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Nuclear Weapons Safei'y":"'
The Cdase of Trident

John R. Harvey® and Stefan MichalowskiP?

An accidental detonation or ignition of propellant in a Trident missile, or of explosive

: );, ~material in one of the warheads, could lead to dispersal of toxic plutonium into a popu-

lated area. We examine the details of Trident nuclear weapons safety and assess the

d feasibility, cost and consequences of safety-enhancing modifications to the missiles and
7 warheads. We find that the operational impacts of such modifications would be minor,

especially if the number of warheads per missile is decreased as a result, of START II.
Several billion dollars, and a small number of nuclear tests, would be needed to
enhance safety for Trident.

- e -.\f('
Y 77| INTRODUCTION

With the end of the Cold War, the issue of nuclear weapons safety has
acquired new significance. The acceptance of these weapons by the American
public has always been contingent on the belief that the safety risk is less
threatening than the risk of not having an effective nuclear deterrent. With a
diminished likelihood of nuclear war, new standards of safety may be in order.

o # In reviewing the safety of the nation’s nuclear arsenal, some of the most chal-
l ~ lenging questions arise in connection with America’s premiere strategic
3 1 e powd A 2 . weapon: Trident. .
; Ty P The Trident system consists of the Ohio-class ballistic-missile-carrying
' j. HJ}? Ao R e submarines (SSBNs), the C-4 and D-5 submarine-launched-ballistic missiles
R ~ "7 (SLBMs), and the reentry vehicles (RVs) and thermonuclear warheads com-
3 7
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262 Harvey and Michalowski

prising the Mk4/W76 and Mk5/W88 systems. Trident’s importance is due to its
ability to evade detection and its capacity to rapidly destroy a wide range of
targets.

Questions have been raised about the safety of the missiles and warheads.
A long-standing debate has been taking place within the Department of
Energy (DOE), and between the DOE and Department of Defense (DOD), con-

answer to which depends on a variety of factors:

¢ The military need for Trident in the foreseeable future;

¢ The likelihood and consequences of an accident;

¢ The cost and operational impact of safety-related modifications; '

e e : ¢ Other policy priorities, including cutting the defense budget, maintaining
e o residual expertise in nuclear weapons design and manufacturing, and ’
international agreements to limit nuclear testing.

This study examines several technical questions bearing on Trident safety,
and it enumerates the significant issues and options.! The secrecy surround-

safety standards, (and) to estimate the costs and Inevitable time delays of
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schedule, and operational impacts of safety-related modifications to Trident.
Specifically, our study: : .o

possibility of plutonium dispersal or of an inadvertent nuclear detonation
in impact and fire accidents.

¢ Develops options for modifying C-4 and D-5 for enhanced safety that
include modifying the missiles, modifying the nuclear warheads and RVs
(or using other existing warheads), and combinations of the two.

¢+ Summarizes calculations carried out to determine how missile range,
SSBN patrol area, and on-station rate would be affected by safety-related
modifications.

¢ DPresents calculations of the cost, schedule, and operational impacts of
modifications for enhanced safety.

The Fieet Ballistic Missile (FBM) Program
Table 1 shows the evolution of the FBM program. The advances of the last 30
years resulted from changing requirements and technological innovation.
Consistent increases in missile range generally evolved from a desire to
expand the SSBN patrol area, thus countering Soviet advances in anti-subma-
rine warfare (ASW). Increases in the number of warheads per missile resulted
from the perceived proliferation of Soviet targets, concerns about the Soviet
anti-ballistic missile program, and the cost effectiveness of MIRVing.
The combination of the D-5 high-yield warhead and pinpoint accuracy sets
it apart from its predecessors in a fundamental way. It defines an offensive
: capability that, for the first time in the history of the FBM program, is suffi-
i cient to threaten “hard” targets, such as missile silos and underground com-
! mand bunkers. Before D-5, the role of the SSBN force was to deter attack by
the threat of retaliation against “soft” targets, including urban and industrial
centers and military bases. As a threat to hardened targets, D-5 is comparable
to the MX, the most modern U.S. land-based ICBM.2
Trident’s “counterforce” capability generated controversy from the very
beginning. Opponents of Trident branded it a “first-strike” weapon, one that
could call into question the survivability, and thus the retaliatory potential, of
the enemy’s fixed land-based missiles. This uncertainty could lead enemy
planners to adopt a hair-trigger “launch-on-warning” policy, which can create
an over-reliance on warning sensors and computers, increasing the chance of

I ¢+ Examines safety concerns about the Trident configuration, including the
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Table 1: Evolution of U.S. SLBMSs, 1940 to present.@

Missile Year Launch Range Warheads Warhead Accurac -
weight per SLBM yield :
kg n.m. kilctons n.m.
Polcris A-1 1960 13,100 1,200 1 600 20
Polaris A-2 1962 14,800 1,800 1 800 20
Polaris A-3 1964 16,200 2,500 3 2C0 0.5
Poseidon C-3 1971 29,500 2,500 10 40 0.25
Trident 1 C-4 1979 32300 4,100 8 100 0.12 (est.)
Trident Il D-5 1989 57,700 4,100 8 100,475  0.06 (est.)

