the 
uen
e required to destroy a missile, evenif its type (i.e., liquid- or solid-propellant) is known to the defense.Even though the laser beam travels at the speed of light, propagation delay time playsan essential role in 
arrying out an inter
ept. Se
tion 21.3 des
ribes the opti
al engagementand its relation to the requirements of adaptive opti
s (AO). Various limiting 
ases areS319



S320 Chapter 21. Airborne Laser EngagementsBox 21.1: A
ronyms Used in This ChapterAO adaptive opti
sBILL bea
on illuminator laserFOV �eld of viewHEL high energy laserIRST infrared sear
h and tra
k sensorIRTU inertial referen
e transfer unitTILL tra
king illuminator laserdes
ribed in Se
tion 21.4 to illustrate the e�e
t of di�erent 
onstraints on the useful rangeof the laser.Se
tion 21.5 des
ribes the various fa
tors that a�e
t the range of the ABL and gives val-ues for the range in various types of engagements. It in
ludes a dis
ussion of the sensitivityof the e�e
tive range to the parameters assumed for the engagement. Generally speaking,the results are robust to moderate variations.Be
ause some key performan
e parameters of the ABL are not known, it is not possible tomake a detailed analysis of the ABL's 
apabilities in given defense s
enarios. Nevertheless,the prin
iples of su
h an analysis may be illustrated by 
onsidering defense possibilitiesunder a set of given assumptions.21.1 Engagement StepsThe term engagement is used here in the same sense as in the kill-vehi
le analysis of Chap-ter 5|an engagement is the sequen
e of events from �rst dete
tion of a missile throughthe �ring of the inter
eptor. However, the term is also used to des
ribe the a
quisition ofthe target by the ABL and the a
tual ABL �ring. For instan
e, a \20-se
ond engagement"des
ribes an engagement in whi
h the dwell time (the time during whi
h the ABL deliversits 
uen
e to the missile) is 20 s. The sense in whi
h engagement is used will be 
lear fromthe 
ontext.The ABL is 
on
eived as an autonomous weapon, yet it is also meant to be integratedinto an overall family of theater-missile defense systems [226℄. It will loiter above the 
loudlevel (near 12-km altitude) with an air speed of about 600 mph and a 24-hour 
overagetime of potential missile laun
h sites, based on multiple-air
raft deployment and a refuelingoption (Se
tion 22.1).Numerous a
ronyms are used in this se
tion, and Box 21.1 summarizes the most 
om-mon. Symbols used in this 
hapter are summarized in page S336.When a threat missile is laun
hed, the ABL may be 
ued by IR-satellite dete
tion ofmissile exhaust, by externally based radar, or by multiple IR sear
h and tra
k (IRST)sensors lo
ated on the ABL. These surveillan
e sensors provide wide-angle 
overage anddete
t IR radiation from a missile's booster plume. This 
ue may appear only after themissile breaks through the 
loud layer, or earlier if there are no 
louds. An a
tive rangingsystem (ARS), whi
h uses a CO2 10.6-�m laser illuminator in a pod on top of the airplane,then provides position 
oordinates of the missile.Information from the wide �eld-of-view (FOV) IRST sensors allows the turret-based
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ope, lo
ated in the nose of the air
raft, to slew towards the missile. The teles
ope willbe used to 
olle
t both plume light and laser-ba
ks
attered light, and to point and fo
usboth sensing and high-energy lasers. The aim-points of the teles
ope are 
ontained in anangle of about 240Æ in the 
ight plane (nearly wing-tip to wing-tip) [227℄ and an unspe
i�edangle in altitude, 
entered on the 
ight path.A hando� is then made to the turret's IR 
o-boresighted a
quisition sensor, a medium-FOV IR-sensing array that 
enters the missile plume in the ABL teles
ope's FOV. Tra
kingalgorithms 
apture the target and dire
t the turret to follow the missile traje
tory.The missile plume then is dete
ted by the IR-sensing, narrower-FOV plume tra
ker,whi
h looks through the teles
ope opti
s. The plume tra
ker stabilizes the image of theplume, establishes the tra
k, and points a tra
king illuminator laser (TILL) at the hardbodyof the missile.The TILL beam is \walked" up the missile to illuminate the tip for the �rst stage of beam
orre
tion. The TILL is a solid-state, 1.030-�m, multi-kW laser that is diode-pumped at a5-kHz repetition rate. Multiple beams (probably four) are 
reated with several-nanose
ondopti
al path-length delays to 
reate in
oheren
e of the light, and the multiple beams prop-agate through di�erent air 
olumns to redu
e the deleterious e�e
ts of s
intillation andspe
kle in the re
e
tion from the nose of the missile that is observed by the small-FOV �netra
ker array.Return light from the TILL-illuminated missile nose provides edge-feature informationto the �ne tra
ker sensor, whi
h stabilizes the image of the illuminated hardbody. The �rststep in AO 
orre
tions (tilt) is done on the TILL beams using the edge of the missile nose.Control is transferred to tra
king algorithms in a handover to the �ne tra
king system, todetermine aim points for the bea
on illuminating laser (BILL) and the 
hemi
al oxygen-iodine laser (COIL) high-energy laser (HEL) at appropriate lo
ations on the missile. Thelo
ations of these aim points are important in maximizing the vulnerability of the threatmissile to the energy deposited by the HEL beam, but their lo
ations are 
onstrained bylimitations of the AO system.The BILL provides an illuminated spot that is used as a bea
on to 
orre
t for atmo-spheri
 distortion. The BILL is a diode-pumped, solid-state, 5-kHz and kW-level laseroperating at 1.064 �m. Again, multiple time-delayed beams redu
e 
oheren
e e�e
ts, as inthe 
ase of the TILL.Light from the TILL and BILL illumination a
ts as a bea
on or guide star for 
orre
tingatmospheri
 distortion; return light samples the atmosphere between the missile and theABL. A wavefront sensor analyzes distortions of this returned light, whi
h have resultedfrom propagation through the atmosphere, on a pulse-by-pulse basis at 5 kHz. This infor-mation is provided at a rate of 500 Hz to a fast steering mirror and two multiple-elementdeformable mirrors: one for fo
us and one for higher-order terms. These mirrors pla
e the
onjugate of the distortions on the outgoing HEL beam. To minimize the phase errors, theHEL beam attempts to return in an air 
olumn as 
lose as possible to that by whi
h theillumination arrived. The pre-distortion of the outgoing HEL beam 
auses it to arrive morehighly fo
used on target, as the phase distortion is \undone" by the atmosphere.The TILL-illuminated nose image provides tilt information, and the BILL image pro-vides the higher-order AO 
orre
tions for the HEL. Neither the TILL nor the BILL beamsare 
orre
ted to 
ompensate for atmospheri
 distortions. The HEL's separate fast-steeringand deformable mirrors thus allow 
ompensation for atmospheri
 phase distortion as theHEL beam propagates towards the missile, providing an improved fo
us and smaller spotsize for the HEL. Additional deformable and fast steering mirrors pre-
ompensate the HEL
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 phase distortions originating within the high-power laser path in theABL.An inertial referen
e transfer unit (IRTU), employing a 0.83-�m laser system and asuite of dete
tors, allows for alignment through the opti
al train and along the length ofthe air
raft. Target 
oordinates are provided to the IRTU to de�ne the line-of-sight (LOS)toward the target missile. Alignment and pointing at the level of 100 nrad are anti
ipatedto keep the HEL fo
used on the missile.The time from missile laun
h to initial dete
tion is 45 s for ICBM L and 30 s for ICBM S2(see Se
tion 10.1.4). It is 
laimed that the pro
ess of tra
king 
ontrol, from target dete
tionto the handover to the �ne tra
ker, nominally takes less than 10 s [226℄. Depending onthe type of missile, boost-phase engagement opportunities will end within several minutesafter laun
h, following missile thrust termination at altitudes and ranges up to severalhundred kilometers. It is 
laimed that the ABL 
ould engage from 20 to 40 missiles [228℄,sequentially, before requiring refueling of the HEL.The beam 
ontrol design is based on a 
ommon-path|
ommon-mode approa
h [229℄whi
h provides a shared set of opti
al 
omponents for alignment, targeting, 
ompensation,and high-power laser beams, as well as sensing and 
ontrol fun
tions for opti
al 
omponentsin the beam path. This shared-aperture design o�ers advantages in tra
king, jitter, andalignment 
ontrol and redu
es the 
omplexity and weight of the opti
s.The above 
hara
terization of the design and fun
tion of the ABL is based on availablepubli
 literature. It is 
onsequently relatively fragmentary and limited in s
ope. However,it is 
lear that there are signi�
ant 
hallenges for the ABL program, as pointed out in re
entreviews, in
luding Refs. [227℄, [228℄, [230℄, [231℄, [232℄, and [233℄.These 
hallenges in
lude demonstration of simultaneous performan
e in a variety ofareas, in
luding laser output power, beam quality, AO 
ompensation of atmospheri
 distor-tion under realisti
 
onditions, lethality on appropriate threat missiles, and integration ofall systems.21.2 Parameter Choi
es and ConstraintsMany variables enter into 
omputing possible engagements, and there are substantial un-
ertainties in some of these quantities.� We have had to make an arbitrary 
hoi
e of the HEL power of 3 MW, be
ause thedesign power is 
lassi�ed. The only publi
 statement is \multi-MW" for all 14 gainmodules and > 1 MW for 6 modules. We shall show the sensitivity of su

essfulperforman
e of the ABL to this assumption.� We assume that the laser beam quality of 1.2 times di�ra
tion limited 
an bea
hieved. We shall show the sensitivity to this assumption.� The 
uen
e requirements to disable the missile (see Table 20.2) are only reasonableestimates. The thi
kness and re
e
tivity of the walls of the target missiles are un-known, and the pre
ise damage me
hanism is un
ertain. Measurements of lethality
riteria, parti
ularly for solid-propellant missiles, are 
lassi�ed, if they exist. Weshall show the sensitivity to this assumption.� Countermeasures that may in
rease the 
uen
e requirement have not been taken intoa

ount.
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hievable for adaptive opti
s.� The turbulen
e of the atmosphere is a fundamental variable (see Se
tion 19.2) thatthe AO is designed to handle. We assume that the Strehl ratios in the presen
e ofturbulent air that were a
hieved in the ben
hmarking experiments ([234℄, [235℄) 
anbe a
hieved in a
tual 
onditions. Most of the engagements of interest to this studytake pla
e at higher altitudes than the theater missile defense s
enarios for whi
h theABL is designed. Turbulen
e e�e
ts be
ome less important at our higher engagementaltitudes. We shall show the sensitivity to this assumption.� We assume maximum engagement dwell times te of 20 s and 5 s to explore sensitivityto the 
hoi
e of time.� The purpose of the 
al
ulations presented herein is to provide a s
ale, not pre
isenumbers.In light of these un
ertainties, we have tried to explore the possible 
apability of the ABLfor inter
epting ICBMs. In 
ase of a question, we have made an optimisti
 assumption.Computing engagement times requires 
ombining 
uen
e requirements from Table 20.2with the geometri
al information ht (altitude of the target) and L (slant range from ABLto target), that determine the laser propagation 
hara
teristi
s. The irradian
e deliveredto the target is taken from Eq. 20.3. The system Strehl ratio is 
omputed using Eq. D.56,with SR�laser = 0.69, SR�window = 0.8, SR�AO, the estimated Strehl ratio a
hievable bythe AO, and SR�aniso, the anisoplanati
 
ontribution. The best estimate of SR�AO withoutanisoplanatism is from the experimental measurements of Firepond [234℄ and Brassboard[235℄. The experimental points were smoothed, and the result is shown in Figure 21.1.The anisoplanati
 
ontribution to the Strehl ratio SR�aniso is 
omputed in the extendedMar�e
hal approximation.There may be una

ounted AO short
omings, su
h as un
orre
ted residual tilts, whi
h
ould lower the Strehl ratio. For la
k of any quantitative information, we make the opti-misti
 assumption of ignoring su
h losses. The resulting Strehl ratio for the system variesfrom 0.1 to 0.5 for engagements of interest, depending on the geometry.
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al Engagement21.3.1 Propagation delayThe opti
al engagement is 
ompli
ated by several fa
tors. First, opti
al 
onstraints setby the atmospheri
 turbulen
e, motion of the ABL and the target, and propagation delayof the laser beam from the ABL to the target, impose limits. Se
ond, 
onsiderations ofmissile vulnerability may limit the lo
ation on the missile's surfa
e where the HEL beamshould be dire
ted, imposing other restri
tions. The opti
al 
onstraints and missile vulner-ability 
onstraints may 
on
i
t, requiring 
ompromises. This se
tion dis
usses the opti
al
onstraints.The simplest opti
al 
onstraints are set by the limits of the AO's ability to 
orre
t forturbulen
e. The ABL design parameters (see Se
tion 19.5) are �2R � 0:5, and �0 � 0:65�=D.These are of interest mainly for low-altitude engagements.Engaging ICBMs is more e�e
tive for high altitudes, be
ause of greater maximum,slant range. Here, optimizing the Strehl ratio means minimizing anisoplanati
 e�e
ts. Theisoplanati
 length at the missile, �0L, ranges from 0.2 m for low-altitude engagements to 3m or more at high altitudes. Minimizing the anisoplanati
 phase 
orruption means tryingto use the same 
olumn of air for the HEL return that the arriving \guide star" image used.Be
ause the target is moving and the propagation delay is signi�
ant, the HEL spot willstrike a di�erent pla
e on the target than that from whi
h the guide star image left.This propagation delay o�set, Æp = 2Lv=
, 
an be large. For example, an engagementat a range of L = 300 km has a roundtrip time delay of 2 ms. At an altitude of 30 km,a liquid-propellant missile is moving at about 1.5 km/s, and a solid-propellant missile ismoving at about 2 km/s. Thus, Æp = 3 m to 4 m. For an engagement at 500 km andan altitude of 50 km, the missiles are moving at about 2 km/s and 3 km/s, respe
tively,
orresponding to Æp = 6.7 m to 10 m. The propagation delay o�set is 
orrespondingly largerat even higher altitudes, when the missile speed is greater. As subsequent dis
ussion shows,su
h large o�sets 
an limit the range of an engagement.Re
all that the tilt 
orre
tion for the HEL uses the nose image for the bea
on andthe higher-order 
orre
tions for the HEL use the BILL image. Although the BILL is notAO-
ompensated and su�ers jitter on the target, the orthogonality of the Zernike fun
tionsallows the higher-order terms to be separated from the tilt. Both the TILL and BILL imagesare sampled at a rate of 5 kHz on a pulse-by-pulse basis. For ea
h pulse, the BILL imageis substantially smaller than the time-averaged, tilt-smeared image. (See Se
tion D.4.3 fora dis
ussion of the bea
on size).The opti
al engagement is somewhat 
omplex, and Figure 21.2 illustrates the situation.The target is a distan
e L from the ABL and moving at a speed v.� The TILL illuminates the nose at point N, and the image is used for the tilt 
orre
tion.
N 1B 24 3

δB δd δtδe

δp = 2Lv/c δFigure 21.2. S
hemati
 of steps of an opti
al engagement.



21.3. Opti
al Engagement S325� Point B is the BILL image. Sin
e AO is not used for the outgoing BILL beam, it
an be pla
ed anywhere desired on the target.� Point 1, a distan
e Æp = 2Lv=
 from the nose, is tilt-isoplanati
 with the nose imagebe
ause of propagation delay.Point 1 
an be higher-order isoplanati
, as well as tilt-isoplanati
, by pla
ing the BILLat the nose, i.e., ÆB = 0 (or alternatively by using the nose image itself). Point 1 is opti
allythe ideal atta
k point, but it may be unfavorable from a missile vulnerability standpoint.It is important to have some freedom of 
hoi
e in the aim point for two reasons. First,some parts of the missile are more vulnerable than others. Se
ond, the e�e
t of hitting apart of a booster that is not yet burning, su
h a later stage, may be very diÆ
ult to assess,depending on the kill me
hanism.It is relatively easy to 
hoose an aim point (Point 2) farther down the missile thanPoint 1, but doing so introdu
es tilt anisoplanatism. As dis
ussed in Se
tion D.4.4, the
hara
teristi
 angle for tilt anisoplanatism is �t0 � 3�0. One 
an, however, extend beyondthis by exploiting the separation of the ABL's tilt 
orre
ting mirrors from the higher-order AO mirrors to make Point 2 tilt isoplanati
 with N. This is done by introdu
ing aprogrammed delay � = Æd=v between the re
eipt of the nose image and the 
ommand tothe tilt mirror.1 The 
ost of doing so is to introdu
e a delay anisoplanatism 
aused by themotion of the air
raft during the delay � . Delay anisoplanatism is dis
ussed in Se
tion D.4.5.Apart from the anisoplanatism introdu
ed by the delay, Point 2 
an be made both tilt- andhigher-order isoplanati
 by 
hoosing ÆB = Æd.The above 
hoi
e of � is not optimal, be
ause a Point 3 
an be 
hosen with some mixtureof delay anisoplanatism and tilt anisoplanatism, having a smaller total phase varian
e,��2' tot(Æ) = �2' tilt(Æ � Æd) + �2' del(Æd); (21.1)for a given total o�set Æ. As dis
ussed in Se
tion D.4.4, the tilt phase varian
e 
an beredu
ed, parti
ularly for low-altitude engagements. By 
hoosing ÆB = Æ, there is no higher-order anisoplanati
 
ontribution.A more diÆ
ult 
ase is pla
ing the beam at Point 4, whi
h is ne
essarily anisoplanati
in both tilt and higher order, sin
e the BILL image 
annot be pla
ed farther upstream thanthe nose and � 
annot be negative. The phase varian
e is given by Eq. D.29 with the normal�0, with 
orre
tion for piston removal (see Se
tion D.3).The result is that there is mu
h freedom to pla
e the HEL spot farther down the missilethan Point 1, but mu
h less freedom to move towards the nose from Point 1.21.3.2 Target aim pointLethality 
onsiderations may favor some areas of the target, depending on the type and
onstru
tion of the target missile. Typing the missile will be important in 
hoosing an ap-propriate point to atta
k. This information 
an be obtained, to some degree, by observationof the a

eleration of the target.Some parts of a missile 
an be espe
ially resistant to opti
al atta
k. For example,stru
tural members or the 
ombustion 
hamber will be mu
h more resistant than the wallsof the tanks of a liquid-propellant booster. The interfa
e between stages is also likely to1It is not known if this method is used in the ABL design; su
h details of the opti
al engagement do notappear in the publi
 literature.
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k. Similarly, if the kill me
hanism assumes 
olumn 
ollapse,the atta
k must be dire
ted to an area under large 
olumn loading, not an area near thenose. Alternatively, if the kill me
hanism relies on vessel rupture, the e�e
ts of atta
kinga stage that is not yet burning will be diÆ
ult to assess, sin
e there will be little e�e
t onthe traje
tory at that time.21.4 Limiting CasesThere are several limiting 
ases that are useful to analyze to understand the behavior ofthe maximum range Lmax a
hievable for engagements. These are propagation delay andthe length of the missile, propagation delay and the a

eleration of the missile, and anengagement without using AO.A su

essful engagement must deliver an in
ident 
uen
e, F
 of about 32 MJ/m2 forliquid-propellant missiles and 240 MJ/m2 for solid-propellant missiles (see Se
tion 20.1) .F
 = Z te0 dtI0SR(t); (21.2)where SR(t) is the total Strehl ratio for all e�e
ts, I0 is taken from Eq. 20.2, and SR isdetermined as des
ribed in Se
tion 21.2.21.4.1 Missile lengthFrom the pre
eding dis
ussion, we see that the propagation delay and AO requirementspla
e some limits on the aim point. Obviously, if propagation delay pla
es Point 1 beyondthe end of the missile (or, more properly, the vulnerable point farthest from the nose) largeanisoplanati
 errors2 
annot be avoided with respe
t to Point 1. Propagation delay e�e
ts
an rapidly degrade the Strehl ratio. In simple terms, a limiting 
ase is Æp = lm = 2Lmaxv=
,where lm is the missile length (or the last vulnerable point). Going beyond this limitintrodu
es anisoplanati
 phase varian
e. The real limit o

urs when the Strehl ratio isdegraded enough that the required 
uen
e 
an no longer be a
hieved during a maximuma

eptable engagement time te.Note that although this dis
ussion 
on
entrates on the missile length, in fa
t the lim-itation on range is 
aused by propagation delay, 
ompared with the length of the missiledivided by the missile speed. For this dis
ussion, it is more 
onvenient to talk in terms of alength limit, be
ause the aim point must be 
hosen, and the length 
hanges dis
ontinuouslyduring staging events. The speed of the missile is pres
ribed by the ne
essity to deliver itspayload to a given target.21.4.2 Missile a

elerationAnother 
onstraint arises from the a

eleration a of the missile, 
ausing Æp to 
hange withtime t during the engagement, Æ(Æp(t)) = 2LÆv
 = 2Lat
 : (21.3)If the aim point is 3, i.e., beyond Point 1, 
ompensating for this movement is possible withlittle penalty. An atta
k on Point 4, however, 
annot be 
ompensated, and the anisopla-natism will in
rease during the total engagement time te.2All Zernike modes ex
ept piston (see App. D.3).
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onsider the 
ase in whi
h Æe = 0 at t = 0. As time progresses, an angular o�set �sdevelops, and in the extended Mar�e
hal approximation, the 
ontribution to the Strehl ratioSR� will be �s = Æ(Æp)L = 2at
 (21.4)SR� = exp "����s�0�5=3# (21.5)= exp "��� t� �5=3# (21.6)� = 
�02a (21.7)where � is the phase-varian
e redu
tion fa
tor for piston removal de�ned in Eq. D.30. Itvaries from 1 for very small �s to about 0.5 during the engagement. The 
hara
teristi
 time� ranges from as little as 5 s to as mu
h as 30 s for engagements of interest. A 
onsequen
eis that the 
uen
e delivered is not linear during the engagement time unless te � � .21.4.3 Engagement without AOBe
ause the 
hoi
e of aim point may require very large anisoplanatism, there will be a pointwhere AO produ
es a smaller Strehl ratio than not using AO, sin
e the AO phase varian
esaturates at twi
e the un
ompensated value (see App. D.4). Turning o� the AO results ina Strehl ratio given by Eq. 19.2.21.4.4 Illustrative examples of AO limitsFigure 21.3 illustrates the e�e
t of AO limits for the 
ase of a liquid-propellant missile anda dwell time of 20 s; the next se
tion provides spe
i�
 information on inter
ept parameters.The �gure shows the maximum slant range Lmax for an inter
ept vs. the altitude ht of thetarget at inter
ept.Line (a) shows what would happen if there were no atmospheri
 turbulen
e, or alterna-tively if the AO worked perfe
tly and the target did not move. Line (a) thus represents theupper bound of the range for a given laser. The de
rease of range at low ht is 
aused bythe 
urvature of Earth. The subsequent lines in
lude turbulen
e for 2� Clear-1 Night. Line(b) assumes that the length and a

eleration limits do not apply, or, alternatively, that thetarget does not move. This line 
annot rea
h line (a) at large ht be
ause the ABL itself isstill in the atmosphere. Line (
) applies the a

eleration limit, but not the length limit. Thekink at ht = 55 km is a result of the 
hange in a

eleration at staging for model ICBM L.Line (d) applies the length limit, but not the a

eleration limit. The kink at ht = 90 kmresults from Æp ex
eeding the length of the missile. Line (e) applies all the limits for a realengagement. Line (f) represents the 
ase where no AO is used at all, and thus the lowerbound of the range for a given laser and the assumed 2� Clear-1 Night turbulen
e. Thedi�eren
e between line (e) and line (f) shows the improvement from the planned AO. Wenote in passing that be
ause of the un
orre
table anisoplanatism, the range of the laserabove the kink at ht = 90 km in line (e) would hardly 
hange if the AO performed ideally,rather than the assumed performan
e.As we shall see, the useful range against a solid-propellant missile is substantially lessthan that for a liquid-propellant missile. As a result, the above limits manifest themselves
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Figure 21.3. E�e
t on maximum slant range by applying various limits to the opti
al engagementof a liquid-propellant missile vs. altitude of the target.
in di�erent ways. Figure 21.4 shows the equivalent information for the solid-propellantICBM-S2. Note in parti
ular that the maximum range for no turbulen
e is only a littlelonger than what 
an be a
hieved in a real engagement, be
ause the Strehl ratio a
hievableat high altitude is large.As an a
ademi
 point, it is interesting to note that the propagation-delay AO limitationsshown in Figures 21.3 and 21.4 
ould in prin
iple be over
ome if a point-ahead bea
onwere available. That is to say, if an arti�
ial bea
on 
ould be provided, su
h as is usednow in astronomy where no natural guide star is available within the isoplanati
 pat
h, ormore importantly, for delivering a light beam to a satellite. See Refs. [236, p. 216 et seq.℄for an overview of arti�
ial bea
ons using Rayleigh ba
ks
attering (relatively low-altitudeatmosphere) and ba
ks
attering from the mesospheri
 sodium layer (altitude about 90 km)and [237℄ for use of the mesospheri
 sodium layer for 
orre
ting a beam to a satellite. On
ethe traje
tory of the missile is available, with the velo
ity and an estimate of its a