a. Seme numbers queted in tatle 1 are frem D. MacKenzie cnd G. Spinardi, “The Shaping of Nuclecr Wecgpon System
Technology: US Fleet Ballistic Missile Guidance and Navigation: I: Frem Pelaris to Poseidon,” Sociol Studies of Science 18
(1988), p. 440. See also, G. Spinardi, *Why the U.S, Navy Went for Hard-Target Counterforce in Trident II,* Intemational
Security 15 (2), Fall 1990, pp. 147-190. The launch weights for C-3, C-4, and D-5 are from the START Treaty Memerendum
of Understanding. Nuclear warhead yields for C-3, C-4, end 0-5 are from "Modemizing U.S. Strategic Offersive Ferces:
The Administration’s Proegrem and Alternatives,” Congressicnal Budget Office (Washington, DC: US. Congressional

Printing Cffice, May 1983).

accidental nuclear war. Supporters of Trident argued that, in the event of war,
the national command authority must have the option of using precise, selec-
tive strikes as an alternative to a cataclysmic release of the entire nuclear
arsenal. Holding a portion of Soviet silos at risk would also stimulate a stabi-
lizing Soviet evolution towards more-survivable, lighter throw-weight, and
lower-MIRVed mobile ICBMs. Furthermore, an invulnerable hard target kill
capability was certainly less destabilizing than a vulnerable one, such as silo-
based ICBMs. Trident Proponents also downplayed fears that SLBMs could be
used in a first strike, citing the delays and difficulties of communicating with a
large fleet of submerged submarines to effect a near-simultaneous launch of
several boatloads of missiles. :

Trident’s counterforce role explains the set of design specifications that are
at the heart of Trident safety concerns, as discussed below.

The Trident SLBM Configuration and Why It Raises Concermn
The principal challenge in developing the D-5 SLBM was to meet the range
and payload requirements with missiles that fit within the fixed volume of the
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Figure 1: Cut-away visw of the Ohic-class SSBN showing the C-4 and D-5 SLBMs,

launch tube of the Ohio-class SSBN. The D-5 requirement was to deliver eight
heavy, high-yield Mk5 RVs to the same range that the smaller C-4 delivered
eight lighter Mk4s: about 4,100 nautical miles (n.m.).3 Missile range deter-
mines the size of the area of the ocean from which an SSBN can strike its tar-
gets. A larger pat:ol area offers increased survivability to at least one form of
ASW: an area swe ep by enemy attack submarines and aircraft.4

To meet D-5 range and payload requirements, Lockheed designers took an
approach similar to that used for C-4. Because of the fixed length and volume
of the launch tube, both designs incorporate an unusual feature: the third

l R s SECTION
oy ' |
P ADAPTER 7~ A
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third stage
nose fairing

Mk5/W88 RV

O Q PBV deck
/\i— second-stage motor dome

Figure 2: D-5 third-stage, through-deck configuration.

stage projects through the central region of the post-boost vehicle (PBV) deck.
This design constrains the RVs to the annular region that surrounds the pro-
truding third stage, placing them very close to the third-stage propellant. Fig-
ures 1 and 2 show the so-called “through-deck” design. In contrast, Air Force
ICBMs deployed in underground silos are not length-constrained and employ
a “clear-deck” design in which the PBV is located above the third stage. This
approach provides increased flexibility in RV mounting and isolates the RVs
from the third-stage propellant with intervening structural and functional
components.

To meet current and anticipated targeting needs, a high-yield warhead,
the W88, was chosen for D-5 based on a design.that had been tested at full
yield prior to the 1974 Thresh_Ta_Test Ban Treaty. This choice, and the ﬁxed
volime of the Ohio launch tube, 1mposed several additional constraints. To
meet the range requirement, minimum RV weight was desired. In addition,
the tight spacing in the third-stage annular region constrained RV base diam-
eter. For these reasons, conventional high explosive (HE) was used in the
W88, resulting in a lighter and smaller warhead than could be achieved at
that time using insensitive high explosive (IHE). The choice of HE produced
an RV of minimum weight and base diameter for the given yield.
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Conventional HE, however, is much more susceptible to detonation in
impact and fire accidents. For this reason, in 1983 the DOD instituted a
requirement that IHE be used in new warheads mm military
néed warranted otherwise. Such a waiver was granted for the W88 because
the DOE weapons labs could not meet DOD RYV size, yield, and weight require-
ments with an IHE warhead.
A second consideration was the specific impulse (Ig;) of the solid rocket
propellant. More energetic propellants permit greater thrust per unit volume,
5 , hence greater range for a given payload. To achieve maximum range, all three
stages of D-5 use very-high Iy, material, also known as “high energy” or Class
.. 1.1 propellant. Class 1.1 propellant is much more likely to detonate in impact .

1,7 ~ 7 accidents than the less-energetic Class 1.3 material used in many ICBMs.
' Safety concerns arise from the use of conventional HE and Class 1.1 solid
e propéllant coupled with the unique through-deck design. The ‘proximity of =~

nuclear warheads to the detonable third stage makes certam poteﬁﬁracm-
dents more likely and more hazardous. AR i

The through-deck configuration is more sensitive than clear- deck designs
to impact and fire accidents, which could endanger not only military personnel
on the base but also the public at large via the release of plutonium and its
transport by prevailing winds to populated areas.