eleration,an arti�
ial bea
on 
ould be pla
ed ahead of the missile to be in syn
hronism with thepropagation delay of the HEL. Su
h a te
hnique 
ould substantially enhan
e the usefulrange of the ABL against a liquid-propellant missile [
urve (b) vs. 
urve (e) of Figure 21.3℄,but it would do little to help against a solid-propellant missile. We have not attempted toanalyze what would be required te
hni
ally to realize a useful point-ahead bea
on for theABL nor how e�e
tive an implementation might be in over
oming the propagation delaylimitation. From publi
 do
uments, this 
apability does not appear to be in
luded in theABL design.
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Figure 21.4. E�e
t on maximum slant range by applying various limits to the opti
al engagementof a solid-propellant missile vs. altitude of the target.21.5 Missile Inter
eptsEngagements of both liquid- and solid-propellant missiles have been modeled where themaximum slant range Lmax has been 
omputed for whi
h the requisite 
riti
al 
uen
e F

an be delivered in a given engagement time te. Various s
enarios to a
hieve this goal wereexplored. Of primary interest are the engagements using the standard parameters, su
h aslaser power, for two di�erent engagement times, 20 s and 5 s. The 20-se
ond engagementtime is viewed as a pra
ti
al, although somewhat arbitrary, upper limit. The 5-se
ondengagement was 
hosen to study the sensitivity of Lmax to the engagement time.The liquid-propellant missile (ICBM L) is me
hani
ally modeled after a DF-5 to de�nethe vulnerable dimensions. The vulnerable length is 29 m for the whole missile and 12 mfor the se
ond stage alone. First-stage separation o

urs 120 s after laun
h at an altitudeof about 55 km. Burnout of the se
ond stage o

urs 240 s after laun
h at an altitude ofabout 183 km.Similarly, the solid-propellant missile (ICBM S2) is me
hani
ally modeled after a Min-uteman III. The total length is 17 m; the se
ond and third stages together are 10 m; andthe third stage is 6 m. First-stage separation o

urs 60 s after laun
h at an altitude ofabout 29 km; se
ond-stage separation o

urs at 120 s at about 105 km, and the third stageburns out at 170 s and about 199 km.For both missiles, the 
ight pro�les of a

eleration, speed, and altitude were used, asshown in Figures 21.5 and 21.6. Figures 21.7 and 21.8 show the limitations on Lmax for laserpowers of 1.5MW, 3MW, and 6MW for engagements times of te = 20 s and 5 s respe
tively.In varying degrees, eviden
e of the limiting 
ases previously dis
ussed are apparent.� For the liquid-propellant missile at ht = 55 km and the solid-propellant missile atht = 29 km, a \jump" o

urs as a result of the de
rease of a

eleration during staging
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eleration vs. altitude for liquid-propellant ICBM L (solid line) and solid-propellantICBM S2 (dashed line).(Se
tion 21.4.2).� The length \limit" (Se
tion 21.4.1) 
an be seen at ht � 90 km (te = 20 s) or 110 km(te = 5 s) for the liquid- propellant missile and ht � 105 km for the solid-propellantmissile, but for di�erent reasons. For the liquid 
ase, the anisoplanatism due to thelength o

urs gradually as Æp moves o� the end of the missile. For the solid 
ase,staging suddenly redu
es the missile's length.� The de
rease of Lmax with speed (altitude) due to the length is visible for the 5-sliquid-propellant missile engagement. For other 
ases, the ability to engage withlittle or no AO washes out the length limit at higher altitudes.� The lines marked a and b in Figures 21.7 and 21.8 show respe
tively �0 = 0.65�=D and �2R = 0:5 np2. The ABL is designed to fun
tion in the region below boththese 
urves. These limitations on Lmax are important primarily for low-altitudeengagements.The natural parameter for des
ribing ABL performan
e is the altitude ht, but the time-sin
e-laun
h of the missile is the important parameter for understanding the time line.Figure 21.9 shows ht vs. t for both the liquid-propellant ICBM L and the solid-propellantICBM S2. The verti
al lines (a), (b), and (
) show 
riti
al times and their relation to ht.For example, a useful engagement of the liquid-propellant missile 
an begin at 92 s at whi
hht is 30 km and, from Figure 21.8, the useful range of the ABL would be about 320 km.The useful range is more than 500 km for t > 125 s.21.5.1 Useful slant rangeThe maximum distan
e for disabling a missile depends on the engagement time, te, i.e.,the dwell time of the engagement during whi
h the laser delivers energy to the missile. Inrough terms, liquid-propellant missiles 
an be inter
epted at a slant range of about 600 kmfor te = 20 s and 450 km for te = 5 s. Solid-propellant missiles 
an be inter
epted at about300 km for te = 20 s and 180 km for te = 5 s.
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Figure 21.7. Engagement of liquid- and solid-propellant ICBMs for te = 20 s, in whi
h the laserpower is 6MW, 3MW, and 1.5MW. The upper three 
urves 
orrespond to values for Lmax for theliquid-propellant ICBM L and the lower three 
orrespond to values for Lmax for solid-propellantICBM S2. The lines marked a and b show respe
tively �0 = 0:65�=D and �2R = 0:5 np2; see text.
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21.5. Missile Inter
epts S333The slant range for 20-s engagements is only moderately larger than for 5 s. Thedi�eren
e is mu
h less than the naive estimate for va
uum propagation Lmax / pte, be
ausethe relation between the 
uen
e and te is non-linear (Se
tion 21.4.2), and the irradian
edoes not de
rease as 1=L2 be
ause of the un
orre
ted beam spreading 
aused by turbulen
e.Inter
epting solid-propellant missiles is substantially more diÆ
ult than liquid-propellantmissiles for two reasons. The most obvious reason is the greater hardness of the missile body,a fa
tor of 8 in F
 required. In addition, the solid-propellant missiles are substantiallyshorter, 
ausing in
reased anisoplanatism from the length.21.5.2 Parameter sensitivitySeveral assumptions have been made in the 
hoi
e of engagement parameters. In this se
tionwe examine the sensitivity to those assumptions.The nominal laser power was assumed to be 3 MW and the nominal 
riti
al 
uen
efor inter
epts was assumed to be 32 MJ/m2 for liquid-propellant missiles and 240 MJ/m2for solid-propellant missiles. Figures 21.7 and 21.8 show Lmax vs. ht for te = 20 s and 5 srespe
tively. In the �gures, the laser power has been varied from 3 MW up to 6 MW anddown to 1.5 MW. Alternatively, these variations 
an be interpreted as varying the 
riti
al
uen
e down and up by a fa
tor of 2 with respe
t to the nominal values. The results areshown to be relatively insensitive to fa
tor-of-2 
hanges. In parti
ular, for fa
tor-of-2 powervariations, Lmax 
hanges by �10 per
ent to �15 per
ent for liquid-propellant missiles andte = 20 s, and �20 per
ent for te = 5 s. For solid-propellant missiles, the variation is�20 per
ent for te = 20 s and �30 per
ent for te = 5 s. In rough terms, Lmax s
ales withthe power as P s, where s ranges from 0.15 to 0.3 for the liquid-propellant missile and 0.25to 0.3 for the solid-propellant missile. This behavior 
an be far from the naive s
aling forva
uum propagation for whi
h s = 0:5. One 
onsequen
e of this slow variation of Lmaxwith P is that the e�e
tiveness of the defense is de
reased less than one might expe
t if thelaser power is less than expe
ted or the targets are somewhat harder than assumed. On theother hand, the same behavior means that it is diÆ
ult to 
hange the e�e
tive range verymu
h by in
reasing the laser power. For example, in
reasing the beam power from 3 MW to30 MW and using the same algorithm for 
omputing the range in
reases the range only fromabout 600 km to about 750 km for the liquid-propellant missile and from about 300 km toabout 550 km for the solid-propellant missile. Even if su
h a power were available, thermalblooming may prevent its e�e
tive utilization (App. D.6.2).The nominal beam quality of the laser is 1.2 times di�ra
tion limited. Cal
ulations weredone assuming 1.4 and 1.6 times di�ra
tion limited to test the sensitivity to this parameter.The loss of range is small. For the 
ase of 1.6 times di�ra
tion limited, the loss of range forthe liquid-propellant missile is only 4 per
ent for te = 20 s and 15 per
ent for te = 5 s. Forsolid-propellant missiles the loss is 12 per
ent for te = 20 s and 20 per
ent for te = 5 s. For1.4 times di�ra
tion limited, the fra
tional loss of range is about half the above. The verylow sensitivity for the liquid-propellant missile and te = 20 s is be
ause of the relatively lowStrehl ratio, whi
h is dominated by fa
tors other than the laser. For the other 
ases, theloss of Strehl ratio is similar to a loss of roughly a fa
tor of 1.5 in power for the 1.6 timesdi�ra
tion limited 
ase, and 
orrespondingly less for 1.4 times di�ra
tion limited.A similar set of 
al
ulations was done in whi
h the turbulen
e was varied from thenominal 2� \Clear-1 Night" to 1� and 4�. The 
hange in Lmax was less than that shownin Figures 21.7 and 21.8 for a fa
tor-of-2 variation of the laser power, sometimes mu
h less.The reason for the modest variation is that for the engagements of interest, whi
h o

ur at
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Figure 21.10. Engagement of liquid- (upper lines) and solid-propellant missile (lower lines) boostersfor te = 20 s, in whi
h the nominal length of the missile was used (solid line), and an aim point 3 mshorter than the length was used (dashed line).high altitude, the Strehl ratios a
hieved are relatively high, so the e�e
t of turbulen
e ismodest.Finally, Figures 21.10 and 21.11 show how sensitive the engagements are to the as-sumption made of the optimum engagement, i.e., an engagement as 
lose to isoplanati
 aspermitted by the length of the target. If, for example, the aim point needed to be 3-mshorter than the target, additional anisoplanatism may be introdu
ed, depending on therange. The �gures show the e�e
t of a 3-m 
hange. The e�e
t is signi�
ant, but not large.21.5.3 Staging limitsStaging events will probably be avoided. Unless one relies on the bu
kling failure mode ofthe missile, hitting a stage that is about to burn out is not fruitful. Also, there is an abrupt
hange of kinemati
s, and some time will be required to reestablish an a

eleration pro�leto keep the beam on target. Finally, kill assessment may be diÆ
ult during the stagingevent.21.5.4 Engagement rangeThe possible 
ying areas for the ABL have a somewhat di�erent 
hara
ter from the equiva-lent basing areas for boost-phase defense utilizing terrestrial-based inter
eptors. The usefulrange depends on the engagement altitude, both for atmospheri
 propagation reasons, pre-viously dis
ussed, as well as geometri
 reasons. An important distin
tion must be madebetween the slant range L (ABL to target) used in the ABL propagation dis
ussion and thelaser ground range, LGR =qL2 � h2t . A high-altitude atta
k will use up some of the slant
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Figure 21.11. Engagement of liquid- (upper lines) and solid-propellant (lower lines) missiles forte = 5 s, in whi
h the nominal length of the missile was used (solid line), and an aim point 3 mshorter than the length was used (dashed line).
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Figure 21.12. Typi
al engagement geometries for a liquid-propellant missile, ICBM L, (top) and asolid-propellant missile, ICBM S2, bottom, for a planar (maximum stando� distan
e) engagement.The missile altitude and ground range are shown by the 
urve rising from the lower left. The arrowsshow the path of the ABL beam from its 12-km altitude at various distan
es to the missile. TheABL ground range (LGR) is the proje
tion of the arrow on the horizontal axis. There are largeun
ertainties in the ABL range; the values are illustrative only.



S336 Chapter 21. Airborne Laser EngagementsBox 21.2: Symbols Used in This ChapterSR Strehl ratio (Eq. 19.2)�2R Rytov varian
e (Eq. D.12)te dwell time of laser beam on target (Se
tion 20.1)Æ distan
e along missile (Fig. 21.2)v speed of target (Se
tion 21.3.1)L distan
e from laser to target (Se
tion 19.1)��2' tot phase varian
e (Eq. 21.1)F 
uen
e (energy per unit area) (Se
tion 20.1)a a

eleration of target (Se
tion 21.3)�0 isoplanati
 angle (Se
tions 19.2, D.4.1 )� 
hara
teristi
 time for de
rease of Strehl ratio (Eq. 21.7)� phase redu
tion fa
tor (Eqs. D.30, D.42)� normalized varian
e (Eqs. D.31, D.43)ht altitude of target (21.4.4)
range, redu
ing the ground range available. There is a limit on the altitude angle to whi
hthe ABL may be dire
ted, but a number is not available.Figure 21.12 (a) and (b) show the maximum ABL range in planar geometry of an ABLengaging a liquid-propellant missile and a solid-propellant missile (ICBM S2), respe
tively.These are analogous to the engagement �gures for kill vehi
le inter
epts of Se
tion 4.5,showing the altitude vs. range of the missiles with arrows for the ABL laser beam from itsaltitude of 12 km to the missile. The values of the ABL range are illustrative only, be
auseof the large un
ertainties dis
ussed.For a liquid-propellant missile, the largest value of LGR � 600 km is for ht = 90 km ata stando� range (ground distan
e from ABL to missile laun
h point) of about 750 km. Thelargest stando� range is about 1050 km for ht = 175 km and LGR � 550 km.The range for engaging a solid-propellant missile is 
onsiderably more limited, be
auseof the greater hardness of the missile's body. The maximum value of LGR � 300 km o

ursfor ht = 105 km and a stando� range of about 500 km, just before the se
ond stage burnsout. The largest stando� range is about 650 km for ht = 180 km and LGR � 300 km.Referen
es for Chapter 21[226℄ Bryan L. Kel
hner and Ronald Dauk, \ABL Beam Control Segment," SPIE 3381, 8(1998).[227℄ Mi
hael E. Davey and Frederi
k Martin, \The Airborne Laser Anti-MissileProgram." Te
hni
al Report RL30185, CRS, May 1999. CRS Report to Congress.[228℄ Defense S
ien
e Board, \Defense S
ien
e Board Task For
e on High Energy LaserWeapon System Appli
ations." Te
hni
al report, OÆ
e of the Under Se
retary ofDefense for A
quisition, Te
hnology, and Logisti
s, June 2001.
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h," SPIE 3706, 196 (1999).[230℄ General A

ounting OÆ
e, \Signi�
ant Te
hni
al Challenges Fa
e the AirborneLaser Program." Te
hni
al Report GAO/NSIAD-98-37, U.S. Government, O
tober1997. Available at: http://www.gao.gov/ar
hive/1998/ns98037.pdf.[231℄ General A

ounting OÆ
e, \DOD E�orts to Develop Laser Weapons for TheaterDefense." Te
hni
al Report GAO/NSIAD-99-50, U.S. Government, Mar
h 1999.Available at: http://www.gao.gov/ar
hive/1999/ns99050.pdf.[232℄ Independent Assessment Team, \Report of the Airborne Laser Program." Te
hni
alreport, OÆ
e of the Se
retary of Defense, February 1999.[233℄ OÆ
e of the Se
retary of Defense, \Report to Congress: Assessment of the Te
hni
aland Operational Aspe
ts of the Airborne Laser Program." Te
hni
al report, OÆ
eof the Se
retary of Defense, Mar
h 1999.[234℄ C. Higgs et al., \Adaptive-Opti
s Compensation Using A
tive Illumination," SPIE3381, 47 (1998).[235℄ Kenneth W. Billman et al., \ABL Beam Control Laboratory Demonstrator," SPIE3706, 172 (1999).[236℄ John W. Hardy, Adaptive Opti
s for Astronomi
al Teles
opes. (Oxford UniversityPress, New York) 1998.[237℄ W. G. Happer et al., \Atmospheri
-turbulen
e 
ompensation by resonant opti
alba
ks
attering from the sodium layer in the upper atmosphere," J. Opt. So
. Am.A11, 263 (1994).





Chapter 22Deployment Considerations for the Airborne LaserContents22.1 Parameters of Operations . . . . . . . . . . . . . . . . . . . . S33922.2 Operating Altitude and Cloud Cover . . . . . . . . . . . . . S34022.3 ABL Defense Against Short-Range Missiles . . . . . . . . . S340This 
hapter dis
usses how ABLs might be deployed in the �eld. Se
tion 22.1 dis
ussesthe 
ight pattern and 
overage. Se
tion 22.2 takes note of possible limitations 
aused byhigh-altitude 
irrus 
louds. Finally, Se
tion 22.3 brie
y dis
usses the use of the ABL againstMRBMs laun
hed from ships o� the 
oast of the United States.22.1 Parameters of OperationsThe ABL is housed in a modi�ed Boeing 747 that patrols at an altitude of about 12 km tominimize the e�e
ts of the atmospheri
 turbulen
e between the ABL and the target. TheABL 
an dire
t its beam by varying the polar and roll angles of the turret; pit
h angle withrespe
t the LOF must be a
hieved by means of the polar and roll angles. The beam 
anbe dire
ted anywhere in a fan-like pattern extending about 120Æ in polar angle on eitherside of the LOF (Se
tion 21.1). The available roll angle range is not published in the openliterature. A limitation of this angle 
an seriously restri
t some engagements, parti
ularlyin the near forward dire
tion.1The optimum path that the air
raft 
ies depends on the geometri
al extent and dis-position of the bases of the threat missiles. Most dis
ussions assume two air
raft 
yingtogether in a 
losed loop at some stando� distan
e from the potential missile laun
h sites.The 
hoi
e of stando� distan
e would be set by the area in whi
h the threat to the air
raftis low. A �gure \8" loop, oriented with the long side fa
ing the threat, allows the air
raft tomake a turn-around at the ends, su
h that it never fa
es away from the threat area. Withappropriate phasing of the two air
raft, at least one air
raft will have the threat ahead orto the side of its 
ight path at all times. The size of the 
ight pattern will depend on thegeometri
al extent of the threat area, but the minimum size is set by the air
raft turningradius, about 25 km. The air
raft 
an stay on station for long periods of time by usingin-
ight refueling, whi
h requires des
ent to lower altitudes. The ABL plan is to have seven1For example, a target dire
tly ahead in bearing, but higher than the ABL will require rotating the turretto a 90Æ roll angle. S339



S340 Chapter 22. Deployment Considerations for the Airborne Laserair
raft to be able to provide two air
raft in the air at all times. The strategy for managingthe 
ight operation is not treated in this study.Just as for kill vehi
le inter
eptors, tail-
hase inter
epts by the ABL are unfavorable,but for di�erent reasons. It is futile for the ABL to dire
t its laser beam against the ro
ketnozzle; the beam must strike the side of the missile. A grazing in
iden
e on the side resultsin redu
ed 
uen
e onto the surfa
e. A 
one with half angle of 11Æ from the missile axiswould limit the 
uen
e on target to about 20 per
ent that of normal in
iden
e. The 
riteriain Se
tion 20.1 have assumed 50 per
ent for this fa
tor. A more subtle limitation is theloss of a well-de�ned feature, su
h as the missile nose, for the AO 
ompensation. The noseitself may be obs
ured by an angle as large as 45Æ depending on missile geometry, althoughthe visible shoulder hiding the nose may serve the role. This has not been studied. Finally,the exhaust gases of the ro
ket motor are violently turbulent, and it is possible that this
ould stress the AO system. A mitigating fa
tor is that the sour
e of the turbulent mediumis relatively near the target, so its e�e
t is redu
ed. This possible problem has not beenstudied.The fuels used by the COIL are not exoti
 (Se
tion 18.2), but they are pre
ious tothe mission. The amount of fuel 
arried (
alled the magazine) allows a run time of only100 s to 200 s [238℄. Depending on the engagement time and the number of engagements asingle air
raft must exe
ute, this asset must be used 
arefully. A magazine of 100 s with anengagement time of 5 s would allow up to 20 engagements, but an engagement time of 20 swould allow only 5 engagements. For two air
raft, the total number of engagements 
ouldbe doubled.Prote
ting the ABL from atta
k 
onstitutes a major 
hallenge to its deployment. TheABL is vulnerable to atta
k from the ground by surfa
e-to-air missiles, and also to air
raftatta
k. This issue is treated in greater detail in Chapter 9.2.22.2 Operating Altitude and Cloud CoverA high operating altitude for the ABL is ne
essary to minimize the e�e
ts of atmospheri
turbulen
e and to be above as mu
h 
loud 
over as possible. Cirrus 
louds between the ABLand the target would be a serious problem, be
ause the s
attering of the beam would beso severe as to make a su

essful engagement impossible. The ABL 
annot \burn through"the 
louds.Sub-visual and thin 
irrus 
louds o

ur quite frequently, from 40 per
ent to 70 per
entof the time [239℄ in mid latitudes. The altitude of these 
louds varies with latitude andseason, with the highest altitudes o

urring in low latitudes and in summer. The meanaltitude is at about 80 per
ent of the tropopause, whi
h varies from 18 km at the equatorto 8 km at the poles. It is estimated [239℄ that su
h 
louds exist above 12 km 50 per
entof the time, and above 15 km 10 per
ent of the time. The nominal altitude of the ABL is12 km. It is not known what the 
eiling for the fully loaded ABL would be, but 15 km maybe 
lose to the limit. Commer
ial 747 operating 
eilings are variously reported from 12.4 to13.6 km (41,000 to 45,000 feet). Thus, there 
ould be a problem with the fra
tion of timethe ABL is available for engagements.22.3 ABL Defense Against Short-Range MissilesThe dis
ussion has 
on
entrated on the use of the ABL against ICBMs. The threat of TBMsand MRBMs laun
hed from ships o� the US 
oast is an identi�ed problem; see Se
tion 5.7.1.