The C-4 missile, which has about one-half the launch weight of the D-5
and carries warheads with a much lower yield, has the same salient character-
istics: detonable propellant, through-deck third stage, and conventional HE.
Thus, safety concerns that have been raised about D-5 apply equally to C-4.

Efforts to enhance safety may affect both the survivability and capability
of Trident. Using THE in the warhead might cause a decrease in nuclear yield
or could result in heavier warheads that would increase throw-weight and
decrease missile range. Decreased range would reduce the SSBN operating
area within range of key targets. Converting to a nondetonable propellant in
one or more missile stages would also decrease range and patrol area for a
given throw-weight.

Current and Future SSBN Deployments

When START I was signed in July 1991, the U.S. SSBN force consisted of 36
SSBNs: 24 Lafayette-class submarines, each with 16 tubes, and 12 Ohio-class
Tridents, each with 24 tubes. That force accounted for nearly 6,000 warheads,
somewhat more than one-half of U.S. strategic warheads. Twelve of the Lafay-
ette boats were deployed with the Poseidon C-3 SLBM, which carries ten W68
warheads, and twelve were deployed with C-4, which carries eight W76 war-
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Table 2: U.S. SLBM and RV deployment (July 1991 START Treaty Memorandum of

‘ Understanding).
/ Number of SSBNs Number of tubes SLBM  RVs per SLBM RV
numkers

12 Lafayette 16 C-3 10 Mk3/Wé8 1,920
12 Lafayettie 16 C-4 8 Mkd/W76 1,536
8 Ohio 24 C-4 8 Mkd/W76 1,536
2 Ohio 24 D-5 8 Mk4/W76 384
2 Ohio 24 D-5 8 Mk5/W8a 384

' 5,760

e e e e e e b e e e S e o S e fo i i o s i |

heads. The Lafayette boats, based at Charleston, South Carolina, are cur-
rently being phased out and are slated for retirement by 1997, or possibly
sooner.® Since July 1991, one additional Trident boat has begun sea trials.
Five additional Tridents are funded and will be completed at a rate of about
one per year, at a cost of $1.3 billion each. Table 2 summarizes U.S. SSBN
deployments as of July 1991.

Eight Trident submarines deployed with C-4 missiles are carrying out reg-
ular patrols from their base in Silverdale, Washington. Five additional subma-
rines, based in King’s Bay, Georgia, have been equipped with the newer D-5
missile, some deployed with the W76 and some with the W88 warhead.®

Under START I, strategic ballistic missile warheads (warheads deployed
on ICBMs and SLBMs) are limited to 4,900. If all Lafayette boats are retired

% : as planned, the U.S. SSBN force of the late 1990s would consist of 18 Trident
' boats. If, under START I, 3,456 Trident warheads are deployed (18 subs carry-
ing 24 missiles with eight warheads each), about 1,500 warheads would

remain for MX and Minuteman III.

If the recently signed START II Treaty is ratified and enters into force, the
sides would eliminate all MIRVed ICBMs by the year 2003 (or possibly ear-
lier), including MX and the “heavy” SS-18. They would reduce the total num-

- ber of actual (not “attributed”) warheads to no more than 3,500, with a
sublimit of 1,750 on SLBM warheads. Total strategic warheads would thus be
reduced to about one-third the number permitted under START I, and SLBM
warheads would make about up about one-half of the U.S. force. As we show in
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Section IV, downloading _of warheads can be used to enhance safety without

e

e

The Strategic Context of Trident

The end of the Cold War has brought stunning changes in the composition and
number of strategic warheads in superpower arsenals.” START I, negotiated
over the past decade, reduces in one bold stroke the number of strategic
nuclear weapons by 20 to 30 percent. Even more striking are the initiatives
undertaken by Presidents Bush, Gorbachev, and Yeltsin. In September and
October 1991, Bush and Gorbachev took several unilateral and reciprocal
steps to:

¢ Withdraw from deployment, and in some cases eliminate, certain classes
of tactical nuclear weapons;

+ Reduce even further than was specified by START I the number of strate-
gic warheads, and terminate some modernization programs; and

¢ Lower the readiness and alert levels of some of the remaining strategic
forces.8

START II was concluded by Bush and Yeltsin in J anuary 1993, only a year and
a half after START I was signed.

America’s strategic forces have evolved dramatically over the past five
years. The Minuteman II force has been taken off alert and is being retired,
the purchase of MX flight test boosters has been cut by about one-third, and
the MX Rail Garrison and Small ICBM basing programs, as well as the Small
ICBM missile development program, have be't_a_n‘terminated. The bomber leg of
the triad has been similarly curtailed; for example, strategic bombers have
been withdrawn from strip alert. Elements of the strategic command and con-
trol and early warning systems are now on partial standdown.

The FBM program has not been immune to the overall deemphasis on
strategic forces.? Under budgetary pressures, the DOD and Congress have
recently begun to examine options to curtail the deployment and alert opera-
tions of the Trident force beyond those necessary to meet commitments under
START I and START I1.10 Even so, key elements of the Trident modernization
program are proceeding apace. All 18 submarines that the Navy plans to
acquire are funded and under construction, and D-5 production is progressing
for the ten boats that will be based at King’s Bay, Georgia.

Under STARTII, Trident will account for one half of all U.S. strategic war-
heads. Thus, it.;?é'lgfiﬁ_é_iﬁportance will increase as overall numbers of war-
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heads and alert rates decline.l! More importantly, Trident SSBNs at sea will
be the only element of U.S. strategic forces on day-to-day alert that could sur-
vive an attack in which warning was not received, or received but not acted
on. Although the risk of surprise attack is remote (and indeed seemed remote
even at the height of the Cold War), the U.S. has spent billions to retain an
element of strategic forces that is resilient to this threat. In view of the
removal from alert of heavy bombers and the significant de-emphasis of
ICBMs that will result if START II is ratified and implemented, the capability

nificance.

I l of Trident to remain invulnerable to any feasible threat assumes special sig-
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Il. SLBM AND WARHEAD SAFETY ISSUES

In this section, we address the safety of the Trident C-4 and D-5. First, we dis-
cuss hazards of high explosives (HEs) and solid rocket propellants. Next, we
review the warhead and missile logistics and handling sequence and identify
potential accidents. Finally, we examine the consequences of potential acci-
dents.

Comparison of High Explosives and Solid Rocket Propellants
In recent years, U.S. policy has shifted towards the use of IHE in modern
nuclear warheads to promote increased safety in manufacturing, transport,
and handling.!? Table 3 shows the trend in HE and propellant use in U.S. mis-
siles, which are divided into three groups: ICBMs, SLBMSs, and other missiles.
Within each group, the warheads are listed in chronological order. The trend
for ICBMs and other missile systems is clearly toward the use of IHE in the
more modern warheads. The Navy SLBMs, however continue to use conven-
tional HE and detonable propellants i s B
"HE is about 40 percent more energetic than IHE; thus, a smaIler amount
is néeded in a given nuclear design to obtain the désired yield. The use of HE
results in lighter, smaller primaries and correspondingly larger yield-to-
weight ratios. HE, however, is more sensitive to detonation in abnormal shock,
pressure, or thermal environments. In contrast, IHE is remarkably insensi-
tive to accidental detonation. Table 4 compares HE to IHE in terms of param-
eters relating to detonability and performance.

Two types of solid propellants are used in ballistic missiles: Class 1.1 and
Class 1.3. Class 1.1 propellant is more energetic than Class 1.3; thus, for a
given total weight, it produces a missile of greater range. According to recent
Navy studies, Class 1.1 propellant for D-5 has superior handling properties
during manufacturing, is mechanically tough, resists cracking, and does not
develop regions of granulation; thus, it is less susceptible to accidental igni-
tion.13 14 However, Class 1.1 propellantsﬁr’é‘ much more susceptible to deto-
ndtion than are Class 1.3. As shown in table 4, Class 1.1 but not Class 1.3
propellants are similar to conventional HE in their sensitivity to detonation.

""A detonation is initiated in HE or energetic propellant when an external
stimulus, which creates sufficient conditions of temperature and pressure,
starts a rapid chemical reaction that propagates across the matenal in a self-
sustaining shock wave and releases a large amount of energy.l® There are
three basic modes’ by which detonation can be initiated. First, an external
shock exceeding a threshold pressure (different for each class of material) can
transfer sufficient energy to cause a direct shock-initiated detonation. This
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Table 3: Warhead HE and missile propellant type for U.S. missile systemns.

Missile Warhead Propellant High explosive

Ttenl W53  nondefonable® HE
MM I W56 detonable HE y
MM I Wwé2 detonable HE
MM Il w78 nondetonable HE
MX wa7 detonable® IHE )
Smaill ICBM Wa7-1 detonable IHE

olaris ' - detonable HE

Poseidon C-3 detonable HE
Trident C-4 detonable HE
Trident D-5 detonable HE

Terrier W45 detonable HE
Pershing | W50 nondetonabie HE
SUBROC W55 nondetonable HE
SRAM A Wée nondetonable HE
Lance W70 . nondetonable HE
Spartan W71 nondetonable HE
SLCM W80-0 nondetonable® CIHE
ALCM WE80-1 nondetonable® IHE
GLCM we4 nondetonable® IHE
Pershing Il W85 nondetonable IHE
SRAM I wee nondetonable IHE

a.  The Titan Il used nondetenable liquid propeliants. SLCM, ALCM, and GLCM use nondetonatle jet fuel.
b. Only the third stage of MX has a detenable propeliant. The first two stages are nondetonable.
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Table 4: Comparison of HE and IHE and Class 1.1 and Ciass 1.3 solid propellants.©

Characteristic Units HE Class IHE Class
1.1 1.3°
Critical diameter© inches  ~1077  ~107! 0.5 >30
- Minimum explosive charge to ounces ~1073 ~1072 >4 >>380
5 detonated
Shock pressure threshold for kbar ~20 ~30 ~90 b
detonation
Impact velocity to detonate msec™ 45 ~60  ~1000 n/a
Heat of detonation kealg™?  1.42 n/a 1.02 n/a
Detcnation-front pressure kbar 370 350 300 20-80