22.3. ABL Defense Against Short-Range Missiles S341These 
ases have not been analyzed in detail, but low-altitude engagements at 
lose rangeand very high irradian
e, and therefore short engagement times, are possible.Figure 5.18 shows the traje
tories of MRBMs M1 and M2, in
luding time ti
s. Fromthis and the information in Fig. 21.8, the useful ABL engagement ranges may be estimated.Figure 21.8 stri
tly applies to the ICBMs whose 
ight 
hara
teristi
s enter into the detailedABL performan
e, but it should be a reasonable approximation to the performan
e againstMRBMs. The M1 presents a more stressing time line than M2, be
ause the total boost timeis only 65 s, and the missile burns out at an altitude of only 50 km. For an engagement timeof 5 s, a liquid-propellant M1 
ould be engaged at a range up to 150 km when it rea
hed analtitude of 20 km, 35 s after laun
h, or a range ex
eeding 200 km on
e it rose above 30 km,44 s after laun
h. As with the ship-borne 
ase, the shortfall problem has not been analyzedif the missile target is well inland.Su
h a mission would likely not subje
t the ABL to atta
k from enemy air
raft, but ships
ould 
arry surfa
e-to-air missiles whi
h 
ould be a threat. The primary problem is likely tobe logisti
al support. As with ship-borne kill vehi
le 
oastal defense (Se
tion 5.7.1), 
ueinginformation would be required to know whi
h ships might be threatening. A disadvantageof the ABL with respe
t to a ship-borne inter
eptor is that the ABL 
ould not take out aship that had already laun
hed a missile and thus prevent any more laun
hes.Referen
es for Chapter 22[238℄ Col. James Forrest, SMDC Media Update. Values reported for the magazine usuallylie in the range of 100{200 s. This brie�ng reported a magazine of 480 s, but this isin
onsistent with all other information. July 2001.[239℄ D. A. Nahrstedt, \Cloud Modeling for Laser Weapon Propagation Analysis," SPIE4034, 69 (2000).
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ourse phase . . . . . . . . . . . . . . . . . . . . . . . . . . S347A.2.4 Terminal phase . . . . . . . . . . . . . . . . . . . . . . . . . . S347This appendix provides ba
kground information that is important for understanding theReport. Se
tion A.1 explains how ballisti
 missiles are 
ategorized by range and propellant.These 
ategories are used throughout the Report. Se
tion A.2 des
ribes the phases of the
ight of a ballisti
 missile. This information is needed to understand the role of the boostphase in the overall 
ight of su
h a missile, and the relation of a boost-phase missile defenseto defenses that aim to destroy missiles or warheads in the mid
ourse or terminal phasesof 
ight. It also provides 
ontext for the des
riptions of missile traje
tories presented inChapters 15 and 5 and the dis
ussions of the deployment of warheads and penetration aidsin Chapters 5, 13, and 9.A.1 Classes of Ballisti
 MissilesBallisti
 missiles 
an be 
lassi�ed by range, although the boundaries are not rigid, and bythe type of propellant used.A.1.1 Short- and medium-range ballisti
 missile (SRBMs and MRBMs)The United States de�nes missiles with ranges of less than 1,000 km as short-range ballisti
missiles (SRBMs) and those with ranges between 1,000 and 3,000 km as medium-rangeballisti
 missiles (MRBMs) [240℄. SRBMs typi
ally have only a single booster stage.Although SRBMs andMRBMs are usually intended for ta
ti
al appli
ations in a military
ampaign and are therefore sometimes 
alled ta
ti
al or theater ballisti
 missiles (TBMs),they 
ould be used to atta
k the territory of the United States and therefore 
an also beS343
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onsidered as potential strategi
 weapons. In the present Study, we 
ategorize missiles bytheir physi
al 
hara
teristi
s, su
h as their range, rather than by the presumed intent ofthe entity deploying them, whi
h may be unknown and 
ould 
hange on short noti
e.The Russian S
ud B is an example of a widely available SRBM. Its weight at laun
h isabout 6,000 kg, and it 
an deliver a 1,000-kg payload to a range of 300 km [241℄.If laun
hed from a ship or other sea platform positioned within range of U.S. 
oastalregions, SRBMs and MRBMs 
ould atta
k the territory of the United States.A.1.2 Intermediate-range ballisti
 missiles (IRBMs)The United States de�nes missiles with ranges between 3,000 and 5,500 km as intermediate-range ballisti
 missiles (IRBMs) [240℄. These missiles usually have two or more boosterstages.Intermediate-range ballisti
 missiles 
an be employed for strategi
 as well as ta
ti
almilitary purposes. With additional stages added, some IRBMs 
ould be used to laun
h
ommuni
ations, surveillan
e, or s
ienti�
 satellites.The North Korean No Dong-1 is an example of an IRBM. It 
an deliver its 1,200-kgpayload to a range of 1,500 km. Its laun
h weight is 16,250 kg [241, 242℄.A.1.3 Inter
ontinental ballisti
 missiles (ICBMs)The United States de�nes missiles with ranges greater than 5,500 km as inter
ontinentalballisti
 missiles (ICBMs) [240℄. They 
an deliver warheads to large areas of Earth from asingle laun
h site. Some authors subdivide the ICBM 
ategory into limited-range ICBMs,whi
h have ranges less than 8,000 km, and full-range ICBMs, whi
h have ranges greaterthan 8,000 km.There are two fundamentally di�erent types of ballisti
 missiles: liquid-propellant ICBMstypi
ally have two stages and relatively long boost phases, whereas solid-propellant ICBMstypi
ally have three stages and mu
h shorter boost phases. The Soviet SS-11 is an exampleof an early, liquid-propellant full-range ICBM. It had a total burn time of 267 s and 
oulddeliver an 800-kg payload to a range of 11,000 to 12,000 km. The Chinese DF-5 deployed inthe 1980s is also a liquid-propellant full-range ICBM. It has a total burn time of 231 s [241℄and 
an deliver a 3,000-kg payload to a range of 12,000 km [243℄. The Russian RT-2PMTopol (SS-25) is an example of a modern, solid-propellant, full-range ICBM. Similar in sizeto the U.S. Minuteman, it has three stages, probably has a total burn time of less than200 s, and 
an deliver its approximately 1,000-kg payload to a range of 13,000 km [244℄.Most liquid-propellantmissiles have tankage that is pressurized only to the extent neededto feed fuel and oxidizer to turbo pumps, whi
h in turn feed the 
ombustion 
hambers ofthe ro
ket engines. A

ordingly, the stru
tural design of the stages is usually determinedby a

eleration and bending loads asso
iated with 
ontrolling 
ight in the atmosphere. Tominimize the stru
ture weights, the optimum a

eleration pro�les for these missiles tendto be lower, with 
orrespondingly longer burn times, than a solid-propellant missile havingequal performan
e. These missiles are generally large, like the Titan II or the Russian SS-18whi
h burn for more than 300 s, or the Chinese DF-5, whi
h reportedly burns between 220 sand 250 s. The North Korean Taepo Dong 2 ICBM is also reported to burn for about 250 s.The relatively low tankage weight for liquid boosters usually results in an optimum designhaving two stages to a
hieve ranges in ex
ess of 12,000 km.



A.2. Phases of Ballisti
 Missile Flight S345Long-range ballisti
 missiles using solid propellant require the propellant tanks to serveas the 
ombustion 
hamber; as a result, those vessels are designed for 
hamber pressureson the order of 600 psi or more. The stru
tures that result are inherently mu
h strongerwith respe
t to bu
kling and bending and are therefore 
apable of higher a

eleration andaerodynami
 loads. Be
ause of the density of their propellant and the la
k of a fuel andoxidizer expulsion system, these missiles are generally smaller than a liquid system withsimilar performan
e, and usually optimize at three stages with mu
h shorter burn timesthan their liquid 
ounterparts for the same maximum ranges.On
e out of the atmosphere, either type of missile 
an exe
ute maneuvers to shapethe traje
tory at the expense of range, but liquid-propellant missiles are somewhat more
onstrained in this regard than solid boosters due to stru
tural limits and propellant slosh.Without these limitations, solid- propellant missiles 
an make more radi
al maneuvers.Faster-burning solid-propellant ICBMs are a natural 
ountermeasure to any boost-phasedefense. Inter
ontinental-range ballisti
 missiles based on �rst-generation (1960s) solid-propellant te
hnology typi
ally have total boost phases of 160 s to 180 s, 50 s to 100 sshorter than early liquid propellant ICBMs. However, these ICBMs were not designed to
ope with boost-phase defenses. Studies performed in the mid-1980s [245, Se
tion 2.3.3℄suggested that with the solid-propellant te
hnology then available, solid-propellant ICBMshaving mu
h shorter burn times that would burn out at altitudes of 80 to 100 km appearedfeasible. There appeared to be no physi
al barriers to a
hieving su
h performan
e; the onlyissues were engineering tradeo�s. These studies also showed that the payload mass penaltyfor burning out this qui
kly would be relatively small. Even ICBMs having total burn timesof 130 s would be mu
h more 
hallenging to a boost-phase defense than any of the modelICBMs 
onsidered in this study.A.2 Phases of Ballisti
 Missile FlightAll ballisti
 missiles that rise above the sensible atmosphere (i.e., above about 100 km) havethree stages of 
ight: boost, mid
ourse, and re-entry1. Missiles that deploy their payloadfrom a \post-boost vehi
le" (PBV) after the boost phase has ended are 
onsidered to havea fourth phase of 
ight 
alled the post-boost phase. This se
tion provides a brief dis
ussionof the phases of ballisti
 missile 
ight and their relevan
e to missile defense (see also [246℄).A.2.1 Boost phaseThe boost phase of a missile begins when it is laun
hed and lasts until the ro
ket motorof the missile's �nal stage is shut down or burns out. Depending on the missile, this stage
an last 2 to 5 minutes. During the early part of its boost phase, the missile is movingrelatively slowly, but toward the end it is moving at a speed of 7 km/s or even faster. Anatta
king missile will typi
ally exe
ute a series of maneuvers during its boost phase to shapeits traje
tory so that its munitions rea
h their intended target or to evade any boost-phasedefense (see Chapters 15 and 5).The boost phases of ICBMs typi
ally end at altitudes of 170{200 km, high above Earth'satmosphere (the sensible atmosphere is generally 
onsidered to be negligible for our purposes1Some authors use the term \as
ent phase" to refer to the �rst half of the mid
ourse phase, i.e., from thetime the missile's �nal stage is shut down or burns out until the warheads rea
h the highest points of theirtraje
tories (their apogees). Others use the term \as
ent phase" to refer to the boost phase as well as the�rst half of the mid
ourse phase.
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 Missile Types and Phases of Flightat about 100 km). On
e a missile's boost phase ends, its �nal stage 
ontinues on a ballisti
traje
tory, a
ted on primarily by gravity.A boost-phase inter
ept (BPI) defense must inter
ept and disable ICBMs during the fewminutes their ro
ket motors are burning. To a

omplish this, ro
ket inter
eptors must bebased 
lose enough to rea
h and disable the missiles before they have rea
hed a velo
ity thatwill allow their payload to strike a defended area. As they approa
h the missile, boost-phaseinter
eptors must shift from homing on the bright plume of the ro
ket motor to homing onthe missile body, and thus must be able to hit and disable the missile as it maneuvers. Amissile defense system that 
an disable missiles laun
hed from a parti
ular laun
h site 
an,in prin
iple, defend the entire United States from atta
k by missiles laun
hed from thatsite.A.2.2 Payload deploymentThe payload of a missile in
ludes its munitions and any devi
es to aid in penetrating a missiledefense (\penetration aids"). The munitions may 
onsist of one or more 
hemi
al explosivewarheads, nu
lear warheads, or 
hemi
al or biologi
al munitions. To disperse 
hemi
al orbiologi
al agents over a wide area, a missile may deploy dozens or even hundreds of smallbomblets 
alled \submunitions."The 
omponents of an ICBM's warhead, or \payload", 
ould be deployed in several ways(see Chapters 15 and 9). One way is to release the payload after the missile's propellant hasbeen exhausted or its thrust has been terminated, but while the attitude of the �nal booststage is still under 
ontrol. In this 
ase, the payload is separated \softly." If the payload isa warhead, then the warhead may be reoriented and spin-stabilized so that its traje
toryduring re-entry is more predi
table. Sometimes a vernier adjustment to the warhead'svelo
ity is made during the pro
ess, and the warhead is further separated from the spent�nal stage.Of parti
ular signi�
an
e for boost-phase defenses, warheads and penetration aids 
ouldbe deployed while the �nal stage is still in powered 
ight. Histori
ally, multiple re-entryvehi
les (MRVs) were sequentially eje
ted from the a

elerating booster. For example, the�nal stage of the Soviet SS-9 Mod 2 liquid-propellant ICBM deployed three re-entry vehi
les(RVs) as it 
ontinued to burn. The �nal stage of the U.S. Polaris A3 solid-propellant ICBMdeployed both RVs and 
ountermeasures while in powered 
ight. The small eje
t motorsof the RVs had four nozzles that were 
anted to impart the desired spin to ea
h RV whilea

elerating the RV to velo
ities relative to the booster of about a hundred meters perse
ond. In both 
ases the guidan
e and 
ontrol system remained on the �nal stage and
ontinued to guide it; the RVs la
ked their own guidan
e and propulsion systems. Usingthe mu
h smaller and 
heaper inertial measurement systems and Global Positioning System(GPS) re
eivers that are widely available today, multiple RVs, ea
h with its own propulsionand guidan
e, 
ould be deployed sequentially or in parallel at any time during �nal-stageboost, as long as 
enter-of-gravity symmetry is preserved.Munitions and penetration aids 
ould also be deployed from a \post-boost vehi
le"(PBV) or \bus" [245, Se
tion 2.3.4℄. A PBV 
arries the primary missile guidan
e systemand has its own 
ontrol and propulsion systems. It separates from the missile's �nal stageafter the �nal stage has been shut down or burns out and then exe
utes a series of maneuversto sequentially deploy RVs and penetration aids having di�erent release 
onditions to atta
kdi�erent targets. Su
h RVs are 
alled \multiple independently targeted re-entry vehi
les"(MIRVs). The period from the time the PBV has separated from the �nal stage until it has
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 Missile Flight S347deployed all its warheads and penetration aids is 
onsidered a fourth phase of 
ight, 
alledthe post-boost phase.The MIRV systems of both the United States and the former Soviet Union were some-what ineÆ
ient from a propulsion and volumetri
 standpoint, but they allowed a singlelarge and expensive unit having guidan
e and 
ontrol and propulsion systems to target allthe RVs. With te
hnology that is widely available today, RVs having their own individualguidan
e and propulsion systems 
ould be deployed in parallel simply and 
heaply. Systemsof this type (\multiple third stages") were evaluated in the 1960s during preliminary studiesof the feasibility of MIRV systems and were found to be as good in terms of weight andvolume eÆ
ien
y as a bus-type system. The prin
ipal drawba
k at that time was the 
om-plexity and 
ost of multiple guidan
e systems that had to be a

essible for maintenan
e.This 
onstraint would no longer be a fa
tor.Deploying munitions during the powered 
ight of the �nal stage is a natural 
ountermea-sure to boost-phase defense of any kind. When determining the time available to a
hieveinter
ept, a boost-phase defense must assume that the missile's warheads 
ould be deployedduring the powered 
ight of the �nal stage, as well as after the �nal stage has been shutdown or has burned out. No matter how a missile's munitions are deployed, the only waythe defense 
an be 
ertain of inter
epting the missile before it has deployed its munitions isto inter
ept it before it has a
hieved a velo
ity that would 
arry them to the defended area.A.2.3 Mid
ourse phaseThe mid
ourse phase begins on
e the missile's �nal stage or PBV has 
eased �ring andends when the missile's munitions begin to reenter Earth's atmosphere. This is the longestphase of the 
ight of a long-range missile and may last 20 minutes or longer for a full-rangeICBM.During the mid
ourse phase the missile's �nal stage, its munitions, and|if present|thePBV and any penetration aids fall along ballisti
 traje
tories under the in
uen
e of gravity(aerodynami
 for
es are negligible). These obje
ts, 
alled the \threat 
loud," as
end towardtheir apogees during the �rst half of the mid
ourse phase and then des
end toward Earthduring the latter half.The 
omponents of the threat 
loud 
an be tra
ked by radars or other sensors duringthe mid
ourse phase. With suÆ
ient tra
king information, their future positions 
an bepredi
ted a

urately. Be
ause all the 
omponents of the threat 
loud, in
luding penetrationaids su
h as de
oys, remain 
lose to one another during the mid
ourse phase, a mid
ourseinter
ept system must be able to over
ome any 
ountermeasures and dis
riminate betweenwarheads and de
oys to inter
ept and disable the warheads. Corre
tly identifying warheadsand de
oys is 
alled the dis
rimination problem. A single missile defense site supplied withlong-range mid
ourse inter
eptors 
ould in prin
iple defend a large geographi
 area againstmissiles 
oming from a range of dire
tions.A.2.4 Terminal phaseThe terminal phase of 
ight begins when the missile's warheads reenter Earth's atmosphereand ends when they detonate or strike Earth's surfa
e. This phase lasts less than a minutefor strategi
 warheads, whi
h 
an enter the atmosphere at speeds of about 7 km/s, anddepending on their aerodynami
 
hara
teristi
s (ballisti
 
oeÆ
ient), 
an impa
t at 1 to3 km/s. Warheads 
an be designed to maneuver during their terminal phase using aero-
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 for
es. Their motion is also a�e
ted by winds in the upper atmosphere and nearEarth's surfa
e.Sin
e aerodynami
 drag 
auses less-dense obje
ts to fall through the atmosphere moreslowly than warheads, lightweight de
oys and 
ountermeasures are rendered ine�e
tive dur-ing the terminal phase. A missile defense designed to inter
ept warheads during the terminalphase 
ould defend a limited area against atta
k by missiles laun
hed from anywhere in theworld.Referen
es for Appendix A[240℄ National Intelligen
e Coun
il, \Foreign Missile Developments and the Ballisti
Missile Threat to the United States Through 2015," Un
lassi�ed Summary of aNational Intelligen
e Estimate. Available at:http://www.
ia.gov/
ia/publi
ations/nie/nie99msl.html#rto
7, September 1999.[241℄ David Wright, \Ballisti
 missile systems." Brie�ng Presented to the APS StudyGroup, July 2001.[242℄ Charles P. Vi
k, \North Korean No Dong Missile." Available at:http://www.fas.org/nuke/guide/dprk/missile/nd-1.htm, 2002.[243℄ Charles P. Vi
k, \Chinese DF-5 Missile." Available at:http://www.fas.org/nuke/guide/
hina/i
bm/df-5.htm, 2000.[244℄ Charles P. Vi
k, \Russian RT-2PM Topol (SS-25) Missile." Available at:http://www.fas.org/nuke/guide/russia/i
bm/rt-2pm.htm, 2000.[245℄ N. Bloembergen et al., Rev. Mod. Phys. 59, S1 (1987).[246℄ OÆ
e of Te
hnology Assessment, \Ballisti
 Missile Defense Te
hnologies." Te
hni
alReport OTA-ISC-254, U.S. Congress, Government Printing OÆ
e, Washington,D.C., September 1985. Available at: http://www.fas.org/spp/starwars/ota/.
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tories . . . . . . . . . . . . . . . . . . . . . . S356Using inter
eptor missiles to inter
ept atta
king missiles during their boost phases involveshitting ro
kets in powered 
ight with other ro
kets in powered 
ight. Analyzing su
hengagements requires 
omputation of the 
yout traje
tories of both the atta
king missilesand the inter
eptors. The purpose of this appendix is to explain how the ro
ket traje
toriesused in the Study were 
omputed.A variety of di�erent 
omputer 
odes were used to 
ompute the traje
tories needed.These 
odes were validated by 
omparing their results with one another and with results of
omputer 
al
ulations 
arried out at Sandia National Laboratories using traje
tory 
odesthat have been validated over many years of use. Illustrative missile and inter
eptor 
youttraje
tories are presented in Chapters 15 and 16, respe
tively. Suites of traje
tory 
al
ula-tions are used to analyze engagements in Chapters 4 and 5 and to analyze the problem ofmanaging the shortfall of debris and munitions in Chapter 5.Se
tion B.1 dis
usses the for
es that a
t on a ro
ket in powered 
ight and des
ribes howthey were treated in 
omputing the traje
tories used in the Study. Se
tion B.2.1 des
ribeshow traje
tories were 
omputed by �rst displaying an illustrative set of di�erential equationsdes
ribing the as
ent of a ro
ket through the atmosphere and then dis
ussing the approxi-mations typi
ally adopted in solving su
h sets of equations. Many of the physi
al quantitiesand variables relevant to traje
tory 
al
ulations are de�ned in this se
tion. Se
tion B.3derives some simple s
aling relations that are 
ited or used in various 
hapters. Se
tion B.4dis
usses brie
y the traje
tories of ICBMs and inter
eptor missiles for boost-phase defense.Some of the 
omments and remarks in this se
tion may help readers unfamiliar with ro
ketsS349



S350 Appendix B. Cal
ulating Missile Traje
toriesunderstand better some of the material in Chapters 15, 16, 4, and 5. Introdu
tions to ro
ket
ight may be found in the re
ent monographs by GriÆn and Fren
h [247℄ and Sutton andBiblarz [248℄.B.1 For
esThe prin
ipal for
es that a
t on a ro
ket during its as
ent through Earth's atmosphere arethe thrust generated by its motor, the gravitational attra
tion of Earth, and|when thero
ket is within the atmosphere|the aerodynami
 lift and drag that it experien
es.1B.1.1 ThrustA ro
ket propulsion system a

elerates the ro
ket by burning propellant (fuel and oxidizer)in a 
ombustion 
hamber and then allowing the burned propellant to es
ape as hot gasthrough one or more nozzles. The total for
e produ
ed by the exhaust is the thrust of thero
ket motor. Its magnitude is [247, x5.1℄T = _mp�ve + [pe � pa(h)℄Ae : (B.1)The �rst term on the right-hand side of Eq. (B.1) is the momentum thrust and the se
ondis the pressure thrust. The momentum thrust is the produ
t of the propellant mass 
owrate _mp and the average velo
ity �ve of the ro
ket exhaust relative to the vehi
le at the exitplane of the ro
ket nozzle. The pressure thrust is the produ
t of the di�eren
e betweenpe, the pressure of the hot exhaust gas at the exit plane, and pa, the ambient atmospheri
pressure at the altitude h of the ro
ket, and the 
ross-se
tional area Ae of the nozzle exit.The performan
e of a ro
ket propulsion system is usually 
hara
terized by its spe
i�
impulse Isp, whi
h is the thrust it generates per unit weight (at sea level) of propellantexpended, i.e., Isp � T= _mpgs : (B.2)Here gs is the a

eleration of gravity at mean sea level. Spe
i�
 impulse Isp has units ofse
onds in both the metri
 and English Engineering systems.A ro
ket motor's Isp depends on the ambient pressure as well as its intrinsi
 properties(
ompare Eqs. [B.1℄ and [B.2℄). As a ro
ket rises through Earth's atmosphere, the ambientpressure de
reases, 
ausing the thrust and spe
i�
 impulse of its motor to in
rease. Thethrust of a motor 
an be 10 per
ent-15 per
ent greater at high altitudes than at sea level [248,Fig. 2{2℄. The sea-level Isp's of modern 
hemi
al ro
kets range from about 200s to about400 s [248, Table 2{1℄.Another measure of the performan
e of a ro
ket motor is its thrust-to-weight ratioT=mgs. This measure is parti
ularly relevant to appli
ations, su
h as spa
e-based inter
ep-tors, where low weight and high a

eleration are very desirable.The magnitude of the thrust generated by a liquid-propellant motor 
an be adjustedby 
ontrolling the 
ow of propellants into the 
ombustion 
hamber. Although there isa performan
e penalty for throttling the engine in this way, it is generally small [248,x3.8℄. The thrust of a liquid-propellant motor 
an be terminated by shutting o� the 
owof propellants to the 
ombustion 
hamber or simply allowing the motor to burn out whenthe propellant tanks be
ome empty. In 
ontrast, in a solid-propellant ro
ket motor, the1We did not study the rotational dynami
s of the ro
ket body, i.e., the torques that would 
ause thero
ket to rotate about any of its three axes, and the ro
ket's response to these torques.



B.1. For
es S351propellant 
ontainer is also the 
ombustion 
hamber. Consequently, on
e the motor isstarted it will burn until the propellant is exhausted (\burnout"). The thrust of a solid-propellant motor 
an be pre-programmed to some extent by the design of the propellant, andit 
an also be adjusted by using exhaust de
e
tor devi
es in the nozzle, but this approa
his not typi
al. The thrust of su
h a motor 
an be terminated before burnout by openingthrust termination ports arranged to allow hot gases and other burning produ
ts to es
apewithout giving the ro
ket any net impulse.The dire
tion of the thrust of a ro
ket motor 
an be varied by, for example, gimbalingthe motors, using thrust de
e
tor plates, or deforming the exhaust nozzle.B.1.2 GravityThe e�e
t of gravity on a ro
ket (or any other mass) is given by the a

eleration of gravity,g(h) = gs[rs=(rs + h)℄2 : (B.3)Here gs is again the a

eleration of gravity at sea level, rs is the radius of mean sea levelas measured from Earth's 
enter and h is the altitude of the ro
ket above sea level. Thisexpression negle
ts the nonspheri
al shape of Earth and its seas and the gravitational e�e
tsof geographi
al features.B.1.3 Aerodynami
 for
esThe most important aerodynami
 for
es a
ting on a missile rising through the atmosphereare lift and drag. The lift for
e L = 12�aV 02ACl(�;M;Re) (B.4)a
ts perpendi
ular to the ro
ket's 
ight path, whereas the drag for
eD = 12�aV 02ACd(�;M;Re) (B.5)a
ts parallel to the ro
ket's 
ight path, opposing the motion of the ro
ket through theatmosphere. Here �a is the lo
al mass density of the atmosphere, V 0 is the speed of thero
ket relative to the atmosphere, A is a referen
e area usually related to a 
ross-se
tionalarea of the ro
ket body, and Cd and Cl are the 
oeÆ
ients of lift and drag. Both 
oeÆ
ientsdepend on the ro
ket's angle of atta
k �, de�ned as the angle between its 
enterline and itsvelo
ity ve
tor. The angle of atta
k is positive if the proje
tion of the 
enterline is abovethe proje
tion of the velo
ity ve
tor. The 
oeÆ
ients also depend on the ro
ket's Ma
hnumberM � V 0=
s, where 
s is the lo
al speed of sound, the Reynolds number Re, and the
hoi
e of referen
e area A.For small angles of atta
k (� < 10Æ), Cd is generally less than 0.5 at subsoni
 speeds butin
reases sharply by a fa
tor of about 2 to 3 when M rea
hes about 1, and then de
linessteadily as M in
reases further. In 
ontrast, Cl is roughly independent of M for M lessthan about 1.5, but then de
lines steadily with in
reasingM . Both Cd and Cl in
rease within
reasing � for modest values of �. The aerodynami
 for
es, espe
ially the drag, are alsoa�e
ted by the 
ow and pressure distribution of the ro
ket exhaust gases, whi
h tend toin
rease the drag at subsoni
 speeds and de
rease it at supersoni
 speeds [248, Chapter 18℄.In 
omputing missile traje
tories for the Study, tabulated lift and drag 
oeÆ
ients for similarmissiles, or �ts of simple analyti
al expressions to su
h tables, were used.
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ulating Missile Traje
toriesB.2 Computing Traje
toriesEquivalent equations des
ribing the as
ent of a ro
ket through the atmosphere 
an beformulated in terms of di�erent physi
al variables, with 
ertain formulations being more
onvenient for some appli
ations than others. The full traje
tory equations may also beapproximated in di�erent ways, depending on the aspe
ts of the as
ent that are of mostinterest. During the Study, several 
omputer 
odes using di�erent formulations of the as
entequations, di�erent approximations, and di�erent methods of solution were employed to
ompute missile traje
tories for di�erent purposes. Rather than des
ribing all the di�erentapproa
hes and 
odes that were used, we present here a single formulation that illustratesmost of the features of interest.All the 
omputer 
odes that were used were validated by 
omparing their results withthose of other 
odes developed independently and employing di�erent algorithms. The
odes used to 
ompute ICBM and inter
eptor traje
tories were also validated by 
omparingtheir results with the results produ
ed by 
omputer 
odes at Sandia National Laboratoriesthat have been validated over many years of use.B.2.1 Illustrative equationsThe following equations of motion des
ribe the as
ent of a ro
ket from the surfa
e of arotating planet in three dimensions relative to Earth (see [249, xIV℄):d�dt = V 
os 
 
os r 
os � (B.6)d�dt = V 
os 
 sin r (B.7)dhdt = V sin
 (B.8)dVdt = 1m [T 
os(�+ Æ)�D �mg sin
℄+ r!2 
os � [
os � sin
 � sin � 
os 
 sin ℄ (B.9)d
dt = 1mV f[T sin(�+ Æ) + L℄ 
os��mg 
os 
g+ Vr 
os 
+ 2! 
os 
 
os + r!2V 
os � [
os � 
os 
 + sin � sin
 sin ℄ (B.10)d dt = � 1mV 
os 
 [T sin(�+ Æ) + L℄ sin�� Vr tan � 
os 
 
os + 2![
os � tan 
 sin � sin � ℄� r!2V 
os 
 
os � sin � 
os (B.11)dmdt = �dmpdt (B.12)dmpdt = TgsIsp : (B.13)The variables in these equations are de�ned in Box B.1. In this formulation, the angle ofatta
k �, thrust gimbal angle Æ, and velo
ity roll angle � are 
ontrol variables, i.e., theymust be spe
i�ed fun
tions of the ro
ket's position during its as
ent.



B.2. Computing Traje
tories S353Box B.1: Symbols Used in This Appendix� Longitude� Latitudeh Altitude above mean sea levelr Distan
e from the 
enter of Earth! Rotational angular velo
ity of EarthV Speed relative to EarthV 0 Speed relative to the atmosphere
 Flight-path angle relative to lo
al horizontal Heading angle relative to lo
al Westm Total vehi
le massmp Propellant mass_mp Propellant mass 
ow rateAe Cross-se
tional area of the nozzle exitpe Ro
ket exhaust pressure at nozzle exitve Average exhaust velo
ity at nozzle exitIsp Spe
i�
 impulseT ThrustL Aerodynami
 lift for
eD Aerodynami
 drag for
eM Ma
h numberCl Aerodynami
 lift 
oeÆ
ientCd Aerodynami
 drag 
oeÆ
ientRe Reynolds number�a Ambient atmospheri
 densitypa Ambient atmospheri
 pressure� Angle of atta
kÆ Thrust gimbal angle� Velo
ity roll anglegs A

eleration of gravity at sea levelg A

eleration of gravity at the vehi
le's altitude
B.2.2 Solving the traje
tory equationsThe missile as
ent traje
tories used in the Study were 
omputed by solving a variety oftraje
tory equations equivalent to Eqs. (B.6){(B.13), in various approximations. The missileand inter
eptor traje
tories shown in Chapters 15 and 16 are planar, i.e., the ro
ket followsa path that lies entirely in a single two-dimensional plane (the traje
tories of the targetmissile and inter
eptor missile need not be in the same plane). However, some examplesof nonplanar traje
tories are shown in Chapter 5, to illustrate possible large-s
ale evasivemaneuvers by the atta
ker.The lo
al traje
tories of ICBMs 
ying out of North Korea shown in Chapter 5 in
ludethe e�e
ts of Earth's rotation, be
ause for these traje
tories, the rotation of Earth is signif-i
ant for assessing the importan
e of geographi
 
onstraints on inter
eptor basing. Earth's
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ulating Missile Traje
toriesrotation was negle
ted in plotting the lo
al traje
tories of ICBMs laun
hed from Iraq andIran and in plotting all global traje
tories, in
luding those from North Korea to the UnitedStates, be
ause its e�e
ts would not alter any 
on
lusions derived from these traje
tories.In traje
tory 
omputations, the thrust given by Eq. (B.1) 
an usually be modeled usingthe simpler expression T = Tva
 � pa(h)Ae ; (B.14)where Tva
 � _mp�ve + peAe, the thrust of the motor in va
uum, is treated as a 
onstant.With appropriate initial 
onditions, equations similar to Eqs. (B.6){(B.13) 
an be usedto 
ompute the traje
tories of spa
e-based inter
eptors when boosted out of orbit. In this
ase, aerodynami
 for
es 
an generally be negle
ted.B.3 Simple S
aling RelationsA simple, one-dimensional analysis is possible when a ro
ket is operating in a gravity-freeva
uum environment and its thrust is always in the same dire
tion. This analysis yieldsseveral useful s
aling relations and insights that remain approximately true more for moregeneral 
onditions.In the absen
e of gravity and aerodynami
 for
es, 
onservation of momentum yieldsm(dV=dt) = T ; (B.15)where m(t) is the total mass of the vehi
le at time t. The thrust T may be rewritten asT = _mpveq ; (B.16)where _mp is the propellant mass 
ow rate and veq � �ve + [pe � pa(h)℄Ae is the so-
alledequivalent velo
ity (see Eq. B.1). It is the velo
ity with whi
h 
old propellant would haveto be eje
ted to provide a thrust equal to that provided by the ro
ket motor. Expulsionof propellant redu
es the total mass of the vehi
le by the same amount [see Eq. B.12℄, soT = �(dm=dt)veq and hen
e m(dV=dt) = �veq(dm=dt) : (B.17)Equation (B.17) is the standard ro
ket equation. If the ro
ket's initial mass and speed aremi and Vi, the thrust is always in the dire
tion of motion, and if veq remains 
onstant asthe ro
ket a

elerates, its speed at time t will beV (t) = Vi + veq ln[mi=m(t)℄ : (B.18)The 
hange �V (t) � V (t)� Vi in the ro
ket's speed is�V (t) = veq ln[mi=m(t)℄ : (B.19)The maximum value of �V that a ro
ket 
an a
hieve under the ideal 
onditions assumedin deriving Eq. (B.19) is �V (ideal) = veq ln(MR) : (B.20)Here MR � mi=mf is the ro
ket's mass ratio during its 
ight, where mf is the its �nalmass after its motor is shut down or burns out. The �nal mass in
ludes the mass of all
omponents other than useful propellant, in
luding any unburned propellant as well as thepropulsion hardware, fuel tanks, power supplies, guidan
e system, navigational equipment,



B.4. Dis
ussion S355and payload. Obviously �V (ideal) is greater when a ro
ket's propellant mass is a largerfra
tion of its initial mass. A ro
ket's useful propellant mass is denoted mp. If no shroudor other equipment is eje
ted during 
ight, mp = mi �mf . The ratio mp=mi = 1�mf=miis 
alled the propellant mass fra
tion. For values of mp=mi near unity, �V (ideal) in
reasesrapidly with in
reasing mp=mi, whi
h puts a high premium on minimizing the mass of aro
ket's tanks, motors, unexpended propellant, and other deadweight.The \ideal" velo
ity 
hange �V (ideal) is an upper bound on the speed that a missilerising from Earth's surfa
e 
an a
hieve and is sometimes used as a measure of the missile'sperforman
e. The a
tual speed that the missile 
an a
hieve is less than �V (ideal) be
auseof the retarding e�e
ts of gravity and aerodynami
 drag. The redu
tions in the ro
ket's �nalspeed 
aused by these two e�e
ts are sometimes referred to as \gravity losses" and \draglosses," respe
tively, and denoted �V g and �V d. They depend on the ro
ket's 
ight pathand atmospheri
 
onditions. For long-range ro
kets, the drag loss is typi
ally 5 per
ent to20 per
ent of the �nal velo
ity [248, x4.2℄. Gravity losses are a fun
tion of boost time andare greater the longer the boost time. Rather than 
hara
terize the performan
e of a missileby �V (ideal) � �V max, we have preferred to use its speed at burnout on its maximumrange traje
tory (see below), whi
h we 
all its \a
tual" velo
ity 
hange �V (a
tual) (seeChapter 15), whi
h is a more a

urate indi
ator of the velo
ity that the missile will a
hieveat burnout when 
ying traje
tories of interest in the Study.The 
on
ept of a maximum attainable 
hange in the velo
ity of a ro
ket is useful inanalyzing the ability of an inter
eptor to rea
h a target missile during the latter's boostphase. Equation (B.20) 
an be rewritten as mi = mf exp(�V (ideal)=veq), whi
h shows thatthe required laun
h mass of an inter
eptor with a given propulsion system and propellantmass fra
tion in
reases exponentially with the velo
ity 
hange �V that is required to a
hieveinter
ept.For a given propellant mass fra
tion, the �nal �V of a ro
ket 
an be in
reased bysubdividing it into stages and dropping o� ea
h stage as its propellant is exhausted. If aro
ket is subdivided into n stages and ea
h stage has the same mass ratio (an unrealisti
assumption), �V is in
reased by a fa
tor of n. In reality, a ro
ket's �nal speed in
reasesmore slowly than this with ea
h additional stage. Moreover, additional stages introdu
eadditional 
ompli
ations and tend to de
rease the overall reliability of the system. Inpra
ti
e, longer-range ro
kets generally have two or three stages, whereas shorter-rangero
kets have one or two stages. The propellant tanks of solid-propellant ro
kets, whi
h alsoserve as 
ombustion 
hambers, must be more robust and hen
e are generally more massivethan those of liquid-propellant ro
kets. As a result, long-range solid-propellant ro
kets oftenoptimize at three stages, whereas liquid-propellant ro
kets often optimize at two stages.The weight of a multi-stage ro
ket at lifto� is approximately proportional to the weightof its payload, even though the mass of the payload is typi
ally a very small fra
tion of thero
ket's lifto� mass [248, x4.7℄. Hen
e the weight of the booster(s) required to a

eleratea given homing kill vehi
le to a given velo
ity is approximately proportional to the killvehi
le's mass.B.4 Dis
ussionB.4.1 Missile traje
toriesThe range of a parti
ular ballisti
 missile depends on the mass of the payload it is 
arrying;any missile 
an in prin
iple deliver a lighter warhead to a more distant target. Thus, to
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ulating Missile Traje
toriesbe useful, a statement of the range of a missile must a

ompanied by a statement of thepayload mass assumed.2For stru
tural reasons, missiles are almost always laun
hed nearly verti
ally, and on
eo� the ground begin to turn toward the target by making small, very brief adjustments ofthe thrust gimbal angle Æ. On
e their 
ight path angle 
 is less than 90Æ, gravity will 
ausethe missile to 
ontinue to turn toward the target, even if its thrust ve
tor is aligned withits velo
ity ve
tor; this phenomenon is 
alled a gravity turn.Every missile has a so-
alled maximum-range traje
tory, whi
h is the traje
tory forwhi
h the impa
t point of the payload is farthest from the laun
h site, with e�e
ts of gravityand aerodynami
 for
es in
luded. The shape of a missile's maximum range traje
torytherefore depends on its shape and stru
ture and its a

eleration pro�le.The range penalty for deviating by modest amounts from a missile's maximum-rangetraje
tory is small, and hen
e it may be advantageous for an atta
ker to program the missileto 
y a traje
tory that is higher (\lofted") or lower (\depressed") than the maximum-rangetraje
tory, for ta
ti
al reasons.Altitude vs. range and time vs. range plots are shown in Chapter 15 for a variety oflofted and depressed traje
tories, as well as for the maximum-range traje
tories of themissile models used in the Study.B.4.2 Inter
eptor traje
toriesTo inter
ept ICBMs during their boost phase, inter
eptor missiles must have high a

el-erations and high burnout velo
ities so that they 
an rea
h the target missile as qui
klyas possible. A two-stage inter
eptor may be ne
essary (as explained above, if there aretwo stages, the �rst stage 
an be dropped after its propellant has been 
onsumed, redu
ingthe inert mass of the missile's �nal stage and in
reasing its burnout velo
ity). There arepra
ti
al limits to the a

elerations and �nal velo
ities of inter
eptor missiles.High-a

eleration, exoatmospheri
 inter
eptors rea
h mu
h higher velo
ities early intheir 
ight than do ICBMs. Consequently, if they are laun
hed from Earth's surfa
e, theyare usually programmed to 
y a 
ight path that is di�erent from the typi
al 
ight pathsof ICBMs: they initially rise more nearly verti
ally to get out of the denser part of theatmosphere as qui
kly as possible and then pit
h over and a

elerate toward the predi
tedinter
ept point. Typi
al altitude vs. range and time vs. range plots are shown in Chapter 16for the model inter
eptors used in the Study.If the 
losing velo
ity between an inter
eptor or kill vehi
le and the target is high and, asin boost-phase inter
ept appli
ations, the target is maneuvering, the inter
eptor may haveto be 
apable of large a

elerations perpendi
ular as well parallel to its existing 
ight path.In prin
iple, these a

elerations 
ould be a
hieved using a single motor, if the inter
eptorwere agile enough and 
ould be rotated in any dire
tion without losing its ability to tra
kthe target. However, it is usually more pra
ti
al to allow the inter
eptor to remain orientedmore or less in the same dire
tion to fa
ilitate tra
king the target and to use side thrusters aswell as an axial thruster to a
hieve inter
ept. Side thrusters are often 
alled divert thrusters,be
ause they divert the vehi
le's 
ight from its 
urrent dire
tion. However, from a more2In pra
ti
e, the payload of a missile usually 
annot be altered signi�
antly without adjusting its designor 
ight pro�le. For example, 
hanging the mass of the payload will a�e
t the 
enter of mass of the missileand may a�e
t its aerodynami
 stability. De
reasing the payload mass of a missile will in
rease its nominalrange but, other things being equal, will also in
rease the a

eleration and aerodynami
 loads experien
edby the missile during its boost phase, whi
h it may or may not be able to withstand.



B.4. Dis
ussion S357general point of view, any thrust provides divert 
apability, in that it will 
ause the 
ightpath of the vehi
le to depart from the ballisti
 traje
tory that it would otherwise follow. Ifthe target maneuvers so that it will arrive at the originally predi
ted inter
ept point earlierthan expe
ted, axial thrust may be as important as lateral thrust in a
hieving inter
ept. Allthrusters must be positioned so that the for
es they apply are dire
ted through the 
enterof mass of the inter
eptor or kill vehi
le to avoid 
ausing it to spin.Referen
es for Appendix B[247℄ Mi
hael D. GriÆn and James R. Fren
h, \Spa
e Vehi
le Design." AIAA Edu
ationSeries, 1991.[248℄ George P. Sutton and Os
ar Biblarz, Ro
ket Propulsion Elements. (John Wiley &Sons, In
.), 7th edition, 2001.[249℄ S.-Y. Park and S. R. Vadall, \Tou
h points in optimal as
ent traje
tories with�rst-order state inequality 
onstraints," J. Guidan
e, Control, and Dynami
s 21,603 (1998).





Appendix CBoost-Phase Tra
king SimulationsContentsC.1 Engagement of ICBM S1 and the 10-km/s Inter
eptor I-5 S360C.1.1 Missile and inter
eptor traje
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tory state estimation . . . . . . . . . . . . . . . . . . . . S371C.1.5 Engagement summary . . . . . . . . . . . . . . . . . . . . . . . S381C.2 Engagement of ICBM L and the 5-km/s Inter
eptor I-5 . S381C.2.1 Missile and inter
eptor traje
tories . . . . . . . . . . . . . . . S381C.2.2 Measurement models . . . . . . . . . . . . . . . . . . . . . . . S383C.2.3 Traje
tory state estimation . . . . . . . . . . . . . . . . . . . . S385C.2.4 Engagement summary . . . . . . . . . . . . . . . . . . . . . . . S386The boost-phase inter
ept is a 
omplex problem that in
ludes target missile, inter
eptor,spa
e sensor system, surfa
e-based sensor system (e.g., radar), kill vehi
le, and its suite ofon-board sensors. Detailed algorithms for the tra
king of the target missile and the inter
ep-tor and the guidan
e and 
ontrol s
hemes used by the inter
eptor and kill vehi
le must alsobe in
luded in the modeling. Using assumptions on the error models for the di�erent sensorsand statisti
al variations for the di�erent systems (ro
ket motors, aerodynami
s, a
tuatorresponses, et
.), Monte Carlo simulations 
an be 
arried out to obtain the miss-distan
edistribution of the inter
ept.The Study broke the analysis into several parts and worked them somewhat indepen-dently of ea
h other. (The general approa
h of the analyses is des
ribed in detail in Chap-ter 2.) In short, a set of possible target missiles was �rst identi�ed and traje
tories weregenerated for ea
h of them (Chapter 15). Then a set of surfa
e-based inter
eptors andtheir 
yout 
apabilities were 
onstru
ted to 
ounter these target missiles, based on threegeographi
 s
enarios (Chapter 16). These inter
eptor traje
tories were used to analyze theareas of 
overage that ea
h 
ould provide (Chapter 5).Spa
e sensor measurement error models and surfa
e-based radar error models were de-rived (Chapter 10), so that they 
ould be used to drive the tra
king Kalman �lter (to bedes
ribed in this Appendix). Using the results of this error analysis, the kill-vehi
le in-ter
ept problem was modeled with guidan
e algorithms, a
tuator dynami
s, time delays,kill-vehi
le divert 
apabilities, and homing sensor errors (Chapter 12). The output fromS359
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king Simulationsthose simulations was the divert velo
ity required along with miss distan
e as a fun
tion ofthese parameters.This Appendix des
ribes simulation results for two missile{inter
eptor engagements.The �rst engagement dis
ussed in this Appendix is between the ICBM model S1 (referredto as ICBM S1 hereafter) and the 10-km/s inter
eptor. The se
ond engagement is betweenthe ICBM model L (referred to as ICBM L hereafter) and the 5-km/s inter
eptor. Thesetwo engagements were 
hosen to illustrate the features of a faster-burning solid-propellantmissile (the ICBM S1) and a slow-burning liquid-propellant missile (the ICBM L). For thesetwo missiles, an aggressive 10-km/s inter
eptor is needed for the ICBM S1 missile, while amore feasible 5-km/s inter
eptor is suÆ
ient for the ICBM L missile.Chapter 15 des
ribes three target missiles and their traje
tories that were generated bythe Study Group. They are the ICBM L, ICBM S1, and ICBM S2 missiles, and their massproperties and 
hara
teristi
s are given in Tables 15.3, 15.4, and 15.5, respe
tively. Three-degree-of-freedom (3-DOF) simulations were used to generate these traje
tories. Thesetraje
tories 
losely mat
hed the ones generated by Sandia National Laboratories, 
on�rmingthe method of generating missile traje
tories used in this Report.In Chapter 16, three inter
eptors and their traje
tories are dis
ussed in detail. They arethe 10 km/s, 6.5 km/s, and 5 km/s inter
eptors. The mass properties and 
hara
teristi
sof the inter
eptors are given in Tables 16.1, 16.2, and 16.3.The ICBM-S1 engagement is presented �rst, followed by the ICBM-L engagement ina separate se
tion. For ea
h of the two engagements, we �rst dis
uss the missile and in-ter
eptor traje
tories, then the a

ura
y of tra
king the missile using di�erent sensors.Measurement errors of 
andidate spa
e IR sensors, surfa
e radars, and kill-vehi
le IR sen-sors are dis
ussed. These measurement errors are added to the true states to generatemeasurements that are used to drive the Kalman �lter. Di�erent sensitivity runs are madeand the tra
king performan
e is 
ompared to assess the robustness of the Kalman �lter.C.1 Engagement of ICBM S1 and the 10-km/s Inter
eptor I-5In this se
tion, we examine the engagement of the faster-burning solid-propellant missileICBM S1 and the aggressive 10-km/s inter
eptor, I-5.C.1.1 Missile and inter
eptor traje
toriesFigure C.1 shows this engagement. The inter
ept at 21 s before the missile's burnout is
hosen for analysis in this se
tion. The traje
tory being analyzed is labeled as \
" in theplot, having an angle of atta
k of �30Æ for the third stage. Note that if an angle of atta
kof �45Æ were used for the third stage, depi
ted by traje
tory \d", the inter
ept 
ould takepla
e more than 40 s before missile burnout.The spa
e sensor is assumed to be able to dete
t the missile when it breaks 
loud 
overat an altitude of 7 km (29 s after laun
h of the ICBM S1). Note that this assumption mightbe slightly optimisti
 as 
loud 
over 
ould be as high as 10 km.When the inter
eptor is laun
hed 59 s after the target missile is laun
hed, the spa
esensor has tra
ked the target missile for 30 s (59 s � 29 s). The surfa
e-based radar willnot be able to a
quire the missile until 95 s after it is laun
hed, after it 
lears the horizon(but reliable measurements will not be available until t = 99 s). Therefore, it is importantto analyze the ability of the spa
e-based sensor to tra
k the missile when the radar isnot yet available. (Spa
e-based sensor and tra
king radars are dis
ussed in Chapter 10.
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Figure C.1. (top) Engagement of the target missile ICBM S1 (on the left) by multiple 10-km/sinter
eptors (on the right). The time ti
ks on the traje
tories are 10 s apart. Inter
eptor traje
torieslabeled a, b, 
, and d have angles of atta
k of �10Æ, �20Æ, �30Æ, and �45Æ, respe
tively, duringthird-stage burn. The inter
eptors are laun
hed 59 s after the target missile is laun
hed, whi
h ist=0 for the inter
eptors. (bottom) Detail of the engagement. The inter
eptor traje
tory is traje
tory\
" in the top plot.
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(a) (b)Figure C.2. (a) Downrange and verti
al velo
ities of the ICBM S1 target missile. (b) Downrangeand verti
al a

elerations of the ICBM S1 target missile.A
tual missile tra
king using spa
e sensors and radar is des
ribed in the next se
tion.)The inter
eptor burns out after 45 s (104 s after target laun
h) and rea
hes an altitude of100 km 9 s later at t = 54 s. About two se
onds later, the ICBM S1 also rea
hes the 100-kmaltitude. The 100 km altitude is signi�
ant to both the missile and inter
eptor be
ause theshrouds for both normally 
ome o� at about 80- to 100-km altitude, and 
ountermeasures
ould be deployed or maneuvers initiated by the target missile and on-board sensors 
ouldbe used by the kill vehi
le along with divert maneuvers after this point.After rea
hing 100-km altitude at about the same time, the inter
eptor gains altitude atabout the same rate as the missile, but gains downrange distan
e at about twi
e the rate.The two vehi
les inter
ept at t = 149 s, 21 s before missile burnout.For referen
e, the velo
ity and a

eleration pro�les of the ICBM S1 target missile areshown in Fig. C.2, and those for the 10-km/s inter
eptor are shown in Fig. C.3.The question of typing the target missile based on early traje
tory information is oftenraised. Figure C.4 (a) shows that although the ICBM L has a more verti
al traje
torypro�le near 
loud-
over altitude (7 km), it eventually has a 
atter traje
tory above 100 km,shown in Fig. C.4 (b). This example shows that it is diÆ
ult to predi
t the overall traje
torybased on early traje
tory-pro�le information.C.1.2 Measurement modelsBefore going into the formulation of the Kalman �lter for this engagement, we will �rstdis
uss the measurements and their error 
hara
teristi
s.C.1.2.1 Spa
e-based IR sensor measurement errorsBased on the analyses of spa
e-based IR sensors (see Chapter 10), we 
an 
ount on 500-m1-� position errors in the dire
tion perpendi
ular to the sensing dire
tion. We assume thatthree satellites are at equal intervals in geostationary orbits. With any two sensors, weshould have 500-m 1-� in all three axes.In the simulations, white Gaussian noise with � = 500 m is added to the true missilepositions (in all three axes, although the traje
tory is in the downrange-altitude plane) to
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Figure C.5. Estimated average S-band radar 
ross se
tions of the liquid-propellant ICBM model L(left) and the solid-propellant ICBM model S1 (right), as fun
tions of aspe
t angle from the nose.generate the spa
e IR measurements. This generated measurement sequen
e is then usedas one of the measurement inputs to the Kalman �lter.C.1.2.2 Surfa
e radar measurement errorsRadar a
quisition For operations based 1000 km or less from the target laun
hing site, theexisting Aegis AN/SPY-1B radar is adequate for a
quiring and tra
king the ICBM target asmodeled for this study. The parameters of this radar, as used to provide 
ommand guidan
edata for the inter
eptor's mid
ourse guidan
e phase, were given in Se
tion 10.2. The radaris noti�ed by a spa
e-based IR system and sear
hes a small volume just above the horizon,at the predi
ted time of appearan
e of the target, lo
king onto and then tra
king the targetuntil inter
ept. It also re
eives data on laun
h and traje
tory of the inter
eptor, tra
kingit using a transponder.Sour
e and a

ura
y of designation data The designation error of the target relative tothe radar position has been 
onservatively assumed to be 5 km rms. At the 890-km horizonrange of the target, this designation error 
orresponds to an azimuth a