(Chapman-Jouguet)®

Specific impulse seconds n/a 272 n/a 262

a. This table and notes were compiled with help from Ed Lee and Ed James, private communication. See also, Notes
From Lectures on Detonation Physics, edited by Frank J. Zerili (Dahigren, Virginia: Naval Surface Weapons Center,
Octcber 1981),

b. The data provided on Class 1.3 prepeliants are uncertcin because of a lack of experimental results and an incomplete
theoretical understanding of associated phencmena. These propeliants are often termed “nondetenable,” but under
certain conditions they can be made to detonate. *Detonations” in these materials, however, prepagate at velocities
not much greater than bulk sound speed (far below theoretical velues) end with shock pressures also far below theo-
retical, complicating measurements of critical diometer. In the Sophy experiment (1967) an 18.000-pound charge of
TNT created a sustained detonation in a 72 inch-diem eter. lightly cased Class 1.3 rocket moter having a 30 inch web
@i.e., the motor had a hollow bere of 12 inch ciameter and a propellant thickness of 30 inches). A &2 inch motor sub-
Jected to the same initicting stimulus recerded no sustcined detonation; indeed, pieces of unreacted prepeilant were
recovered after the experiment. Measurements have not been made at larger sizes. For comparison, the minimum
priming charge for a Class 1.1 stage is about 20 miligrams, cimost 10 orders of magnitude lighter than the Sophy
charge. Estimates of detonation velocity and pressure for Class 1,3 propeliant will no doubt depend on compasition
but are typically about 3.2 mm usec™! and 40 kbar versus six mm psec" and 350 kbar for Class 1.1 propeliants.

(-4 Critical diometer is the minimum diameter of a cylindrical charge for which it is possible to prepagate a steady-state
detonction.

d. Minimum explosive charge fo detonate is the minimum weight of the priming charge required to generate o steady-
state detonation in a cylindrical block of matericl having a base diameter that is large compared to the critical diam-
eter.

e. Chapman~Jouguet pressure is the shock pressure genercted ina steady-state detonation and is a cheracteristic pres-

sure for a given high explosive.
-__—_“__—
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direct process, called shock-to-detonation transition (SDT), occurs rapidly,
within microseconds after the arrival of an initial shock. Second, a shock pres-
sure well below the threshold for SDT can initiate detonation by a process
called XDT, which is not well understood. Also referred to as “delayed detona-
tion” because it occurs on the order of milliseconds after the initial shock
passes, XDT may result from the coalescence of reflected shocks off interior
surfaces or discontinuities in the material. Details of the sequence and timing
of reflected shocks, and material composition and configuration (e.g., web
thickness of a propellant grain), are factors that make XDT highly unpredict-
able. Below the threshold for SDT or XDT, an explosive or propellant can
undergo rapid burning, leading to a more gradual pressure buildup and even-
tually to detonation. This third process, known as deflagration-to-detonation
transition (DDT), is quite sensitive to physical confinement and granulation of
the material and to external pressure loads. The characteristic time for the
DDT process can be on the order of seconds.16 17

Warhead and Missile Logistics and Handling '

To understand the nature of potential accidents, it is necessary to examine the
warhead logistics sequence under custody of the DOE and subsequent war-
head handling and transport under Navy custody. Nuclear warheads are
assembled at the DOE Pantex facility in Amarillo, Texas. Components come
from several sources. In the past, plutonium “pits” have been produced at the
Rocky Flats plant in Colorado.!® Thermonuclear secondaries are produced at
the Y-12 plant at Oak Ridge, Tennessee. The integrated fuse and weapons elec-
trical system (WES) is built at the Bendix Kansas City Facility. Mk4 and Mk5
RVs and associated hardware are shipped to Pantex from the RV contractor.
Figure 3 shows key warhead, missile, and RV-related facilities. qure 4 shows
the warhead logistics and handling cycle for C-4.

Perhaps the most dangerous operation at Pantex is the machining of HE
to the proper size and shape, and its incorporation into the warhead primary.
Fatal accidents have occurred inl the past. With conventional HE, machining
operations must be done remotely, which introduces additional costs and oper-
ational complexities. IHE parts, however, can be fabricated by machinists
working in contact with the exploswe which saves cons1dérab1e time, money,“ .
and facility space.-Machining of €xplosives is not done in contact with pluto-
nium. The risk of plutonium dispersal begins when the HE and plutonium
parts are assembled into a warhead. Safety procedures for handling and stor-
age of warheads employing conventional HE are considerably more restrictive
than those for IHE warheads.

) Assembled RV/warheads are shipped via DOE “safe and secure” trailers

A .
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Figure 3: DK/Mk5/W88 associated facilities.

(SST) from Pantex to one of two Trident bases: Silverdale, Washington (SWEF-
PAC), or King’s Bay, Georgia (SWFLANT).!® A shipping container protects the
RV from impacts and small-arms fire. Custody of the RV is transferred to the
Navy at the warhead receiving area at each base. All subsequent handling,
processing, and transport is undertaken within a highly restricted area of
operations called the “limited area.” After arrival, the RV is stored in a maga-
zine, remaining within its shipping container.