ura
y �az = 5:6 mr,and with an added allowan
e for possible azimuth 
hange during the a
quisition pro
ess,the radar should s
an about four beamwidths at an elevation just above the horizon.Target 
ross se
tion The RCS model for this target is based on an outline drawing of theMinuteman III, and the RCS during �rst and se
ond stages is shown in Fig. C.5, (right).The aspe
t angle from the nose is near 30Æ during a
quisition, in
reasing gradually toward50Æ near the end of powered 
ight. In this se
tor, the signi�
ant 
ontributions are from therounded nose 
one tip and the irregularities and edges assumed to s
atter into the forwardhemisphere, totaling 0.045 m2 from the �nal stage and 0.055 m2 from the se
ond-stagebooster. A value � = 0:10 m2 = �10 dBsm applies during the 
riti
al period of radaroperation.Signal-to-noise ratio at horizon The target appears above the horizon at t = 87 s withan elevation rate of 2.1 mr/s. It spends 11 s within the 26-mr elevation beamwidth of
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quisition and tra
king Aegis radar. ICBM L (left) and ICBMS1 (right).the radar. The single-pulse, beam-
enter signal-to-noise ratio at the horizon +5.9 dB afterallowan
e for tropospheri
 loss of 3.8 dB (in
luding the tropospheri
 lens loss).Probability of a
quisition A
quisition is a
hieved by devoting essentially all radar re-sour
es over an 11-s period to a
quisition of this target, using multiple-pulse integration.The resulting integrated signal-to-noise ratio for a 6-s integration time, allowing for two su
hattempts during passage of the target through the beam, is shown in Fig. C.6 (right). Thatpro
ess leads to dete
tion of the target with high probability before it leaves the elevationbeam at t = 99 s, with a probable time allo
ation of about 7 s for dete
tion at t = 94 s.During this 7-s period, the radar would reserve minimal resour
es for tra
king other targetsand outgoing inter
eptors, but would not be able to sear
h for targets other than the singleone being designated by the spa
e-based IR system.Radar tra
king error 
al
ulations On
e the radar has a
quired the target, tra
king 
anbegin. It has been assumed that the radar will allo
ate 12 per
ent of its time and powerresour
es to tra
king an ICBM target, providing ten pulses per se
ond with the signal-to-noise ratio shown in Fig. C.6 (right). The sour
es of error and equations for 
al
ulatingthem were given in Se
tion 10.2. The rms magnitude of errors has been 
al
ulated on thebasis of averages over a smoothing time of 1 s. Error 
omponents that are independent frompulse to pulse, and hen
e from ea
h 1-s sample to the next, are de�ned as noise, while thosethat remain 
orrelated over several se
onds are de�ned as bias. The latter are generally notsubje
t to redu
tion by smoothing in a tra
king �lter, but neither are they 
onstant oversu
h long periods that they make no 
ontribution to errors in velo
ity and a

eleration.These noise and bias error 
omponents for elevation and azimuth tra
king data are shownin Fig. C.7. Errors in range are negligible, amounting to a few meters rms.
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king errors vs. time for the liquid-propellant ICBM model (left) and thesolid-propellant ICBM models (right).C.1.2.3 KV IR sensor measurement errorsFor the kill-vehi
le-based IR sensors, the errors will be 
ompletely dominated by our abilityto dis
riminate the hardbody from the plume. We are estimating that we 
an do this withina 100-m box, or 30-m 1-� a

ura
y in the azimuth and elevation dire
tions, independent ofrange, from 100 to 1000 km.
C.1.3 Tra
king Kalman �lterIn this se
tion, the missile tra
king problem using spa
e IR sensors, surfa
e radar, andthe kill-vehi
le IR sensor is analyzed. A Kalman �lter is used to estimate the \states" ofthe missile [250, 251℄ i.e., its three positions, velo
ities, and a

elerations. The tra
kingproblem begins when the missile breaks 
loud 
over at 7-km altitude, t = 29 s, at whi
htime only spa
e-based IR measurements are available. As the radar a
quires the missileafter t = 99 s, the Kalman �lter will use both spa
e IR and radar measurements. As theshroud 
omes o� the inter
eptor, at t = 113 s, the kill-vehi
le IR sensor begins operating,and its measurements will also be used. The tra
king will 
ontinue until the inter
eptorenters its endgame, when the kill vehi
le uses its on-board sensors for guidan
e.The dis
rete extended Kalman �lter equations arex(k + 1) = �x(k) +w(k) (C.1)y(k) = Hx(k) + u(k); (C.2)where x is the state ve
tor, y is the measurement ve
tor, � is the state transition matrix,H is the measurement matrix, w is the pro
ess noise, and u is the measurement noise. Thenormal 
onventions for measurement ve
tor and measurement noise are z and v, respe
-tively, but to avoid 
onfusion with the variables used for altitude (z) and velo
ity (v), yand u are used here[250, 251℄.
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eptor I-5 S367C.1.3.1 System modelSin
e the missile positions, velo
ities, and a

elerations are needed for the guidan
e of theinter
eptor, the nine states of the �lter are
x =

2666666666666664
x1x2x3x4x5x6x7x8x9

3777777777777775 =
2666666666666664
d
zvdv
vzada
az
3777777777777775 ;

where d, 
, and z are the downrange, 
rossrange, and altitude positions, vd, v
, vz are thedownrange, 
rossrange, and altitude velo
ities, and ad, a
, az are the downrange, 
rossrange,and altitude a

elerations, respe
tively. The state transition matrix is
� =

2666666666666664
1 0 0 �t 0 0 12 (�t)2 0 00 1 0 0 �t 0 0 12 (�t)2 00 0 1 0 0 �t 0 0 12(�t)20 0 0 1 0 0 �t 0 00 0 0 0 1 0 0 �t 00 0 0 0 0 1 0 0 �t0 0 0 0 0 0 1 0 00 0 0 0 0 0 0 1 00 0 0 0 0 0 0 0 1

3777777777777775 ;where �t is the sample time. The pro
ess noise w is a way to a

ount for the ina

uratemodeling of the true system dynami
s. Sin
e � is for a 
onstant-a

eleration missile, thatis, ad(k + 1) = ad(k)a
(k + 1) = a
(k)az(k + 1) = az(k);pro
ess noise must be added to these three a

eleration states to tra
k an a

eleratingmissile. The amount of noise that is needed depends on how fast the a

eleration is 
hangingand the sample time of the �lter. For a sample time of 1 s, a standard deviation of 5 m/s2 is
hosen for the pro
ess noise for the a

eleration states. The pro
ess noise 
ovarian
e matrixis given by Q = Diag h 0 0 0 0 0 0 (5 m/s2)2 (5 m/s2)2 (5 m/s2)2 i :
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king SimulationsC.1.3.2 Measurement modelsThe ve
tor of measurement fun
tions in this formulation is given by
h = 26666666666664

ds
szsr��
vzv
37777777777775 ;where ds, 
s, and zs are the downrange (m), 
rossrange (m), and altitude (m) positionsmeasured by the spa
e IR sensor (where the subs
ript s stands for spa
e), r, �, and � arethe range (m), azimuth angle (mrad), and elevation angle (mrad) measured by the surfa
eradar, and 
v and zv are the 
rossrange (m) and altitude (m) positions measured by thekill-vehi
le IR sensor (where the subs
ript v stands for vehi
le), respe
tively. Note that themeasurements are arranged in the order in whi
h they be
ome available, i.e., spa
e IR, radar,then kill-vehi
le IR. Thus the measurement ve
tor simply in
reases in size without havingto rearrange the ve
tor 
omponents. The angles are kept in milliradians to avoid numeri
alproblems asso
iated with the huge dynami
 range of the measurement-error 
ovarian
ematrix, R, whi
h is given below.The measurement matrix of the extended Kalman �lter is obtained by taking the deriva-tives of the measurement fun
tions with respe
t to the states,H = dhdx :The 
omponents of h are ds = d
s = 
zs = zr = pd2 + 
2 + z2� = 1000 tan�1 
d� = 1000 sin�1 zpd2 + 
2 + z2
v = 
zv = z:Carrying out the di�erentiations, we getH11 = ddsdd = 1H22 = 1H33 = 1H41 = drdd = dpd2 + 
2 + z2



C.1. Engagement of ICBM S1 and the 10-km/s Inter
eptor I-5 S369H42 = drd
 = 
pd2 + 
2 + z2H43 = drdz = zpd2 + 
2 + z2H51 = d�dd = 1000 �
d2 + 
2H52 = d�d
 = 1000 dd2 + 
2H53 = d�dz = 0H61 = d�dd = 1000 �dz(d2 + 
2 + z2)pd2 + 
2H62 = d�d
 = 1000 �
z(d2 + 
2 + z2)pd2 + 
2H63 = d�dz = 1000 pd2 + 
2d2 + 
2 + z2H72 = 1H83 = 1:All the other elements of H are zeros.The spa
e IR sensor errors, as dis
ussed in Se
tion C.1.2.1, have standard deviationsof 500 m in all three axes. The radar range errors, as dis
ussed in Se
tion C.1.2.2, are onthe order of a few meters rms, so a somewhat 
onservative standard deviation of 10 m isused. The radar azimuth and elevation-angle measurement errors have a noise 
omponent(random) and a bias 
omponent (
orrelated). Using the time-varying statisti
s for the noiseand bias 
omponents, plotted in Fig. C.7, some sample sequen
es of angle-measurementerrors for the ICBM S1 target are shown in Fig. C.8. The bias 
omponents are generatedwith the half-power point at 0.05 Hz using the time-varying standard deviations. Notethat the noise 
omponents are on the order of 10 times larger than the bias 
omponentsand that the elevation bias errors are larger than the azimuth bias errors. The kill-vehi
leIR sensor errors, as dis
ussed in Se
tion C.1.2.3, have standard deviations of 30 m in thedownrange and 
rossrange dire
tions. Putting all these statisti
s together, the time-varyingmeasurement-error 
ovarian
e matrix is given byR(k) = Diag h (500 m)2 (500 m)2 (500 m)2 (10 m)2�2�(k) �2�(k) (30 m)2 (30 m)2 i ; (C.3)where ��(k) and ��(k), in milliradians, are the time-varying standard deviations of the noise
omponents of the azimuth and elevation-angle measurement errors, respe
tively. The bias
omponents of the angle measurements are not modeled in the �lter, resulting in a �lterthat is slightly more optimisti
. Note that if ��(k) and ��(k) were in radians instead ofmilliradians, the dynami
 range of R would be in
reased by six orders of magnitude. Hugedynami
 range results in poor numeri
al stability when the inverse of su
h a matrix is taken,whi
h is part of the Kalman �lter equations (see Eq. C.6 below).
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) (d)Figure C.8. (a) Sample sequen
e of the noise (random) 
omponent of the radar azimuth measurementerrors. (b) Sample sequen
e of the bias (
orrelated) 
omponent of the radar azimuth measurementerrors. (
) Sample sequen
e of the noise (random) 
omponent of the radar elevation measurementerrors. (d) Sample sequen
e of the bias (
orrelated) 
omponent of the radar elevation measurementerrors.
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eptor I-5 S371C.1.3.3 Kalman �lter update equationsWith all the ne
essary 
omponents of the Kalman �lter de�ned above, the time-propagationequations (from measurement k � 1 to measurement k) are given byx̂k(�) = �k�1x̂k�1(+) (C.4)Pk(�) = �k�1Pk�1(+)�Tk�1 +Qk�1; (C.5)where the x̂ denotes the estimate of x, (�) and (+) indi
ate before and after the measure-ment, respe
tively, and P is the state 
ovarian
e matrix. Note that the time indi
es k � 1and k are written as subs
ripts so that (+) and (�) 
an be used. The measurement-updateequations are given by Kk = Pk(�)HTk hHkPk(�)HTk +Rki�1 (C.6)x̂k(+) = x̂k(�) +Kk [yk � h(x̂k(�))℄ (C.7)Pk(+) = [I�KkHk℄Pk(�); (C.8)where K is the Kalman gain, y is the a
tual measurement ve
tor, and h(x̂k(�)) is themeasurement ve
tor fun
tion 
omputed using x̂k(�). The initial values for x̂ and P neededto start the �lter are x̂0 = E(x(0)) (C.9)P0 = E h(x(0) � x̂0)(x(0) � x̂0)T i : (C.10)C.1.4 Traje
tory state estimationWith the Kalman �lter formulation and the measurement errors des
ribed above, the simu-lation is 
arried out as follows. The spa
e IR measurements are available to the �lter aftert = 29 s (when the missile 
lears 
loud 
over), and the radar measurements are availableafter t = 99 s (when the missile 
lears the horizon). Infrared measurements are availableto the kill vehi
le after t = 113 s (when the shroud 
omes o� at 100-km altitude). As moremeasurements are in
orporated, the matri
es R, H, and y are adjusted in size to take onthe additional measurements.Three 
ases are presented below to assess the performan
e of the �lter under di�erent
onditions. In the baseline 
ase, the initial state estimates are set to the true states. In thepoor-initial-estimates 
ase, the initial state estimates are set su
h that their errors are twotimes the standard deviations in the state 
ovarian
e matrix, P. This 
ase shows how wellthe �lter 
an handle poor initial state estimates (whi
h o

urs when the spa
e IR or surfa
eradar give poorer-than-expe
ted initial states of the missile). In the large-measurement-errors 
ase, the errors used to 
reate the measurements for the simulation are twi
e thosegiven in the measurement-error 
ovarian
e matrix, R (in addition to the large initial stateestimate errors). This 
ase shows how well the �lter 
an handle measurement errors thatare larger than expe
ted.C.1.4.1 Baseline 
aseIn the baseline 
ase, the initial state estimates and the initial 
ovarian
e matrix arex̂(+) = true missile states
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king SimulationsTable C.1. Summary of state-estimate un
ertainties (1-� values) for the di�erent sensorsused during the target-tra
king problem. spa
e IR + radarspa
e IR spa
e IR + radar + kill vehi
le IR�lter un
ertainty (1-�) values at t = 98 s 112 s 168 sdownrange position (m) 296 33 13
rossrange position (m) 296 286 24altitude (m) 296 284 24downrange velo
ity (m/s) 81 13 11
rossrange velo
ity (m/s) 81 79 18altitude velo
ity (m/s) 81 79 18downrange a

eleration (m/s2) 15 8 8
rossrange a

eleration (m/s2) 15 15 10altitude a

eleration (m/s2) 15 15 10P(+) = Diag h (1000 m)2 (1000 m)2 (1000 m)2 (100 m/s)2 (100 m/s)2(100 m/s)2 (10 m/s2)2 (10 m/s2)2 (10 m/s2)2 i :The measurements feeding the simulation are 
reated by adding un
orrelated noises tothe true measurements. These un
orrelated noises are normally distributed with standarddeviations 
oming from the R matrix (Eq. C.3). The only 
orrelated noises 
ome fromthe bias 
omponents of the radar's azimuth and elevation measurements. However, these
orrelated errors are mu
h smaller than the un
orrelated ones (see Fig. C.8). Therefore,other than the un
orrelated azimuth- and elevation-angle errors, the measurement modelmat
hes the measurements feeding the �lter. We expe
t the best performan
e from the�lter in this 
ase.Shown in Figs. C.9 and C.10 are the errors in the �lter's position, velo
ity, and a

elera-tion estimates, along with their 
orresponding standard deviations from the �lter 
ovarian
ematrix, plotted as + and � one-standard-deviation (1-�) envelopes. If the �lter were tunedproperly, that is, not overly optimisti
 or pessimisti
, the 1-� values should be good esti-mates of the un
ertainties (or true errors) in the �lter state estimates. The true errors shouldbe inside the 1-� envelopes most the time, but 
ould be outside o

asionally. Figures C.9and C.10 show that the �lter is tuned properly. Table C.1 summarizes the state-estimateun
ertainties (1-� values) for the di�erent sensors used during the target-tra
king problem.When the �lter starts to pro
ess its �rst measurements at t = 29 s, the 1-� errorestimates of the position states drop qui
kly from the initial values of 1000 m to around300 m. This drop is reasonable, as the �lter is told that the spa
e IR sensor 
an measurethe positions in all three axes to 500-m a

ura
y. However, the un
ertainties of the velo
itystate estimates improve only from 100 m/s to around 80 m/s using the spa
e IR sensoralone. In fa
t, with the spa
e IR sensor only, the un
ertainties of the a

eleration stateestimates a
tually grow from 10 m/s2 to more than 15 m/s2 (see Fig. C.10). One reasonfor this growth is the pro
ess noise of 5 m/s2 (standard deviation) adds to the a

elerationstates, whi
h keeps their varian
es from diminishing too qui
kly. The other reason is thatthe spa
e IR sensor measurements are not a

urate enough to improve the a

eleration stateestimates.When the radar measurements are available from t = 99 s, the downrange position un-



C.1. Engagement of ICBM S1 and the 10-km/s Inter
eptor I-5 S373

50 100 150
−800

−600

−400

−200

0

200

400

600

800

time (s)

do
w

nr
an

ge
 p

os
iti

on
 e

rr
or

 (
m

)

50 100 150
−800

−600

−400

−200

0

200

400

600

800

time (s)

cr
os

sr
an

ge
 p

os
iti

on
 e

rr
or

 (
m

)

(a) (b)

50 100 150
−800

−600

−400

−200

0

200

400

600

800

time (s)

al
tit

ud
e 

po
si

tio
n 

er
ro

r 
(m

)

50 100 150
−250

−200

−150

−100

−50

0

50

100

150

200

time (s)

do
w

nr
an

ge
 v

el
oc

ity
 e

rr
or

 (
m

/s
)

(
) (d)

50 100 150
−250

−200

−150

−100

−50

0

50

100

150

200

time (s)

cr
os

sr
an

ge
 v

el
oc

ity
 e

rr
or

 (
m

/s
)

50 100 150
−250

−200

−150

−100

−50

0

50

100

150

200

time (s)

al
tit

ud
e 

ve
lo

ci
ty

 e
rr

or
 (

m
/s

)

(e) (f)Figure C.9. (a), (b), (
) Baseline 
ase: Downrange, 
rossrange, and altitude position errors and�lter's estimates of 1-� values. (d), (e), (f) Downrange, 
rossrange, and altitude velo
ity errors and�lter's estimates of 1-� values.
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) Baseline 
ase: Downrange, 
rossrange, and altitude a

eleration errors and�lter's estimates of 1-� values.
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ertainty improves dramati
ally to around 30 m (Fig. C.9 (a)). This improvement is due tothe a

urate range measurements, whi
h are mainly in the downrange dire
tion. However,the 
rossrange position and the altitude estimates do not improve, be
ause these dire
-tions are dominated by the azimuth noise and elevation noise of the radar, whi
h still havestandard deviations of more than 2 mr during this part of the traje
tory. At a downrangedistan
e of 800 km, the azimuth and elevation un
ertainties translate roughly to 1600 mof measurement error in 
rossrange and altitude positions. Therefore, the spa
e IR sensoris still providing better measurements. Similarly for the velo
ity estimates, the downrangevelo
ity estimates improve from around 80 m/s to 13 m/s, but the un
ertainties of the
rossrange and verti
al velo
ity estimates stay around 80 m/s. The downrange a

elera-tion estimates improve to around 8 m/s2, while the 
rossrange and verti
al a

elerationun
ertainties remain near 15 m/s2.
When the kill-vehi
le IR measurements 
ome on at t = 113 s, the downrange position-estimate un
ertainty improves to 13 m (the s
ale of the plot does not show this level ofdetail), and the 
rossrange position and altitude un
ertainties both improve to 24 m. Againthis behavior is reasonable, as the standard deviation of the kill-vehi
le IR measurementerrors is 30 m. The downrange velo
ity estimates further improve to 11 m/s. The 
rossrangeand verti
al velo
ity un
ertainties de
rease from around 80 m/s to 18 m/s. The downrangea

eleration un
ertainty does not see any further improvement sin
e the kill-vehi
le IR doesnot provide range information. Both the 
rossrange and altitude a

eleration estimatesimprove to 10 m/s2.
It should be pointed out that the target missile stages at 65 s and 130 s (see Fig. C.2).The e�e
ts are that the downrange a

eleration 
hanges signi�
antly, from about 8 g to 2 gand from about 9 g to 3 g for the two stagings, respe
tively. The errors in the downrangea

eleration estimates (see Fig. C.10 (a)) during these two times (greater than 40 m/s2 and120 m/s2 at the two staging times, respe
tively) are mu
h larger than the �lter's predi
tion.This dis
repan
y is to be expe
ted, sin
e the �lter is set up with a 
onstant-a

elerationmodel and the missile is a

elerating. However, be
ause of the 5-m/s2 (standard deviation)pro
ess noise added to the a

eleration states, the �lter is able to tra
k the huge 
hangesin a

eleration during staging. Note that the downrange velo
ity state also sees errors onthe order of 200 m/s. The verti
al a

eleration 
hanges are less dramati
 (from about 3 gto 0 g and from about 2 g to 0 g, respe
tively), but the e�e
ts on the verti
al a

elerationestimates at 65 and 130 s are also obvious (Fig. C.10 (
)). Sin
e we are working with a planartraje
tory, the staging events do not a�e
t the 
rossrange a

eleration (Fig. C.10 (b)). (Withthese observations, we 
ould redu
e the pro
ess noise on the altitude a

eleration state, andperhaps even set it to zero for the 
rossrange a

eleration state, to further improve the �lter'sperforman
e if we wished. However, sin
e our goal here is to demonstrate the simulationpro
edures, we did not try to optimize the �lter's performan
e any further.) The abilityto tra
k an a

elerating target through staging is a 
on
ern within the missile-tra
king
ommunity. However, in this example, given our assumptions, the �lter is able to tra
k themissile through the two staging events.
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king SimulationsC.1.4.2 Poor-initial-estimates 
aseIn this 
ase, the initial state estimates are set so that their errors are two times the standarddeviations in the state 
ovarian
e matrix,
x̂(+) = true missile states �

2666666666666664
2000 m2000 m2000 m200 m/s200 m/s200 m/s20 m/s220 m/s220 m/s2

3777777777777775 ;and the initial 
ovarian
e matrix is the same as the one in the baseline 
ase,P(+) = Diag h (1000 m)2 (1000 m)2 (1000 m)2 (100 m/s)2 (100 m/s)2(100 m/s)2 (10 m/s2)2 (10 m/s2)2 (10 m/s2)2 i :Figures C.11 and C.12 show that even with the large errors in the initial-state estimateswhen the �lter is started, the �lter is still able to 
onverge to the 
orre
t state estimates.On
e the initial-error transients are gone, the �lter has similar performan
e as in the baseline
ase.C.1.4.3 Large-measurement-errors 
aseIn this 
ase, the poor initial-state estimates from the previous 
ase are kept. In addition, thestandard deviations (from the R matrix) used to generate the measurements are doubled,but the �lter still uses the same R. (The bias 
omponents of the radar azimuth andelevation measurements are also doubled.) This 
ase simulates the s
enario in whi
h themeasurement errors are a
tually larger than expe
ted. Besides setting up a dynami
s modelthat represents the state dynami
s 
orre
tly, the level at whi
h R truly represents themeasurement errors is the most important fa
tor that determines the �lter performan
e. Ifthe R values are set too low, the �lter would trust the measurements too mu
h whi
h 
ouldlead to �lter instability (state estimates diverge). If the R values are set too high, the �lterwould not trust the measurement enough and it 
ould take a long time to 
onverge to the
orre
t state estimates. It would also have diÆ
ulties in tra
king transients, su
h as thestaging events.Figures C.13 and C.14 show that although the state estimates have larger errors thanthe other two 
ases and the state estimate errors are outside the 1-� envelopes mu
h moreoften, the �lter still provides 
orre
t estimates. Again, the staging e�e
ts are apparentin the downrange a

eleration and downrange velo
ity state estimates. Even with mis-mat
hed measurement error model (by 100 per
ent), the �lter is able to tra
k through thetwo staging events, indi
ating that the �lter is fairly robust.C.1.4.4 Tra
king with two radarsWhen radar jamming is deployed, the range measurements may be assumed to be invalid,and two or more radars must be used to provide angle-only measurements. A Kalman �lter
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(e) (f)Figure C.11. (a), (b), (
) Poor-initial-estimates 
ase: Downrange, 
rossrange, and altitude positionerrors and �lter's estimates of 1-� values. (d), (e), (f) Downrange, 
rossrange, and altitude velo
ityerrors and �lter's estimates of 1-� values. Note the poor downrange velo
ity estimates in (d) duringstaging events at t = 65 s and t = 130 s.
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(
)Figure C.12. (a), (b), (
) Poor-initial-estimates 
ase: Downrange, 
rossrange, and altitude a

elera-tion errors and the �lter's estimates of 1-� values. Note the poor downrange a

eleration estimatesin (a) during staging events at t = 65 s and t = 130 s.
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(e) (f)Figure C.13. (a), (b), (
) Large-measurement-errors 
ase: Downrange, 
rossrange, and altitudeposition errors and �lter's estimates of 1-� values. (d), (e), (f) Downrange, 
rossrange, and altitudevelo
ity errors and �lter's estimates of 1-� values.
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(
)Figure C.14. (a), (b), (
) Large-measurement-errors 
ase: Downrange, 
rossrange, and altitudea

eleration errors and �lter's estimates of 1-� values.
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eptor I-5 S381is formulated in whi
h two radars are separated by 1000 km, whi
h is also the distan
ebetween the missile and inter
eptor laun
h sites. Although the look angles from thesetwo radars are di�erent from the single radar at the inter
eptor laun
h site, the sameerror models for the azimuth and elevation measurements are used. The results show thatinsigni�
ant degradation in state estimates o

urs when angle-only measurements are usedfrom two radars, when 
ompared with range and two-angle measurements from one radar.C.1.5 Engagement summaryIn this se
tion, we examined the engagement between the faster-burning solid-propellantmissile (ICBM S1) and an aggressive 10-km/s inter
eptor. After looking at the traje
toriesfor the missile and inter
eptor, the measurement models for the spa
e IR, surfa
e radar,and kill-vehi
le IR were dis
ussed. A Kalman �lter was formulated to estimate the mis-sile's position, velo
ity, and a

eleration. Three sensitivity 
ases were studied to evaluatethe robustness of �lter performan
e. With zero error for the initial state estimates andmeasurement error models mat
hing the a
tual measurements, the �lter performed verywell, providing state estimates that are 
onsistent with the measurement errors. With largeerrors for the initial state estimates (twi
e the values given in the state 
ovarian
e matrix),the �lter essentially gave the same kind of estimates as the previous 
ase after a few mea-surements were pro
essed. In the third 
ase, the measurement errors were twi
e as largeas those given to the �lter. Although the estimate errors are larger, and the 
ovarian
ematrix is somewhat optimisti
 about its estimates (estimate errors are larger than the 1-�values), the state estimates are still a

eptable. In all three 
ases, the �lter was able to tra
kthrough two staging events, a 
on
ern shared by many experts in this area. These 
asesindi
ate that based on the assumptions outlined in this se
tion, the traje
tory estimationproblem is solvable.C.2 Engagement of ICBM L and the 5-km/s Inter
eptor I-5In this se
tion, the engagement of the slower liquid-propellant ICBM L and the 5-km/sinter
eptor I-5 is examined.C.2.1 Missile and inter
eptor traje
toriesFigure C.15 shows the engagement between the ICBM L target missile and three 5-km/sinter
eptors. (The time marks on the traje
tories indi
ate times sin
e laun
h.) The threeinter
eptor traje
tories are labeled (0, 30), (30, 30), and (45, 60). They denote the angles ofatta
k used during the third stage of the inter
eptors (between 36 and 56 s after inter
eptorlaun
h). For example, (0, 30) means that the angle of atta
k is 0Æ from t =36 to t =46 sand is �30Æ from t =46 s to t =56 s. The (45, 60) designation means �45Æ for 10 s and�60Æ for another 10 s. All three inter
eptors are laun
hed having a 55Æ laun
h angle. TheICBM L has a burnout time of 240 s. The two laun
h points are 800 km apart (
omparedwith 1000 km for the ICBM S1 
ase).Instead of maximizing the time between missile burnout and time of inter
ept as we didfor the ICBM S1-engagement (be
ause the solid-propellant missile has a shorter burn time),we try to maximize the allowable inter
eptor laun
h delay in this 
ase, a
hieving a 115-slaun
h delay. (The laun
h delay for the ICBM S1 engagement is 59 s.) The inter
eptorthat inter
epts the missile 16 s before the missile's burnout is 
hosen for the analysis in
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Figure C.15. (top) Engagement between the target missile ICBM L and three 5-km/s inter
eptors.(bottom) Details of the engagement. The inter
eptor traje
tory is the same as inter
eptor traje
tory(30,30) in the top plot.this se
tion. This is the inter
eptor laun
hed with �30Æ angle of atta
k for the entire thirdstage, denoted by (30, 30) in Fig. C.15. If the (45, 60) inter
eptor were used, the inter
ept
ould take pla
e 33 s before missile burnout, but it would give an inter
eptor-laun
h delay
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ities of the 5-km/s inter
eptor. (b) Downrange andverti
al a

elerations of the 5-km/s inter
eptor.of only 72 s.Details of the ICBM L missile and the 
hosen 5-km/s inter
eptor traje
tories are shownin Fig. C.15. The missile rea
hes an altitude of 7 km after 44 s into 
ight, at whi
h timethe spa
e IR 
ould see the missile. The inter
eptor is laun
hed at t =115 s and around thesame time the surfa
e radar starts to a
quire the missile, but reliable radar measurementsare not available until after t = 125 s. The inter
eptor rea
hes 100-km altitude 68 s afterlaun
h, whi
h means the kill-vehi
le IR sensor 
ould see the missile about 183 s (115 + 68 s)into the ICBM L's 
ight.The velo
ities and a

elerations for both the ICBM L and the inter
eptor are shown inFigs. C.16 and C.17, respe
tively.C.2.2 Measurement modelsThe same error models from the ICBM S1 engagement are used here. However, sin
e theradar-tra
king range is di�erent in this engagement (800 km vs. 1000 km) and the radar
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ross se
tion of the ICBM L is di�erent from the ICBM S1, di�erent radar measurementerrors are used. These are dis
ussed in the se
tions below.C.2.2.1 Spa
e-based and kill-vehi
le IR sensor measurement errorsWe assume that the spa
e IR and kill-vehi
le IR measurement errors are the same, althoughthe IR signatures of the solid- and liquid-propellant missile are di�erent. The spa
e IRmeasurements are assumed to have 500-m 1-� errors in all three axes. The kill-vehi
le IRis assumed to have 30-m 1-� a

ura
y in the azimuth and elevation dire
tions.C.2.2.2 Surfa
e radar measurement errorsRadar a
quisition For operations based 800 km from the target laun
hing site, the existingAegis AN/SPY-1B radar is adequate for a
quisition and tra
king of the ICBM targetsmodeled for this study. The parameters of this radar, as used to provide 
ommand guidan
edata for the inter
eptor's mid
ourse guidan
e phase, were given in Se
tion 10.2 (shipboardradar for boost-phase dete
tion and tra
king). The radar is noti�ed by a spa
e-basedIR system and sear
hes a small volume just above the horizon, at the predi
ted time ofappearan
e of the target, lo
king onto and then tra
king the target until inter
ept. It alsore
eives data on laun
h and traje
tory of the inter
eptor, tra
king it using a transponder.Sour
e and a

ura
y of designation data The designation error of the target relativeto the radar position has been 
onservatively assumed to be 5 km rms. At the 747-kmhorizon range of the target, this designation error 
orresponds to an azimuth a

ura
y�az = 6:8 mr, whi
h for a high probability of a
quisition requires 
overage of an azimuthse
tor Am = 5�az = 34 mr. This is slightly larger than the azimuth beamwidth, so only asmall s
an is required and the radar a
quires the target in one of two beams just above thehorizon.Target 
ross se
tion The RCS model for this target is based on an outline drawing ofthe ICBM L, and the RCS during the two stages of propulsion is shown in Fig. C.5, (left).The aspe
t angle from the nose is near 30Æ during a
quisition, in
reasing gradually toward60Æ near the end of powered 
ight. In this se
tor, the signi�
ant 
ontributions are fromthe rounded nose 
one tip and the irregularities and edges assumed to s
atter into theforward hemisphere, totaling 0.17 m2 from the �nal stage and 0.31 m2 from the se
ond-stage booster. A value � = 0:48m2 = �3.1 dBsm applies during the initial a
quisitionperiod, but the transition to the se
ond boost stage results in a redu
tion in RCS soon aftera
quisition, with a 
onstant � = 0:17m2 = �8 dBsm for the remainder of radar operation.Signal-to-noise ratio at horizon The target appears above the horizon at t = 106 s withan elevation rate of 1.3 mr/s. It spends 20 s within the 26-mr elevation beamwidth of theradar. The single-pulse, beam-
enter signal-to-noise ratio at the horizon is 
al
ulated to be+14.4 dB after allowan
e for tropospheri
 loss of 5 dB (in
luding the tropospheri
 lens loss).Probability of a
quisition Be
ause the radar s
an 
annot be planned on the basis of a tar-get RCS larger than 0.1 m2 during the initial attempt at a
quisition, the s
an is designedto devote essentially all radar resour
es over a 16 s period to a
quisition of the target, using
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eptor I-5 S385multiple-pulse integration. The resulting integrated signal-to-noise ratio for a 8-s integra-tion time, allowing for two su
h attempts during passage of the target through the beam, isshown in Fig. C.6. That pro
ess leads to dete
tion of the target with high probability duringthe �rst s
an, with a probable time allo
ation of half a s
an period, or 4 s, for dete
tion att = 110 s. During this 4-s period, the radar would reserve minimal resour
es for tra
kingother targets and outgoing inter
eptors, but would not be able to sear
h for targets otherthan the single one being designated by the spa
e-based IR system.Radar tra
king error 
al
ulations On
e the radar has a
quired the target, tra
king 
anbegin. It has been assumed that the radar will allo
ate 12 per
ent of its time and powerresour
es to tra
king an ICBM target, providing ten pulses per se
ond with the signal-to-noise ratio shown in Fig. C.6. The sour
es of error and equations for 
al
ulating them weregiven in Se
tion 10.2. The rms magnitude of errors has been 
al
ulated on the basis ofaverages over a smoothing time of 1 s. Error 
omponents that are independent from pulseto pulse, and hen
e from ea
h 1-s sample to the next, are de�ned as noise, while those thatremain 
orrelated over several se
onds are de�ned as bias. The latter are generally notsubje
t to redu
tion by smoothing in a tra
king �lter, but neither are they 
onstant oversu
h long periods that they make no 
ontribution to errors in velo
ity and a

eleration.These noise and bias error 
omponents for elevation and azimuth tra
king data are shownin Fig. C.7 (left). The large initial error in elevation is the result of multipath signals, butthis 
omponent drops rapidly as the target rises above one beamwidth in elevation. Errorsin range are negligible, amounting to a few meters rms.C.2.3 Traje
tory state estimationThe same Kalman �lter formulation developed in Se
tion C.1.3 is used for this engage-ment. The time-varying measurement-error 
ovarian
e matrix, initial 
ovarian
e matrix,and initial state estimates areR(k) = Diag h (500 m)2 (500 m)2 (500 m)2 (10 m)2�2�(k) �2�(k) (30 m)2 (30 m)2 iP(+) = Diag h (1000 m)2 (1000 m)2 (1000 m)2 (100 m/s)2 (100 m/s)2(100 m/s)2 (10 m/s2)2 (10 m/s2)2 (10 m/s2)2 i
x̂(+) = true missile states�

2666666666666664
2000 m2000 m2000 m200 m/s200 m/s200 m/s20 m/s220 m/s220 m/s2

3777777777777775 :The spa
e IR measurements are available to the �lter after t = 44 s (after the missile rea
hes7-km altitude). Solid radar measurements are available after t =125 s. The kill-vehi
le IR
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king Simulationsmeasurements are available after t = 183 s (after the inter
eptor shroud 
omes o� at 100-kmaltitude).Figures C.18 and C.19 show that the errors in the �lter's position, velo
ity, and a

el-eration estimates are very similar to the results for the ICBM S1 
ase. The estimate errorsare well predi
ted by the 
ovarian
e matrix, as the errors are within the 1-� envelopes mostof the time, indi
ating that the �lter is tuned well. The large errors in the initial stateestimates, although twi
e that of the initial 
ovarian
e matrix values, are qui
kly redu
edafter a few measurements are pro
essed. The staging at t =120 s 
auses large errors in thedownrange and altitude a

eleration state estimates, but the �lter is able to tra
k throughthe event and maintain small estimation errors thereafter.C.2.4 Engagement summaryThe slower-burning ICBM L missile allowed a longer inter
eptor laun
h delay than thefaster-burning solid-propellant missile (115 s 
ompared with 59 s). With the 
hosen inter-
eptors (10-km/s and 5-km/s), the times between missile burnout and time of inter
ept areabout the same for both 
ases, 21 s for the ICBM S1 and 16 s for the ICBM L. Using thesame Kalman �lter formulation and same measurement models (ex
ept for the radar errors,sin
e tra
king ranges and radar 
ross se
tions are di�erent for the two missiles), similarmissile state estimates were obtained for the ICBM L missile. The ICBM L had one stagingat t =120 s, and the �lter was able to tra
k through the event without diÆ
ulty. Therefore,as expe
ted, the state estimation problem is also solvable for the slower missile, based onour assumptions.Using �xed-length polynomial �lters instead of Kalman �lters, estimate un
ertaintiesvery similar to the ones obtained in this Appendix were obtained in Chapter 12. Twosimple maneuvers, a sudden in
rease or de
rease in the angle of atta
k of the target missileby 15Æ, were assumed for the target missile to stress the kill vehi
le's �V 
apabilities. UsingMonte Carlo simulations, the required total �V was determined to be at least 2.0 km/sto 2.5 km/s. This total �V required is the most signi�
ant result from the engagementsimulations.
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(e) (f)Figure C.18. (a), (b), (
) Downrange, 
rossrange, and altitude position errors and �lter's estimatesof 1-� values. (d), (e), (f) Downrange, 
rossrange, and altitude velo
ity errors and �lter's estimatesof 1-� values.
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s tou
hed on in the body of Part D of thisreport. It assumes knowledge of Chapter 19 on beam propagation as an introdu
tion.Se
tions D.1 and D.2 des
ribe the opti
al properties of a turbulent atmosphere. Se
-tion D.3 de�nes a standard de
omposition of opti
al aberrations in terms of Zernike modes.An extensive development of anisoplanati
 e�e
ts appears in Se
tion D.4. These results areused heavily in the analysis of Chapter 21 on engagements.Throughout the analysis, it is ne
essary to 
ombine various sour
es of degradation ofbeam intensity on the target 
aused by opti
al distortions. Se
tion D.5 dis
usses this issue.Finally, a number of minor issues are dis
ussed in Se
tion D.6. A list of symbols usedin this appendix 
an be found on page S412.S391



S392 Appendix D. Beam Propagation and Corre
tionsD.1 Atmospheri
 E�e
tsThe variation of the index of refra
tion is essentially a statisti
al problem. Kolmogorov [252℄developed a model of the atmosphere starting with a stru
ture fun
tion Dn(z; r),Dn(z; r) = < [n(z+ r)� n(z)℄2 > : (D.1)The stru
ture fun
tion measures how rapidly the index of refra
tion n varies with r abouta point z. The dire
tion of propagation is along z. The bra
kets indi
ate an ensembleaverage. If the atmosphere is lo
ally homogeneous and isotropi
, then Dn will depend onlyon the magnitudes z = jzj and r = jrj,Dn(z; r) = C2n(z) r2=3 : (D.2)The r2=3 dependen
e arises essentially for dimensional reasons [253, p. 21℄, and C2n(z) isa lo
al measure of the turbulen
e itself. Values of C2n vary with time and vary greatly fordi�erent altitudes and atmospheri
 
onditions.The ABL 
ies at an altitude of � 12 km, above the worst of the turbulen
e and abovemost 
loud 
over. Chara
teristi
ally, C2n � 5 � 10�18 m�2=3 at an altitude of 12 km, butit 
an vary by an order of magnitude above or below this value within small 
hanges ofaltitude [254℄.Almost all the work in adaptive opti
s (AO) is done in the Rytov approximation[253, p. 30℄, in whi
h the propagating ele
tri
 �eld E(r; t) is expressed asE(r; t) = E0(r; t) exp(�(r)) ; (D.3)where E0 is the unperturbed ele
tri
 �eld in a uniform medium. The propagation equationsare satis�ed by a s
alar �, and the equations are solved by a perturbation 
al
ulation interms of the small variation Æn. The Rytov approximation uses only the �rst order,�1 = �+ i' : (D.4)The variable � is the log-amplitude variation, and ' is the phase variation from the unper-turbed �eld. Many of the results are stated in terms of varian
es of these quantities, eitherwith or without AO 
orre
tions. In the dis
ussion, integrals will be made along the path ofpropagation, taken along the z dire
tion over a slant range L. The Rytov approximationshould be good provided k2 Z L0 C2n(z)z5=6dz < 1 (D.5)k = 2�� ;although in some 
ases the range of validity is greater.A result of this statisti
al model is that the 
hara
teristi
 size of the beam is r0, theFried parameter [255℄, [253, p. 61℄,1 whi
h is a measure of the global turbulen
e, beingintegrated along the entire path of propagation.r0 = "0:423 k2 Z L0 C2n(z)(1 � zL)5=3dz#�3=5 : (D.6)1The form used by Sasiela assumes a target at in�nity.
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 E�e
ts S393For a low-altitude engagement, r0 is about 0.26 m, whi
h is mu
h smaller than D. For high-altitude engagements r0 may be as large as 0.8 m, still smaller than D. This expression,along with all future dis
ussion, unless otherwise noted, assumes that Dn is in the \inertialregion," l0 � r � L0, where l0 is the \inner s
ale," and L0 is the \outer s
ale." The value ofl0 is of the order of 1 mm near the ground and 10 mm at the tropopause [256, p. 48℄, [257,p. 81℄. The value of L0 is somewhat 
ontroversial; [256, p. 49℄ states that it is of the orderof 0:2� the height above the ground or 100 m, whi
hever is smaller. See referen
e [257, p.81℄ for further dis
ussion.The rms tilt angle2 is given by [253, p. 63℄�t x;y � 0:427�Dr0�5=6 �D (ea
h axis) : (D.7)For most engagements, the rms tilt angle is substantially larger than the di�ra
tion limit,for whi
h the rms of the 
ore is � 0:45�=D. For large D, the phase varian
e with pistonremoved (see subsequent dis
ussion in Se
tion D.3) is [253, p. 65℄�2'
 pr = 1:033�Dr0�5=3 : (D.8)Outer s
ale e�e
ts redu
e this value somewhat; see [253, p. 114℄. The phase varian
e fortilt only (both axes) is [253, p. 64℄�2'
 t = 0:899�Dr0�5=3 : (D.9)Note that �2' with both piston and tilt removed,�2'
 ptr = 0:134�Dr0�5=3 ; (D.10)is only about 13 per
ent of the piston-removed varian
e, so tilt is the largest 
ontribution.One of the most 
ommonly used parameters to 
hara
terize the global turbulen
e is theRytov varian
e, whi
h is the varian
e of the amplitude of the ele
tri
 �eld (�) in the limitof an in�nite aperture,�2R = �2�1 (D.11)= 0:5631 k7=6 � Z L0 C2n(z) �z �1� zL��5=6 dz : (D.12)This expression is quite similar to the left side of Eq. D.5. The validity of the Rytovapproximation is essentially the same as requiring �2R < 0.5 np2;3 the ABL is designed towork in this region.For large phase varian
es, e.g. before the appli
ation of AO, the Strehl ratio is given byan asymptoti
 series [253, p. 164℄SR � �r0D�2 � 0:6159�r0D�3 + 0:05�r0D�5 + 0:00661� r0D�7 : : : (r0=D < 1) : (D.13)2The singularity for D ! 0 
omes about from negle
ting the inner s
ale. This not a 
on
ern here.See [253, p. 118℄ for a dis
ussion.3The Rytov varian
e �2R is dimensionless, but sometimes expressed as having units np2 to emphasize theuse of a natural log rather than a 
ommon log.
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Figure D.1. C2n vs. target altitude ht in Clear-1 Night model.This expression is appli
able to engagements of interest and sets a lower bound for theatmospheri
 part of the Strehl ratio without AO. This limit ranges from 0.02 to 0.2,depending on the engagement geometry. For small varian
es, e.g. in low turbulen
e or afterappli
ation of AO, the Strehl ratio is given approximately in the extended Mar�e
hal limitby [253, p. 46℄ SR � exp(��2R � �2') : (D.14)After AO, Eq. D.14 applies, where �2' is appropriate for the degree of 
orre
tion a
hieved.D.2 Chara
terization of C2nA standard model of turbulen
e is 
alled \Clear-1" [258℄. The ABL spe
i�
ation is that itmust fun
tion for turbulen
e as intense as twi
e this model. The model assumes that C2ndepends only on altitude, and in parti
ular that it is independent of time and geographi
allo
ation. Figure D.1 shows C2n vs. altitude.Be
ause turbulen
e de
reases at higher altitudes, the e�e
t of turbulen
e 
an be redu
edby making the engagement at higher altitudes. Figure D.2 shows �2R vs. engagement altitudefor �ve di�erent target ranges, 100 km to 500 km. The line at �2R = 0:5 np2 is the maximumvalue 
ontemplated for ABL operations. Note, for example, that for L = 300 km, theengagement altitude needs to be above about 30 km, and for L = 500 km, at an altitudeabove 50 km.Figure D.3 shows r0 vs. engagement altitude for �ve di�erent target ranges, 100 to500 km. The line at r0 = 0:26 m is the minimum value 
ontemplated.Figure D.4 shows �t xy vs. engagement altitude for �ve di�erent target ranges, 100 to500 km. The line at 1.8 �=D is the upper limit for engagements, and the line at 0.45 �=Drepresents the jitter, whi
h is about the same as di�ra
tion-limited spreading.
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e �2R vs. target altitude ht for ranges, from bottom to top, L = 100, 200,300, 400, and 500 km. The dotted horizontal line represents the maximum value 
ontemplated forthe ABL operations.

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 50 100 150 200

F
rie

d 
P

ar
am

et
er

  r
0 

 (
m

)

Target Altitude  ht  (km)

2 x Clear-1 Night

Figure D.3. Fried parameter r0 vs. target altitude ht for ranges, from top to bottom, L = 100,200, 300, 400, and 500 km. The dotted horizontal line is the minimum value 
onsidered for ABLoperations.