Currently, C-4 SLBMs are assembled from component stages, PBV, RVs,
and nose fairing within a single building called the Vertical Missile Packaging
Building (VMPB). The mating of the first two stages is carried out in the hori-
zontal position. The missile is then raised to vertical and lowered into a liner
situated in a “loading pit” until it is about flush with the ground. (The liner
acts as an environmental cover, shielding the missile from view during outside
loading operations and providing some protection against small-arms fire.)
The PBV/third stage is mated in this configuration. The RVs are then trans-
ferred from storage to the VMPB, mated to the PBV, and the nose fairing is
attached. The mated missile in its liner is hoisted from the pit, lowered onto a
transporter, and returned to horizontal. The unit can then be either stored or
transported to the explosives handling wharf adjacent to the Trident subma-
rine. At the wharf, the missile in its liner is erected to vertical, hoisted by
crane over the submarine, and lowered (without the liner) into the launch
tube. Once the missile is inserted, the liner is taken away, and the launch tube
hatch is secured.
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integrated fuse/WES
RV components BENDIX facility
Kansas City, Misscuri

nuclear weapons and RV assembly
PANTEX plant
Amarillo, Texas

RV storage

verticle missile
packaging building

SWEFPAC
Silverdale, Washington

SWFLANT
King’s Bay, Georgia

Figure 4: A warhecd logistics sequence for C-4 SLBMs.




Nuclear Weapons Safety: The Case of Trident 277

|
l The handling procedure for D-5 is different. In response to a Drell Panel
recommendation, separate transport of missile and RVs was implemented as
the preferred approach for D-5. In this case, an environmental enclosure
' called the “reé'ritf;{f‘bédy‘ééi’ﬁ"c”é"’ﬂnit" is placed over the open launch tube con-
taining a missile, the missile nose fairing is removed, and RVs are attached
one by one. RVs are transported in armored containers between the magazine

l and the service unit. Further analysis is underway by the N avy to establish

. the degree to which this approach lowers risks in missile and RV handling

# operations. Because the C-4 and D-5 configurations are so similar, we might

b expect that the Navy will eventually implement the same handling procedures

l PR for both systems.

' : ' RVs for both C-4 and D-5 can be demated, mated, or serviced in place -

' without removing the missile from the submarine. The service unit is placed

l over the launch tube, the hatch opened, the nose fairing removed, and appro-

; priate RV operations performed. The service unit shields RV operations from

outside view.

l Missiles and warheads may be removed during routine maintenance or
submarine overhaul. Every few years, warheads are removed and serviced,
typically for replenishment of tritium. The great majority of the time during

l which the RV is in the custody of the Navy, it is either in storage in its ship-
ping container or deployed aboard the submarine. Only a small fraction of its
lifetime (less than a few tenths of one percent) is spent in processing, mainte-

l narnce, handh'ng, or transport within the limited area. Retired warheads are
returned to Pantex for storage or disassembly.

Nature of Potential Accidents

It is difficult to determine the probability that a plutonium dispersal—or even
a small nuclear detonation—could result from a warhead accident involving
abnormal shock, impact, thermal, or eIectrostatic-discharée environments.
Furthermore, the validity of low-probability accident analysis can be legiti-
mately questioned. While some probability calculations are straightforward,
others are quite uncertain or incomplete. For example, it is possible to accu-
rately estimate the chance of a failure of a crane hook during missile loading.
It is almost impossible, however, to compute the likelihood that a determined
and ingenious individual would slip through Navy security procedures and
sabotage a missile during normal operations. Unfortunately, the probabilities
that are quoted by experts tend to reflect only those factors that can be com-
puted, while ignoring the unknowns.

We do know that during the 45 years of nuclear weapons operations, the
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U.S. has never had an accident resulting in a nuclear detonation of even very
low yield. Since 1968, when the Strategic Air Command terminated airborne
alert of the heavy bomiber force, there have been no known accidents invg g
dispersal of plutoniunt:2? The open record shows that the Navy has never had
an accident inv6lving nuclear weapons and ballistic missiles in which there
was any plutonium dispersal.2! By all measures, the record has been out-
standing. Safety analysis, however, is a continuous process over the lifetime of
a weapons system, and it benefits from independent peer review and construc-
tive criticism.22

In the case of accidents involving nuclear reactors, nuclear weapons, or
nuclear waste, the social and political dimensions of public response are likely
to be far more important than any direct losses from the accident itself.?3 Such
a response was clearly demonstrated during the Three Mile Island incident,
which provoked an enormous outery, apparently without injuring a single
individual. A nuclear weapons accident, even if localized to a Trident base and
resulting in a few injuries or deaths to military personnel, would probably
generate a similar reaction. This reaction would intensify if there were any
release of radioactive materials outside the base. Military planners must
anticipate that, in the event of a plutonium dispersal accident at SWFPAC or
SWFLANT, Trident operations could be suspended for an extended period, or
operations could be pPermanently canceled.