S396 Appendix D. Beam Propagation and Corre
tions

0.0

0.5

1.0

1.5

2.0

0 50 100 150 200

rm
s 

T
ilt

 A
ng

le
, e

ac
h 

ax
is

  θ
t x

y 
 (

λ/
D

)

Target Altitude  ht  (km)

2 x Clear-1 Night

Figure D.4. Root mean square tilt angle �t xy vs. target altitude ht for ranges, from bottom to top,L = 100, 200, 300, 400, and 500 km. The upper dotted horizontal line represents the upper limit forengagements. The lower dotted horizontal line represents the rms size of a di�ra
tion limited beam.Another useful measure of the turbulen
e is the isoplanati
 angle �0; (see Se
tion D.4 fordis
ussion). Figure D.5 shows �0 vs. engagement altitude for �ve di�erent target ranges, 100to 500 km. The line at �0 = 0:65 is the minimum value 
ontemplated for ABL operations.Note, for example, that for L = 300 km, the engagement altitude must to be above about30 km, and for L = 500 km, at an altitude above 50 km.D.3 Chara
terizing the Wavefront AberrationsConventional AO usually involves 
orre
ting the phase of the wavefront at the entran
e toan astronomi
al teles
ope or the exit of the ABL mirror (or equivalent). To do this, it is
onvenient to de
ompose the phase as a fun
tion of position into modes. One 
ommonlyused de
omposition is in terms of Zernike fun
tions, Zj(r; �) [259, 260, 253, 257℄. These areorthonormal fun
tions in normalized radius r (0 � r � 1) and angle � at the pupil of thelaser/teles
ope. They are fun
tions of indi
es radial order n, and azimuthal order m, andare 
ommonly referred to in terms of a single sequential index j. They satisfy the followingorthogonality 
ondition. Z 2�0 Z 10 Zj(r; �)Zk(r; �)rdrd� = Æjk: (D.15)The �rst few fun
tions with des
riptions are shown in Table D.1.In astronomy, the biggest atmospheri
 e�e
t is wavefront tilt, whi
h 
auses the image tomove; see Eq. D.7. For astronomy, good seeing will have r0 � 0.1 m at � = 0.5 �m, or r0 �0.42 m at � = 1.65 �m. Thus, for the Ke
k teles
ope (D = 10 m � = 1.65 �m) �t � 6�=D.For the ABL at a low-altitude engagement, r0 � 0.26 m and �t = 1:8�=D. Corre
ting for
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Figure D.5. Isoplanati
 angle �0 vs. target altitude ht for ranges, from top to bottom, L = 100, 200,300, 400, and 500 km. The dotted horizontal line represents the minimum value 
ontemplated forthe ABL operations.a tilt is the easiest 
orre
tion, and it may be done with a tilting 
at mirror before using adeformable mirror for the higher-order modes.D.4 Anisoplanati
 E�e
tsThere are limits on how well the AO 
an 
orre
t for phase distortions. One su
h limit iswhen the path traversed by the bea
on beam does not exa
tly 
oin
ide with the return pathof the high-energy laser (HEL) beam. The starting point for 
omputing the phase varian
eis this relation ([261℄ and [253, p. 72, 130℄):�2'
 = 0:2073k2 Z L0 dzC2n(z) Z d2��11=3 � FZ(x)� 2 [1� 
os(�dz 
os�)℄ (D.16)x = �Dz=2where � is the two-dimensional transverse wave number des
ribing the spatial frequen
yof the turbulen
e for whi
h a Kolmogorov spe
trum ��11=3 is used, � is the azimuthal
oordinate for the wave number, dz(z) is the distan
e between the paths, Dz(z) is the beamdiameter, with Dz = D(1 � z=L) for a beam fo
used4 at z = L, and FZ(x) is a Zernikemoment extra
tion �lter. The integral on � may be done usingJn(z) = 12� Z 2�0 d� 
os(n�)eiz 
os� (D.17)4Note that this expression is only an approximation, sin
e in pra
ti
e the beam 
annot be fo
used to apoint, for several reasons. Be
ause of this, the a
tual z-dependen
e of Dz is 
omplex, parti
ularly near thetarget. Fortunately, for the present work the \fo
us" is in a region of low turbulen
e, and the small value ofC2n will redu
e the in
uen
e of the non-ideal beam spreading.
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tionsTable D.1. Zernike Fun
tions Zj(r; �)j n m p��Fun
tion Des
ription1 0 0 1 Piston2 1 1 2r 
os � Tip3 1 1 2r sin � Tilt4 2 0 p3(2r2 � 1) Defo
us5 2 2 p6r2 sin 2� Astigmatism6 2 2 p6r2 
os 2� Astigmatism= 12� Z 2�0 d� 
os(z 
os�+ n�) ; (D.18)where Jn(z) are the ordinary Bessel fun
tions. Then the generi
 form be
omes�2'
 = 2:605k2 Z L0 dzC2n(z)� Z 10 d��8=3FZ(x) [1� J0(�dz)℄ (D.19)= 2:914k2 Z L0 dzC2n(z)d5=3z AF (a) (D.20)AF (a) = 2:6052:914 Z 10 dyy8=3FZ(ay) [1� J0(y)℄ (D.21)y = �dza = Dz=(2dz) :The 
hoi
e of the fa
tor 2.605/2.914 is su
h that AF (a) be
omes 1 in the 
ase FZ(x) = 1(i.e., independent of a), 
orresponding to a

epting all Zernike modes.The general form of a �lter to sele
t all Zernike modes of order n, i.e., the sum on m, isFn(x) = (n+ 1)2 �2Jn+1(x)x �2 : (D.22)Spe
ial 
ases are [253, p. 49℄ Fpiston = �2J1(x)x �2 (D.23)Fpr = 1� Fpiston (D.24)Ftilt = �4J2(x)x �2 ; (D.25)where Fpr is Piston Removed, whi
h is a 
ase often of interest, and Ftilt refers to bothaxes, not just one. The Piston Removed �lter Fpr has the property that for the purpose ofintegration Fpr ! 1 when Dz=dz !1, meaning that the in�nite aperture limit 
orrespondsto taking all modes; alternatively, the piston 
omponent vanishes in this limit.5 Figure D.6shows these �lter fun
tions. Note the di�erent wave number sensitivity for the various5Note: The vanishing of the piston 
omponent applies in this dis
ussion of anisoplanatism be
ause theterm [1�J0(�dz)℄ suppresses the low wave number 
ontributions. It does not apply to the 
ase of un
orre
tedphase varian
e, where the low wave number dominan
e makes the piston 
omponent diverge be
ause of the��8=3 from the spe
trum.
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Figure D.6. Filter fun
tions, (a) Anisoplanatism [1�J0(x)℄ (b) Piston, (
) Tilt, (d) Piston Removed,and (e) Higher Order (beyond Tilt).�lters. \Piston" is a low pass �lter, passing only the lowest spatial frequen
ies, starting at0. \Tilt" is a bandpass �lter having upper and lower 
uto�s. Higher-order modes movethe band to higher and higher frequen
ies. \Piston Removed" is a high pass �lter; \HigherOrder" is a high-pass �lter that 
uts o� at a higher frequen
y than \Piston Removed." Seelines (d) and (e) of Fig. D.6.Figure D.7 shows in dimensionless form the equivalent of d5=3z AF (a) vs. dz in Eq. D.20for the phase varian
e 
ontributions of Zernike modes (a) Piston Removed, (b) Tilt, and(
) Higher Order (n > 1). Note in parti
ular the di�erent dependen
e on dz. For small dz,the tilt 
ontribution is proportional to d2z, while the others are proportional to d5=3z . SeeSe
tion D.4.4 for further dis
ussion of this dependen
e.The in�nite aperture limit leads to simple results, be
ause AF = 1, parti
ularly whendz(z) depends on a multipli
ative number 
hara
terizing the e�e
t. For example, an angu-lar anisoplanatism has dz = �z, and � is the multipli
ative number. Mu
h of the literature
on
entrates on expressions in the in�nite aperture limit be
ause of the simpli
ity. Thereader is 
autioned that although the result is simple, it is not ne
essarily a very a

uraterepresentation of the physi
ally interesting piston removed mode, unless the anisoplanatismis very small, often not the 
ase for ABL appli
ations. The simple form overestimates thetrue piston removed phase varian
e by roughly a fa
tor of 2 in many 
ases of interest. Takento extremes, the simple forms diverge for large anisoplanatism, but the 
orre
t expressionwill saturate at twi
e the un
ompensated piston removed phase varian
e, Eq. D.8, sin
e theAO result be
omes the di�eren
e of two un
orrelated varian
es. One 
an see this mathe-mati
ally from Eq. D.16. It is identi
al to the equation used (not shown) to derive Eq. D.8for the un
orre
ted, piston removed phase varian
e, if the fa
tor 2 [1� 
os(�dz 
os�)℄ isrepla
ed by 1. When dz be
omes large, the 
osine term os
illates to zero, leaving just 2.
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Figure D.7. Contributions to the anisoplanati
 integrand of Eq. D.21 for (a) Piston Removed, (b)Tilt, and (
) Higher Order (beyond Tilt).For any given Zernike mode, the AO 
orre
ted phase varian
e will saturate at twi
e theun
orre
ted varian
e for the same mode.D.4.1 Angle o�setThe phase varian
e for an angular o�set after AO 
orre
tion is given by Eq. D.20, wheredz = �z [253, p. 61, 73, 174℄,�2'
 � = 2:914k2�5=3 Z L0 C2n(z)z5=3dz (D.26)= � ��0�5=3 (D.27)��5=30 = 2:914k2 Z L0 C2n(z)z5=3dz ; (D.28)where �0 is the isoplanati
 angle.From Eq. D.27, if the aim point is displa
ed by a distan
e ds along the missile awayfrom the ideal, a phase varian
e [261℄�2'
 d = � dsL�0�5=3 (D.29)results.Equations D.26 and D.27 are simple, but in pra
ti
al appli
ations for the ABL they leadto a substantial overestimate of the phase varian
e. They work reasonably well only for smallphase varian
e, where the piston removed varian
e is about the same as the total varian
e;
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Figure D.8. Varian
e redu
tion fa
tor � vs. normalized varian
e � for piston removed mode; seeEqs. D.30 and D.31.only piston removed is physi
ally interesting. For large displa
ement, the varian
e mustsaturate at twi
e that of Eq. D.8. The expression in Eq. D.20 in prin
iple is 
ompli
ated,depending on �0 and details of the turbulen
e pro�le and not having a simple s
aling withangle. In pra
ti
e, a reasonable approximation exists for a s
aling relation of �, the ratio ofthe phase varian
e for piston removed to the phase varian
e for all modes (Eq. D.27), as afun
tion of �, the ratio of the total varian
e to the total un
orre
ted varian
e (Eq. D.8),� = �2'
 pr(�=�0)5=3 (D.30)� = (�=�0)5=31:033(D=r0)5=3 : (D.31)It turns out that the relationship between � and � is nearly independent of the engagementparameters, as was pointed out in Refs. [261, 262℄, although expressed in slightly di�erentform. Figure D.8 shows this relation. Sin
e the �-� relationship s
aling is only approx-imate and depends on details of the engagement (ht and L) the line is an average overengagements of interest, but the di�eren
es are small (� < 10 per
ent). Thus, the pistonremoved varian
e may be estimated using the simple equation D.27 and multiplying it by� determined from �. Chara
teristi
ally, the piston removed varian
e is half or less that ofthe total varian
e.D.4.2 Feedba
k bandwidth and ABL and target motionThe motion of the ABL and missile through the atmosphere 
auses the air path throughwhi
h the beams travel to 
hange with time. This variation puts requirements on thefeedba
k bandwidth for the AO 
orre
tions. We 
onsider a model of an e�e
tive wind speed



S402 Appendix D. Beam Propagation and Corre
tions

0.1

1

10

0 50 100 150 200

P
ha

se
 V

ar
ia

nc
e 

 σ
2 ϕc

 B
W

Target Altitude  ht  (km)

2 x Clear-1 Night

Figure D.9. �2'
 BW for nf = 1 vs. target altitude ht for ranges, from bottom to top, L = 100, 200,300, 400, and 500 km.w, whi
h transports the turbulent atmosphere through the image path or beam path. Withrespe
t to the ground, w is linear in the propagation distan
e z and varies as a ve
tor from200 m/s horizontally at the ABL to 1.5 km/s to 7 km/s in the dire
tion of missile 
ight atthe lo
ation of the missile. This e�e
tive wind determines how rapidly the feedba
k mustrespond.The feedba
k 3-dB bandwidth of fB = 500 Hz leads to a phase varian
e (all modes) fora bandpass �lter of order nf [263℄, [253, p. 71℄, [262℄,�2'
 BW = �fGfB�5=3 (D.32)f3=5G = Kfk2 Z L0 C2nw5=3dz (D.33)Kf = 0:051nf sin(5�=6nf ) (D.34)= 0:102 (nf = 1)= 0:0196 (nf !1) :Figure D.9 shows the piston removed �2'
 BW for nf = 1 as a fun
tion of altitude for variousranges.6 The piston removed varian
e is smaller than the result of Eq. D.32 by a fa
tor ofabout 2.6The feedba
k �lter used for the ABL does not appear in the literature. A value nf = 2 �lter would redu
eKf by nearly a fa
tor of 4, lowering �2'
 BW by a fa
tor of 10. Higher-order �lters make little additionalimprovement.
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ts S403D.4.3 Extended bea
onAn extended bea
on leads to another form of anisoplanatism. The outgoing bea
on illumi-nator laser (BILL) is not AO-
ompensated, and its spot on the target will be larger thanoptimum; however, the extended nature is relatively benign. The result for a uniform 
ir-
ular bea
on [261℄ is the same as Eq. D.29, with ds repla
ed by � 0:1 � dspot, where dspotis the diameter of the bea
on spot. Be
ause the BILL is pulsed, the beam spot for ea
hpulse will be mu
h smaller than the time average of an un
orre
ted beam moving be
auseof tilt jitter. Se
tion D.5.1 dis
usses the spot for a \short exposure" and 
on
ludes that theFWHM will be, at worst, about 2� �=D for a low-altitude engagement and will be about1� �=D for high-altitude engagements.For a low-altitude engagement, ht = 30 km, L = 300 km, and �0 � 0:9�=D. Forthe bea
on FWHM = 2 � �=D, the resulting piston removed phase varian
e will be lessthan 0.07, resulting in less than a 7 per
ent loss of the Strehl ratio.7 For a high altitudeengagement, ht = 50 km, L = 500 km, �0 � 8�=D, and the bea
on FWHM = 1� �=D; thepiston removed phase varian
e is less than 10�3, for a negligible loss of Strehl ratio.More serious is the s
intillation that may a

ompany su
h a bea
on. This intensitymodulation 
an degrade AO performan
e. The tilt 
orre
tion along the missile is degradedby a fa
tor of the order of 2 to 3 [264℄.D.4.4 TiltThe anisoplanati
 phase varian
e for any Zernike mode may be 
omputed from Eq. D.19using the appropriate mode �lter Fn from Eq. D.22. The �lter Fn(x) sele
ts 
ertainranges of frequen
ies x � n. Consider �rst the 
ase whi
h 
orresponds to j�dz j � 1 andjDz=(2ndz)j � 1,8 and expand 1� J0(y) � y2=4. ThenId = 2:6052:914 Z 10 d��8=3 � Fz(�Dz=2) [1� J0(�dz)℄ (D.35)� 2:6052:914 d2z4 Z 10 d��2=3Fz(�Dz=2) : (D.36)Spe
ializing to the 
ase of tilt, Fn = Ftilt = (4J2(x)=x)2, and for an angular o�set � makingdz = �z Id � 0:2291 �2z2D1=3z : (D.37)Equation D.19 be
omes�2'
 tilt � 0:688k2 Z L0 dzC2n d2zD1=3z (D.38)� 0:688k2�2 Z L0 dzC2n z2D1=3z (D.39)� � ��t0 �2 (D.40)7The e�e
tive value of D may be less than 1.5 m be
ause of aperture sharing to make separate beams tominimize the s
intillation on the target; see Se
tion 21.1. No information is available to quantify how mu
hthe phase varian
e would be in
reased be
ause of this.8In pra
ti
e, Dz=(2ndz) > 1 is not a bad approximation.
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tions��2t0 = 0:688 k2D1=3 Z L0 dzC2n z2(1� z=L)1=3 : (D.41)The expression for the 
hara
teristi
 angle �t0 is similar to the expression for �0, having adi�erent multipli
ative fa
tor and slightly di�erent z weighting of C2n. A
tual 
omputationsshow that for the engagements 
onsidered, �t0=�0 = 2.7 to 3.0, depending only slightly onthe slant range or engagement altitude.Instead of the small anisoplanatism 
ase, the opposite extreme �dz � 1 makes J0 ! 0and the phase varian
e saturates, be
oming independent of � at twi
e the un
orre
ted tiltvarian
e of Eq. D.10.It is worth noting that the d2z dependen
e of the small anisoplanati
 behavior of the tiltmode is not spe
i�
 to this mode. Higher modes simply be
ome in
reasingly restri
tive ofthe region of appli
ability, and the sum of all modes 
hanges to d5=3 dependen
e.Equation D.40 is an approximation to Eq. D.20 for small angles. An argument similar tothat used to extra
t the phase varian
e for piston removed anisoplanatism 
an be made toextend the result of Eq. D.40 to 
ompute the large-angle-tilt anisoplanatism. In parti
ular,the ratio � of the 
orre
t tilt phase varian
e to the approximate result of Eq. D.40 is relatedto the ratio � of the approximate varian
e to the total un
ompensated varian
e� = �2'
 tilt(�=�t0)2 (D.42)� = (�=�t0)21:033(D=r0)5=3 : (D.43)Again, this relationship depends only slightly on the details of the engagement parameters.Figure D.10 shows the 
orre
tion fa
tor averaged over 
hara
teristi
 engagements. The
orre
t tilt phase varian
e is obtained by using the result of Eq. D.40 multiplied by �, whi
his determined from the 
orresponding value of �.D.4.5 Time delayIn Se
tion 21.3.1, a method is dis
ussed to redu
e the tilt anisoplanatism by introdu
ing adelay between the re
eipt of the nose image and the 
ommand to the outgoing tilt mirror.This se
tion quanti�es the tilt anisoplanatism 
aused by this delay � = Æd=v, where Æd isthe desired o�set down the missile, and v is the speed of the missile.Using Eq. D.19, the phase varian
e 
an be 
omputed for dz = w(z)� , where w is thee�e
tive wind speed as a fun
tion of z. Sin
e the opti
al engagement attempts to use thesame air 
olumn for the return beam as that taken by the nose image, w(z) = w0(1� z=L),where w0 is the speed of the ABL through the air. The desired phase varian
e is obtainedby using an appropriate �lter fun
tion.The 
ase usually treated in the literature is FZ = 1, i.e., all modes, whi
h results in�2'
 � = 2:914k2 Z L0 dzC2nd5=3z (D.44)= 2:914k2(w0�)5=3 Z L0 dzC2n(1� z=L)5=3 (D.45)= 6:89 �w0�r0 �5=3 ; (D.46)where use has been made of Eq. D.6.
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Figure D.10. Varian
e 
orre
tion fa
tor � vs. normalized varian
e � for tilt mode; see Eqs. D.42and D.43.Of interest here is the varian
e for tilt only. Using Eq. D.38, we obtain�2'
 � tilt = 0:688k2 (�w0)2D1=3 � Z L0 dzC2n (1� z=L)2(1� z=L)1=3 (D.47)= 1:58�w0�r0 �2 �r0D�1=3 ; (D.48)again using Eq. D.6. For most engagements, espe
ially low-altitude ones, the ratio of theresult of Eq. D.40 to Eq. D.48 for the same o�set Æd at the missile, i.e., � = Æd=L and� = Æd=v, is large, meaning that the use of the delay 
an signi�
antly redu
e the tiltvarian
e.D.5 Strehl Ratio DetailsD.5.1 Beam shape and partial AO 
ompensationThe Strehl ratio SR is given by Eq. D.14 for small phase varian
es and by Eq. D.13 forlarge phase varian
es. Sometimes SR is simply related to the beam shape, and sometimesit is not. This se
tion examines the relationship.The 
ore of the di�ra
tion-limited intensity pro�le (Eq. 19.1) 
an be approximated bya Gaussian with a standard deviation �0,IG(�; �) = 12��20 e��2+�22�20 (D.49)�0 = 0:45�=D :
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tionsFor present purposes, a Cartesian 
oordinate system is more 
onvenient, in whi
h � = x=Land � = y=L. We investigate how this pro�le 
hanges when the system is not di�ra
tionlimited be
ause of in
omplete AO 
ompensation. Referen
es [253, p. 155 �, and 269 �℄ and[257, p. 115 �℄ dis
uss this issue in more depth.Un
ompensated (or partially 
ompensated) tilt rapidly moves the 
entroid of the beamspot. If the only AO error were tilt, then the response would be (in this approximation)the 
onvolution of Eq. D.49 with a Green's fun
tion derived from Eq. D.7 for single-axistilt, whi
h is Gaussian G(�; �;u; v) = 12��tx�ty e� (��u)22�2tx � (��v)22�2ty ; (D.50)where we allow di�erent single-axis tilt for the x and y axes. Sin
e the 
onvolution of twoGaussians is another Gaussian (in ea
h dimension), with a new varian
e being the sum ofthe 
omponent varian
es, 
omputing the new beam pro�le is easy.It(�; �) = 12��x�y e� �22�2x � �22�2y (D.51)�2x = �20 + �2tx�2y = �20 + �2ty :The Strehl ratio in this approximation then be
omesSR � �20�x�y : (D.52)Referen
e [253, p. 168℄ analyzes the 
ase �tx = �ty = �t usingSR � 11 + � �p2 �t�=D�2 (D.53)(to whi
h Eq. D.52 redu
es) and says that this approximation is asymptoti
ally 
orre
t forvery small �t or very large �t. For intermediate values, it overestimates the 
orre
t Strehlratio by � 10 per
ent.The behavior of the beam shape for un
orre
ted higher-order errors 
an be di�erent.This is of interest if the tilt is well 
orre
ted or irrelevant, su
h as the image of a singlepulse from the BILL (or \short exposure" in astronomy). Referen
e [253, p. 271℄ dis
ussesthe former 
ase, in parti
ular for anisoplanatism. The result is that for small angular aniso-planatism, the beam power on axis de
reases without substantial 
hange in the 
ore beamwidth. The lost power is distributed into a large halo. As the degree of anisoplanatismin
reases from zero, the beam intensity at an angle � � 0:85�=D remains approximately
onstant at a value of 10 per
ent of the 
entral di�ra
tion-limited value. For larger aniso-planatism, the 
ore disappears, and only a roughly Gaussian halo remains.Referen
e [257, p. 93℄ dis
usses the short exposure resolution, i.e., spot size, as a fun
tionof r0=D. The beam size is shown to follow the di�ra
tion-limited value for r0=D � 1, thenbroadens to about twi
e the di�ra
tion limit for r0=D = 0.2, eventually approa
hing theun
ompensated size as r0=D de
reases. Our 
ases of interest are 0.26 m � r0 � 0.8 m, or0.17 � r0=D � 0.53, so the 
ore width will be between 1 and 2 times the di�ra
tion-limitedwidth.



D.5. Strehl Ratio Details S407D.5.2 Combining Strehl ratiosThere are many di�erent sour
es of degradation of the Strehl ratio, and it is not 
lear howto best estimate the aggregate e�e
t, apart from dire
t measurements. A 
ommonly usedpra
ti
e, with no parti
ular justi�
ation, is to simply take the produ
t of the Strehl ratios,SR = Yi=1;N Si : (D.54)In reality, what should be done is to make a 
onvolution of all of the point spread fun
tionsin
luding phase 
orrelations for ea
h of the e�e
ts. In pra
ti
e, the point spread fun
tionsare not well known, but their phase varian
es 
an be 
al
ulated, from whi
h a Strehl ratiomay be estimated.Se
tion D.5.1 dis
usses the beam pro�le and asso
iated Strehl ratio for di�erent 
ases ofpartial AO 
orre
tion. Residual tilt errors are expe
ted to be a substantial 
ontribution tothe loss of ABL AO performan
e. Su
h errors are expe
ted to produ
e Gaussian smearingof the beam spot, although perhaps asymmetri
 in orthogonal dire
tions. The Strehl ratiofor one symmetri
 
ontribution, S1, is given by Eq. D.52 for �1 = �x = �y, resulting inS1 = �20�20 + �21 :Suppose another su
h 
ontribution S2 has the same form with �2. The 
ombined Strehlratio of the two is S�1R = 1 + (S�11 � 1) + (S�12 � 1) ; (D.55)whi
h generalizes for N 
ontributions toS�1R = 1 + Xi=1;N(S�1i � 1) : (D.56)Note that Eqs. D.56 and D.54 give similar results if all the Strehl ratios are near 1, but theresults 
an be quite di�erent otherwise.Although Eq. D.55 was derived assuming symmetri
 distributions, numeri
ally it givesa result 
lose to Eq. D.52, even for rather asymmetri
 
ases. It is expe
ted that the ABLtilt errors are about twi
e as large along the missile axis as a
ross it, for whi
h the errormade by the use of Eq. D.55 is very small.On the other hand, un
orre
ted anisoplanati
 errors have a di�erent behavior. Forsmall anisoplanati
 errors, a narrow 
ore is preserved whose peak simply de
reases within
reasing anisoplanatism, but whose width stays 
onstant. Combining su
h 
ases might bemore reasonably done with Eq. D.54. At large anisoplanatism, however, the 
ore disappears,and the pro�le simply broadens, suggesting the use of Eq. D.56.An example of the 
omplexity of 
ombining 
ontributions to the Strehl ratio is dis
ussedin [253, p. 180℄, whi
h 
ombines three di�erent anisoplanati
 errors. The result is that thereis no unambiguous rule-of-thumb method for 
ombining Strehl ratios be
ause of 
orrelationsbetween the various 
ontributions. Equation D.54 may substantially underestimate the trueStrehl ratio, or even overestimate it, depending on the 
orrelations between the sour
es ofthe phase varian
e. This referen
e does not examine Eq. D.56, but from the informationprovided, the same 
on
lusion may be rea
hed for this form, although the extreme deviationsare smaller.
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tionsReferen
e [264℄ used Eq. D.55 and 
ompared 
al
ulations to measurements made withthe Advan
ed Con
epts Laboratory. This form represented the measurements well, butEq. D.54 did not do as well. We have 
hosen to use Eq. D.56 throughout in the interest ofsimpli
ity and the apparent agreement with measurements.D.5.3 Strehl ratio beyond the Mar�e
hal limitThe simple form for the Strehl ratio given in the extended Mar�e
hal limit by Eq. 19.3or D.14 
an substantially underestimate the Strehl ratio for many 
ases of interest for theABL. Referen
e [253, p. 168 et seq.℄ dis
usses this, in whi
h the phase 
ontribution to theStrehl ratio with anisoplanatism is given bySR � exp(��2'
)�h1 + 0:9736E + 0:5133E2 + 0:2009E3 +0:06970E4 + 0:02744E5i ; (D.57)where E depends on the anisoplanatism in the form of moments similar to, but di�erentfrom, those used for �2'
. In its dependen
e on the anisoplanati
 parameter, su
h as theangle o�set, E / ��2'
�6=5, and the proportionality 
onstant may not be small 
omparedto 1. The reader is dire
ted to this referen
e for further dis
ussion of this topi
 for angularand time-delay anisoplanatism.D.6 Minor IssuesD.6.1 Phase only 
orre
tionThe ABL AO system does only phase 
orre
tion, and at this time there are no implementedmethods available to do amplitude 
orre
tions. Proposals exist to do amplitude 
orre
-tion [265, 266℄. Not doing an amplitude 
orre
tion degrades the Strehl ratio by a fa
torof about exp(��2R), whi
h is signi�
ant, but not intolerable, sin
e �2R � 0.5 np2 for ABLengagements. S
intillation in and of itself does not 
hange the engagement. The hot and
old spots move rapidly within the engagement time, averaging out.D.6.2 Thermal bloomingThermal blooming was a major 
on
ern for the ground-based 
w lasers 
onsidered forthe Strategi
 Defense Initiative, but it is of very little 
on
ern for the ABL. The phe-nomenon [256℄ is a non-linear e�e
t that arises from the absorption of a small part of thebeam energy by the atmosphere. This 
auses the air to heat up, and in turn, the indexof refra
tion is redu
ed in a non-uniform fashion. Be
ause of the variation of the index ofrefra
tion indu
ed a
ross the beam pro�le, the propagation is disturbed from that o

urringin a homogeneous medium. Absorption at � = 1:315 �m is very small, and the amountof absorption de
reases rapidly with altitude with respe
t to the value at ground level. Inaddition, for the ABL the e�e
t is greatly mitigated by the motion of the air
raft 
arryingthe laser, be
ause a fresh 
olumn of air is 
onstantly being swept into the beam line. Theex
eption o

urs for very forward engagements, i.e., along the line of 
ight of the air
raft.In this 
ase, the motion does little to bring fresh air into the beam path.The method used to estimate the e�e
t is adapted from Ref. [256℄. Equation D.58des
ribes the heat 
ow �Cpw � rT + k
r2T � �I = 0 ; (D.58)