Because of the national security implications, we must not only examine
accident scenarios that might be highly unlikely, but also—if they occurred—
might not present a significant health hazard to the public. We distinguish
between accidents that could present a relatively moderate risk to military
personnel only (who are generally expected to face some hazardous duty) and
those that present a hazard, albeit small, to the public. We do not carry out a
detailed risk assessment of Trident handling operations—this beyond the
scope of our effort—but instead examine ways in which SLBM warheads could
be exposed to abnormal environments that could create health risks, and focus
on the costs and operational consequences of reducing these risks.

Here, we briefly examine possible, if unlikely, accident scenarios involving
nuclear warheads and Trident missiles, and then proceed to a more detailed
discussion of three cases.

At Pantex, a detonation accident eould occur during HE machining. There
is no risk of plutonium dispersal at this stage because the HE is not in contact
with plutonium. During assembly, handling, and transport at Pantex, an HE
warheg_q_gggld be dropped, or suffer impacts from collisions, that could con-

ceivably cause a shock-initiated one-point detonation or, at lower impact

thresholds, ignition of the HE. Warheads could also Be exposed to fuel fires in
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transportation accidents. Detonations or fires would be immediately hazard-
ous to personnel in the vicinity and could also result in plutonium dispersal to
surrounding areas. Such risks are reduced for IHE warheads.

Highway accidents can occur when RVs are transported between Pantex
and a Trident base. Once RV custody is transferred to the Navy, however, addi-
tional accident scenarios emerge. In addition to collisions or fires involving the
warhead alone, the logistics sequence now includes operations in which RVs
come in close contact with many tens of tons of HE equivalent in the form of
Class 1.1 solid rocket propellant.-Operations including mating and demating
of RVs, missile assembly, the subsequent storage, transport, and handling of
missiles, and the stationing in-port of a loaded submarine, create a potential
for accidents involving a booster fire or detonation. A dropped missile or an
airplane crash (accidental or deliberate) inside the limited area could create
impact pressures and temperatures sufficient to cause motor detonation or
fire. There is also the possibility of sabotage; for example, boosters or RVs
could come under heavy weapons fire from a terrorist group during transport
to the loading wharf.24

Abooster detonation in the launch tube of an in-port SSBN would be cata- '
strophlc A chai: cham reactlon detonatwn of all 24 boosters would likely result. In
addition to a major dlspersal of plutonium, the reactor core could be breached
and its highly radioactive contents released. The health consequences from
such an event would overwhelm those from plutomum dispersal. Such an acci-
dent would almost certainly result in the extended suspension or termination
of the Trident program.

Finally, there is a potential for an accident in local waters as the subma-
rine heads to sea. The collision of a Trident with a large ship in a narrow chan-
nel could cause a fire or detonation leading to airborne plutonium dispersal in
the Seattle or Jacksonville areas. An accident at sea could result in dispersal
of plutonium as well as the loss of a boat and its crew.2® Such an accident is
less likely to create a health risk to the public and, thus, could be more man-
ageable politically than an accident in-port or in local waters.

Recognizing that we are dealing with events of very low probab1hty, we
next examine three particular accident classes in more detail.

SLBM Booster Detonation

The most serious accident would involve a detonation of the booster, leading to
a detonation of warhead HE. A great amount of energy would then be deliv-
ered rapidly to the pit, causing, according to some estimates, transformation
of more than 10 percent of warhead plutomum into resplrable micron-sized
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particles, which, as will be discussed shortly, are the most dangerous.26 Pre-
vailing winds could transport some quantity of the aerosol over many tens of

kilometers, possibly into densely populated areas. —
" Missile configuration affects the amount and size of plutonium particles
likaly to be released in an accident. It is useful to compare a Class 1.1 booster’
detonation for through-deck and clear-deck designs. In the former case, war-
heads would be exposed to relatively large shocks generated from high-veloc-
e ity motor case fragments directly striking the RV aeroshell. Such shocks could
i detonate warhead HE. In the latter case, warheads are not as close to the det-
ooyt onable third stage, and intervening components act to mitigate the shock pres-
sure to the warhead.
Lawrence Livermore National Laboratory (LLNL) conducted a rocket
motor detonation test during the development of the W87 warhead for MX—a
clear-deck system. The test was designed to verify the plutonium dispersal
safety of the Mk21/W87 RV in a booster accident and, in general, to study the
ejection of nuclear material and warhead and missile components from the
vicinity of such a detonation. The results show that ICBM booster detonation
accidents in the clear-deck configuration are unlikely to result in detonation of
a W87 warhead’s IHE, or in a significant dispersal of plutonium particles of
respirable size.2” More likely, the weapons would be ejected at velocities of
several hundred meters per second from the region of the detonation. The rea-
son for the low shock pressure transmitted to the IHE is twofold. First, the
greater separation between the third-stage motor and the RV in clear-deck
missiles allows the shock to dissipate. Second, the PBV components, missile
interstage hardware, and heavy weapons components further mitigate the
transmitted shock, in effect cushioning the weapons primary. In contrast, for
the through-deck configuration, data and calculations from the rocket motor
detonation test suggest that pressures in the range of 100 to 200 kbar could be
incident on the Mk 21 RV.28 In such environments, IHE is likely to detonate
via SDT. Even if it did not, the SHockpressure could be sufficiently intense
that the plutonium would break up into small pieces, including substantial
quantities of micron-size aerosol particles.

e =

SLBM Booster Fire

At impact thresholds below those leading to an SDT, fires become the domi-

w o nant mode of plutonium dispersal. A potential accident that has been exten-

; s ‘ sively analyzed by the Navy and DOE is the dropping or toppling of a missile
SR (e.g., from crane failure) when it is being loaded or unloaded from an SSBN.2?