D.6. Minor Issues S409where � is the density of air, Cp is the heat 
apa
ity at 
onstant pressure, w is the e�e
tivewind velo
ity 
oming from the motion of the ABL and the slewing of the beam as itfollows the target, T is the temperature, k
 is the thermal 
ondu
tivity, � is the absorption
oeÆ
ient per unit length, and I(r) is the beam intensity. For the ABL, the heat transportby the e�e
tive wind greatly ex
eeds the transport by 
ondu
tion. Take the wind to be inthe x dire
tion. Then �Cpw�T�x = �I : (D.59)Changes in temperature 
ause 
hanges in air density, whi
h in turn 
ause 
hanges in theindex of refra
tion. �(n� 1)n� 1 = ��� = ��TT (D.60)dndT = �n� 1T : (D.61)Gradients in n 
ause de
e
tions of the light a

ording to the eikonal equationd2rdz2 = 1nr?n : (D.62)Approximating n by 1 and 
ombining Eqs. D.59 and D.62 we haved2xdz2 = �n�x = dndT �T�x= dndT �I�Cpw : (D.63)Integrating Eq. D.63 depends on the intensity pro�le, whi
h in turn 
an 
hange with zbe
ause of fo
using as well as the thermal blooming itself.Referen
e [256℄ quotes a result for a Gaussian beam having a 1=e radius a. It 
ites theratio of the intensity at the target with blooming to that without blooming asI(Bloom)I(no Bloom) = 11 +B2 (D.64)B = B0IB : (D.65)Taking this form and allowing �, T , a, and w to vary along the path ((1=�)(dn=dT ) is
onstant) B0 = �dn0dT �0PL24��0Cpw0a30 (D.66)IB = 2L2 Z L0 a0a(z)dz � Z z0 a20w0�(z0)T0a2(z0)w(z0)�0T (z0)dz0 ; (D.67)where the subs
ript 0 refers to the value of the parameter at the ABL, i.e., z = 0, L isthe distan
e from the ABL to the target, and P is the total power. By 
onstru
tion, ifnone of the variables in Eq. D.67 depended on z, then IB = 1. In fa
t IB � 1 for a highengagement be
ause � falls rapidly for altitudes above 22 km; in addition w in
reases withz. The 
hanges of a and T along the path are not large where � is large.
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tionsValues for the extin
tion 
oeÆ
ient (whi
h is larger than the absorption 
oeÆ
ientbe
ause of s
attering) vs. altitude for � � 1:02 �m are available from Ref. [267℄. They fallfrom 6� 10�4 km�1 at 6 km to about 3� 10�4 km�1 at h = 10 km, followed by a plateauof about 2 to 1 �10�4 km�1 from 12 to 22 km. Above 22 km, they fall rapidly.Consider B0 for a 
hara
teristi
 engagement. We ignore the s
attering 
omponent 
on-tained in the extin
tion 
oeÆ
ient and use it for �. Use these values of the parameters:� T0 = �50C = 223K� Cp = 1:0 J/(gK)� P = 3 MW� w0 = 0:2 km/s� L = 500 km� (1=�)(dn=dT ) = �1:0� 10�3 
m3=(g K)� �0 = 2� 10�4 km�1� a0 = 0:75 mThis gives B0 = 0:14, whi
h is a pessimisti
 limit, be
ause the true beam pro�le is morenearly uniform than Gaussian, resulting in lower gradients.A simple estimate of IB 
an be made for a high-altitude engagement. Suppose � = �0for ha � h � h
, and 0 elsewhere, where ha = 12 km is the altitude of the ABL, andh
 = 22 km is a 
uto� altitude for �. Let tan �e be the tangent of the engagement-altitudeangle. Then the inner integral of Eq. D.67 will saturate at L
 � (h
 � ha)= tan �e. ThenIB � 2L2LL
� 2(h
 � ha)L tan �e : (D.68)For the 
ase 
onsidered, and a target altitude of ht = 100 km, tan �e � 0:2 and IB � 0:2.The produ
t B = B0IB � 0:029, whi
h in Eq. D.64 results in a negligible e�e
t for thermalblooming. A low-altitude engagement, ht = 30 km and L = 300 km gives B0 = 0:05,IB � 1, and B � 0:05. This also results in negligible blooming. Stated di�erently, the beampower is at least an order of magnitude below that whi
h 
ould begin to raise 
on
ern forengagements of interest.From this dis
ussion, it is 
lear that the dead region in the very forward region for whi
hthermal blooming 
ould be a 
on
ern is very small, sin
e the e�e
tive wind would s
ale asthe 
omponent transverse to the beam.D.6.3 Bran
h pointsThe phase information is typi
ally re
onstru
ted from wavefront sensor data using a least-squares approa
h, whi
h may not represent the true phase. A 
hara
teristi
 of the strongturbulen
e with whi
h the ABL must 
ontend is that the phase may not be smooth; it mayhave dis
ontinuities or bran
h points [268, 255, 269, 270℄. When the intensity vanishes,e.g. be
ause of s
intillation, the phase is unde�ned. Experimental phase 
onjugation of
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ontinuous wavefronts 
annot be done by means of a 
ontinuous fa
eplate mirror. Thise�e
t has been taken into a

ount in the Firepond, Brassboard and ACL measurements. Itseems that the problem looks worse at �rst sight than it really is. The number of bran
hpoints in
reases not quite linearly with �2R [268℄, but they appear to 
ome in positive-negative pairs whi
h are 
lose together, so that they tend to 
an
el [271℄. More elaboratewavefront re
onstru
tion te
hniques 
ould result in a signi�
ant improvement in Strehl ratio,as large as a fa
tor of 2 [272℄.D.6.4 Chromati
 anisoplanatismBe
ause the wavelengths of the BILL, TILL, and HEL are di�erent, an error may be intro-du
ed in the AO applied to the HEL beam. This is a 
hromati
 anisoplanatism that hasnot been analyzed here, but it is expe
ted to be a small e�e
t. See [253, p. 177℄.D.6.5 IonizationIonization and stimulated Raman s
attering [273, p. 108℄ were issues for pulsed lasers
onsidered in the Strategi
 Defense Initiative in the mid-1980s. These non-linear e�e
tsarise from the peak power. The 
w nature of the ABL laser simpli�es things greatly. Inparti
ular, these non-linear e�e
ts are not an issue be
ause of the relatively low peak powerdensities 
ompared to pulsed lasers of similar or even lower average power.D.6.6 AerosolsA 
ontroversy arose at a SPIE meeting in April 2001 [274℄ and subsequent news 
over-age [275℄ over the possibility that aerosols in the atmosphere, even at the ABL altitude,
ould have a deleterious e�e
t on ABL performan
e. This 
laim appears to be at varian
ewith other observations of aerosol 
on
entrations [276, 267℄, and there appear to be someinternal in
onsisten
ies as well. We do not regard aerosols to be a signi�
ant problem.



S412 Appendix D. Beam Propagation and Corre
tionsBox D.1: Symbols Used in This AppendixD Kolmogarov stru
ture fun
tion (Eq. D.1)C2n lo
al measure of turbulen
e (Se
tion 19.2)� wavelength (Se
tion 19.1)ro Fried parameter (Eq. D.6)�t rms tilt angle of laser beam, due to turbulen
e (Eq. D.7)�2' opti
al varian
e of phase, due to turbulen
e (Eq. D.16)SR Strehl ratio (Eq. 19.2)�2R Rytov varian
e (Eq. D.12)Dz diameter of laser beam at distan
e z from laser (Se
tion D.4)te dwell time of laser beam on target (Se
tion 20.1)L distan
e from laser to target (Se
tion 19.1)v speed of target (21.3.1)Æ distan
e along missile (Fig. 21.2)��2' tot phase varian
e (Eq. 21.1)F 
uen
e (energy per unit area) (Se
tion 20.1)Fz Zernike moment extra
tion �lter (Eq. D.22)a a

eleration of target ( Se
tion 21.3)�0 isoplanati
 angle (Se
tions 19.2, D.4.1 )� phase redu
tion fa
tor (Eqs. D.30, D.42)� density of air (Se
tion D.6.2, only)� normalized varian
e (Eqs. D.31 and D.43)� 
hara
teristi
 time for de
rease of Strehl ratio (Eq. 21.7)ht altitude of target (21.4.4)
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GlossariesA
ronymsAAM air-to-air missileABL The Airborne Laser SystemABM anti-ballisti
 missileACS attitude 
ontrol systemAIT Advan
ed Inter
eptor Te
hnologyALCM air-laun
hed 
ruise missileALEXIS Los Alamos R&D satelliteALL Airborne Laser LaboratoryAN/APY-2 air surveillan
e radar used in the 
urrent E-3 AWACS air
raftAN/SPY-1B multifun
tion radar of the U.S. Aegis systemAO adaptive opti
sAPD avalan
he photodiodeAPN augmented proportional navigationAPS Ameri
an Physi
al So
ietyARS a
tive ranging systemASAT a weapon designed to destroy satellites in spa
eATKV Advan
ed Te
hnology Kill Vehi
le, Livermore Laboratory 
on
eptual designAWACS airborne warning and 
ommand systemBHP basi
 hydrogen peroxideBILL bea
on illuminating laserBMD ballisti
 missile defenseBMDO Ballisti
 Missile Defense OÆ
e (now Missile Defense Agen
y)BPI boost-phase inter
ept S415



S416 GlossariesCCD 
harge-
oupled devi
eCOIL 
hemi
al oxygen-iodine laser
w 
ontinuous waveDACS divert and attitude 
ontrol systemDF-5 a Chinese liquid-propellant ICBMDSP Defense Support Program, missile laun
h warning satelliteECM ele
troni
 
ountermeasureEELV evolved expendable laun
h vehi
le (USAF term)EKV exoatmospheri
 kill vehi
leERINT/PAC3 Extended Range Inter
eptor of Patriot Advan
ed Capability-3 systemERIS Exoatmospheri
 Reentry Inter
ept SystemFLAGE Flexible Light-weight Agile Guided ExperimentFOV �eld of viewGAO General A

ounting OÆ
eGEMS generalized energy-management steeringGEO geosyn
hronous Earth orbitGIP Ground inter
ept point, i.e., the point on Earth's surfa
e verti
ally below the inter
eptpointGPS Global Positioning SystemHEDI High Endoatmospheri
 Defense Inter
eptorHEL high energy laserHIT spinning kill vehi
le prototyped and tested in the 1970sHKV homing kill vehi
le (alternative: KV)HOE Homing Overlay ExperimentI-1 the �rst of two 
onstrained inter
eptor models used in this study; similar to the Stan-dard Missile SM-2I-2 the se
ond of two 
onstrained inter
eptor models used in this study, 
hara
teristi
s ofwhi
h are listed in Table 16.4I-3 the �rst of three inter
eptor models used in this study, 
hara
teristi
s of whi
h arelisted in Table 16.1



S417I-4 the se
ond of three inter
eptor models used in this study, 
hara
teristi
s of whi
h arelisted in Table 16.2I-5 the third of three inter
eptor models used in this study, 
hara
teristi
s of whi
h arelisted in Table 16.3ICBM inter
ontinental ballisti
 missileICBM model L the liquid-propellant missile model used in this study, 
hara
teristi
s ofwhi
h are listed in Table 15.3; similar to the Chinese DF-5ICBM model S1 the �rst of two solid-propellant missile models used in this study, 
har-a
teristi
s of whi
h are listed in Table 15.4ICBM model S2 the se
ond of two solid-propellant missile models used in this study,
hara
teristi
s of whi
h are listed in Table 15.5IFUs in-
ight updatesIGR inter
eptor ground range, ground distan
e from �ring point to inter
ept pointIMU inertial measurement unitIOC initial operational 
apabilityIP inter
ept point of KV with threat missileIR infraredIRBM intermediate-range ballisti
 missileIRST infrared sear
h and tra
kIRTU inertial-referen
e transfer unitISP spe
i�
 impulse of propellantKEW kineti
-energy weaponKV kill vehi
le, the last stage of an inter
eptor with guidan
e and maneuvering 
apabilityfor homing in on and hitting the missileKKV kineti
 kill vehi
le, synonymous with KVLEAP Lightweight Exoatmospheri
 Proje
tileLEO low-Earth orbitLIDAR light dete
tion and rangingLLNL Lawren
e Livermore National LaboratoryLOF line of 
ightLOS line of sightLWIR long-wavelength infrared



S418 GlossariesM-1 same as missile model TBM-1M-2 same as missile model TBM-2MCT mer
ury 
admium tellurideMHV Miniature Homing Vehi
leMIRV multiple independently targeted re-entry vehi
leMRBM medium-range ballisti
 missileMWIR medium-wavelength infraredNIE National Intelligen
e EstimateNK North KoreaNMD National Missile DefenseNSBS Notional spa
e-based sensor systemPDRR program de�nition and risk redu
tionPG predi
tive guidan
ePN proportional navigationPOCA point of 
losest approa
hRCS radar 
ross se
tionRF radio frequen
yrms root mean squareRULLI remote ultra low light imagingRV re-entry vehi
leS-200 Russian long-range SAM system; also referred to as SA-5SA-5 Russian long-range SAM systemSA-12 Russian long-range SAM systemSAM surfa
e-to-air missileS-band the radar band 2.7 to 3.3 GHzSBIRS spa
e-based infrared systemSBIs spa
e-based kineti
 energy inter
eptorsSLBM submarine laun
hed ballisti
 missileSLV spa
e-laun
h vehi
le



S419SM standard missileSPIE International So
iety of Opti
al EngineersSPY-1B Aegis radar (
omplete designation: AN/SPY-1B)SS-18 largest ICBM in former Soviet inventory 
redited with 
arrying 10 RVsSWIR short wavelength infraredTBM theater or ta
ti
al ballisti
 missile (short range)TBM-1 the �rst of two medium-range ballisti
 missiles models used in this study, 
hara
-teristi
s of whi
h are listed in Table 15.6TBM-2 the se
ond of two medium-range ballisti
 missiles models used in this study, 
har-a
teristi
s of whi
h are listed in Table 15.7TGR threat missile ground range, ground distan
e from laun
hing point to inter
ept pointTHAAD Theater High-Altitude Area Defense systemTILL target illuminator laserTLP threat missile laun
h pointUSAF United States Air For
eUV ultravioletVLS verti
al laun
h system used on Aegis shipsX-band the radar band from 8.5 to 10.7 GHzYAG yttrium-aluminum-garnet (laser material)ZEM zero e�ort miss, distan
e of kill vehi
le miss if guidan
e 
eases



S420 GlossariesTe
hni
al Termsangle of atta
k the angle between a vehi
le's 
enterline and its velo
ity ve
torbarrage noise jammer a jammer in whi
h random noise is emitted over the expe
tedtuning range of the vi
tim radarbasket the volume (relative to the target position) within whi
h the kill vehi
le mustlie (1) for its seeker to a
quire the target or (2) for the endgame to be initiatedsu

essfullyboost phase the initial phase of a missile's 
ight during whi
h its ro
ket motors are burn-ing
losing velo
ity the rate of 
hange of range between the kill vehi
le and the target ro
ket
loud opti
al depth 
loud thi
kness in units of the mean free path for photon s
attering
ommand guidan
e guidan
e of the inter
eptor by a 
ommand link from an externalstation using external information about the traje
tories of the target and inter
eptor
uto� time the time at whi
h a ro
ket's thrust is terminatedde
ision time The time interval between the moment an a

eptable �ring solution is �rstobtained and the moment the �rst inter
eptor is �red; see also maximum de
isiontimedivert 
apability the ability of an inter
eptor or kill vehi
le to 
hange its velo
ity to rea
ha di�erent inter
ept point, usually in response to a 
hange in the target's traje
torydivert velo
ity the absolute magnitude of the total 
hange in speed and dire
tion of theupper stage of an inter
eptor from its original aim pointdry mass the mass of the kill vehi
le ex
lusive of its fuelendgame the �nal few se
onds of homingengagement a sequen
e of events in whi
h a target ro
ket is dete
ted and tra
ked and anattempt is made to inter
ept it; see inter
eptendoatmospheri
 inside the atmosphere, typi
ally at an altitude below 100 kmexoatmospheri
 outside the atmosphere, typi
ally used to refer to altitudes greater than80 to 100 km.�ring time as used here, the time between laun
h of the target ro
ket and �ring of theinter
eptor
ight path angle angle of a ro
ket's velo
ity ve
tor from the lo
al horizontal
yout fan a map of inter
eptor 
yout possibilities and limits showing possible traje
toriesfrom the inter
eptor's base or station and 
ontours of 
onstant time from the timeof laun
h; also referred to as 
yout 
hara
teristi
sground inter
ept point (GIP) point on the ground dire
tly below the inter
ept point



S421hardbody the me
hani
al stru
ture of a ro
ket, as distin
t from its exhaust plumehoming the phase of kill vehi
le guidan
e in whi
h on-board sensors 
ontinually observethe target and guide the kill vehi
le to an inter
eptinter
eptor ground range (IGR) distan
e from inter
eptor �ring point to ground inter-
ept pointimpa
t range the distan
e around Earth's surfa
e from a missile's laun
h site to the lo-
ation where its payload strikes the ground; see also rangein-band luminosity as used here, power radiated in all dire
tions within a pres
ribedbandpass (referring to IR)in-band radian
e as used here, power per unit area and solid angle within a pres
ribedbandpass (referring to IR)intensity as used here, power per unit area and solid angleinter
ept the portion of an engagement in whi
h the inter
eptor attempts to damage ordestroy the targetinter
eptor basing area the area within inter
eptor ground range of the inter
ept pointsfor su

essfully defending a parti
ular area against a parti
ular missileinter
ept point (a) the lo
ation in spa
e where an inter
eptor will attempt to inter
eptthe target; (b) the lo
ation in spa
e where an inter
eptor su

eeds in inter
eptingthe targetinter
ontinental ballisti
 missiles (ICBMs) missiles with a range of more than 5,500 kmintermediate-range ballisti
 missiles (IRBMs) missiles with a range of 3,000 to 5,500 kmintrinsi
 
ore the altitude-invariant emission from a ro
ket exhaust plume produ
ed bythe exhaust produ
ts as they expand into a low-pressure environment; also 
alled theva
uum 
oreirradian
e power per unit areaisoplanati
 angle a measure of how rapidly the AO phase 
orre
tions 
hange with anglefrom the 
enter of view be
ause the beam passes through a di�erent portion of theatmospherejinking maneuver a periodi
 (square-wave or sinusoidal) a

eleration of a target missileKalman �lter a re
ursive algorithm that 
omputes the 
onditional mean and 
ovarian
eof the probability distribution of the state of a linear sto
hasti
 system with pro
essnoise and measurement noise that are both un
orrelated and Gaussiankill vehi
le the last stage of an inter
eptor with guidan
e and maneuvering 
apability forhoming on and hitting the target ro
ketlaten
y the time delay of the target state estimate formed in the tra
king system and thea
tual target state



S422 Glossariesline of 
ight as used here, the instantaneous dire
tion of 
ight of an Airborne Laser air-
raftline of sight (LOS) line of sight between (1) a kill vehi
le and its target or (2) a sensorand its targetline-of-sight angle the angle between a kill vehi
le's line of sight and a �xed referen
edire
tionluminosity power radiated in all dire
tions in all wavebandslunge maneuver an abrupt step in a

eleration of the target missile, de�ned here as beingnormal to the kill vehi
le's line of sightmass fra
tion ratio of propellant mass to total propulsion system massmaximum de
ision time The time interval between the moment an a

eptable �ringsolution is �rst obtained and the last moment an inter
eptor 
ould be �red and stilla
hieve inter
ept early enough to prevent munitions from falling on the defendedarea; see also de
ision timemedium-range ballisti
 missiles (MRBMs) missiles with a range of 1,000 to 3,000 kmmid
ourse phase the phase of a long-range missile's 
ight when it has risen above theatmosphere and begins to deploy its munitions or penetration aids; the mid
oursephase ends when the missile's munitions re-enter the atmosphereMinuteman U.S. solid-propellant ICBM with three models, range 13,000 kmmiss distan
e the 
losest approa
h of the kill vehi
le to the aimpoint on the target ro
ketMODTRAN a moderate-resolution atmospheri
 transmission 
ode developed by the AirFor
e Resear
h LaboratoryNo Dong North Korean medium-range ballisti
 missilepenetration aid any 
ountermeasure designed to help a warhead penetrate defensesPegasus an air-laun
hed spa
e vehi
le developed by Orbital S
ien
es Corporationplume see ro
ket exhaust plumePoseidon a 
lass of U.S. nu
lear-submarine-laun
hed ballisti
 missilespredi
ted inter
ept point the lo
ation in spa
e where an inter
eptor is expe
ted to in-ter
ept the targetradian
e as used here, power per unit area, solid angle, and wavelengthrange (a) the distan
e around Earth's surfa
e from a missile's laun
h site to the lo
ationwhere it's payload strikes the ground; (b) the distan
e between a sensor (or killvehi
le) and its targetro
ket exhaust plume the 
loud of hot, 
hemi
ally a
tive gas eje
ted from the nozzle ofa ro
ket motor



S423shortfall impa
t of a missile's payload at a range short of its target 
aused by prema-ture termination of its thrust, possibly 
ausing live nu
lear, 
hemi
al, or biologi
almunitions or debris to strike the United States or 
ountries friendly to the UnitedStatesshort-range ballisti
 missiles (SRBMs) missiles with a range less than 1,000 kmshroud an aerodynami
 stru
ture that prote
ts the payload of a missile while it is as
endingthrough the atmospheresine alpha steering a homing system in whi
h a single axial thruster is used on the killvehi
le and the kill vehi
le's a

eleration normal to the line of sight is 
ontrolled bythe angle of the thrust axis relative to the 
losing velo
ity ve
torslant range distan
e from ABL to target (as distin
t from ground range)spe
i�
 impulse the ratio of thrust to propellant mass 
owspe
tral intensity power per unit area, solid angle, and wavelength or frequen
ystaging ratio ratio of propulsion stage mass to the mass of su

essive propulsion stagesof a multi-stage ro
ketstando� distan
e distan
e between the laun
h site of a target missile and lo
ation wherea defensive inter
eptor or tra
king sensor is based or stationedStrehl ratio ratio of the peak irradian
e delivered by a parti
ular laser to the peak irra-dian
e delivered by a di�ra
tion-limited system with the same powersu

essful engagement an engagement in whi
h the target missile is inter
epted anddisabled or destroyed before it 
an in
i
t damage on the defended areasu

essful inter
ept an inter
ept that disables or destroys the target missile before it 
anin
i
t damage on the defended areaswit
hba
k maneuver an abrupt reversal of a missile's angle of atta
kterminal phase the �nal phase of a missile's 
ight; it begins when its munitions re-enterthe atmosphere and ends when they detonate or strike the groundterrestrial inter
eptor land-, sea-, or air-based inter
eptorthermal blooming transverse growth of a laser beam's size resulting from heating by thebeam of the air through whi
h the beam passesthreat missile ground range (TGR) distan
e around Earth's surfa
e from a missile'slaun
h site to the ground inter
ept pointtime-to-go the time remaining before the 
losest approa
h of the inter
eptor to the targetro
kettn abbreviation for tonne (metri
 ton)tonne metri
 ton= 1; 000 kg



S424 Glossariestotal velo
ity 
hange �V the integral of the absolute magnitude of the kill vehi
le'sa

eleration from the time it is deployed to the end of an engagementTrident (a) a 
lass of U.S. ballisti
 missile submarine; (b) the 
lass of U.S. nu
lear-submarine-laun
hed ballisti
 missiles 
arried by Trident submarinestrough region the altitude interval during the rise of a ro
ket laun
hed from near thesurfa
e of Earth during whi
h the IR emission from its exhaust plume is relativelylowva
uum 
ore the altitude-invariant emission from a ro
ket exhaust plume produ
ed bythe exhaust produ
ts as they expand into a low-pressure environment; also 
alledthe intrinsi
 
orewallplug eÆ
ien
y the ratio of useful power delivered by a laser to the total input powerwet mass the mass of the kill vehi
le when fully loaded with fuel.