Bacause of the low velocities involved, such accidents are not likely to result
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directly in a shock-induced detonation of a booster.30 However, they could
ignite the propellant of one or more missile stages, leading to at least four sce-
narios, three of which could result in widespread plutonium dispersal:

¢ Awarhead could become immersed in the fire; the plutonium could melt,
breach the warhead containment, oxidize, and disperse;3! :

¢ The rapid burning of confined conventional HE, which may have cracked
or fragmented on impact, could generate gas pressure sufficient to cause a

' : e DDT and substantial dispersal; or

+ An explosion (less violent than a detonation) generated by the rapid burn-
ing of the propellant would cause the warheads to be ejected relatively
intact from the vicinity of the fire with only localized dispersal, if any.

¢ Adropped missile ignites, is propelled through the air, and falls back with
sufficient velocity to produce a third-stage motor detonation.32

One can now begin to understand why some claim that the Navy Class 1.1

propellants ‘may actually result in safer FBM operations. If, as the Navy
claims, the level of impact-generated shocks that could be reasonably expected

in potential handling accidents is well below the SDT pressure threshold in

either propellant, then the principal ‘mechanism for plutonium dispersal

becomes ignition_and fire. Contractor studies suggest that Navy Clasi 1.1 pro-
S\ . pellants are less susceptible to inadvertent ignition than existing Class 1.3°

T 7 propellants 33 On the other hand, once fire occurs, the likelihood of detonation

‘ via DDT; or an SDT resulting from impact of a propulsive stage, is greater for

l Class 1.1 propellant.

Fire-resistant pit (FRP) technology, in which the plutonium is encased in

' special refractory materials, has been used in the W87 and other warheads,

but not the W88.3¢ In a warhead having both IHE and an FRP, the plutonium

1 pit has an increased probability of survival in many fire accidents. Experi-
. ments have demonstrated that with FRPs, molten plutonium can be contained
for one hour or more in gasoline fires, which burn at 800 to 1,100° C. Contain-

ment time for a solid propellant fire, which burns at about 2,500° C, would be

considerably shorter, IHE, in comparison with HE, can extend containment

time for what might be a critical period because of its relatively low burn tem-
perature.35

[ FE S Accident Involving Nuclear Detonation

Nuclear warheads are designed to be “one-point safe”—that is, they will not
u produce significant nuclear yield in an accident if detonated at one point on
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the outer periphery of the HE.36 The Drell Commission noted that the ques-
tion of nuclear detonation safety is not well understood, particularly for a det-
onation of an SLBM third-stage motor in the configuration where eight RVs
are clustered around it.37

Concerns about nuclear yield arise when the HE is initiated at more than
one point (i.e., multipoint detonation) ﬁymémmﬁﬁfdgjhéf; 3
order of a few microseconds. How could such an event aceur?If the Boostor det-

onated at a point along its central axis, an expanding spherical detonation
wave would strike the motor case and generate high-velocity fragments. The
fragments would strike the RV aeroshell and generate a planar shock, which
would be transmitted to the warhead HE. The point on the HE first struck by
the shock could detonate. Because of the symmetry of the through-deck
design, all eight of the warheads would be struck at about the same time, pos-
sibly causing a massive explosion, but presumably no nuclear yield. But what
happens if, as a result of a gunshot for example, a detonation is initiated on
the periphery of the rocket motor directly adjacent to one of the RVs? A non-
symmetric shock could generate flying case fragments that would strike that
RV causing a one-point detonation of the warhead. As the detonation front
proceeded through the propellant, creating additional case fragment impacts
on RVs, fragments from the first warhead would be striking adjacent war-
heads. If the timing were just right, one might argue that the HE of an adja-
cent RV could be detonated at more than one point, perhaps creating sufficient
compression to produce some nuclear yield.

Of course, this discussion is purely speculative; a bullet moving at about
one to two millimeters per msec is unlikely to generate a multipoint initiation
because detonation fronts move significantly faster, about six millimeters per
msec. Even if a multipoint initiation were to occur, it is inconceivable that the
warhead, at this precise moment, would be in a configuration where the pri-
mary would “boost,” thereby giving full ield,38 Any nuclear yield would be in
the-range of a few tens of tons, rather than a few hundred kilotons. Even if the
possibility is remote, however, the consequences of an accident of even very
small yield would be so enormous that a comprehensive evaluation of Trident
hazards must include continued analysis of this possibility.3? For such analy-
sis, sophisticated modeling is needed to understand whether an asymmetric
initiation of a rocket motor, or some other mechanism, might result in a mul-
tipoint initiation of a warhead’s HE. Such modeling requires the use of high-
performance computers and complex 3-D hydrodynamic codes with neutron-
ics, and was clearly beyond the scope of this study.
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Consequences of Plutonium Dispersal
Plutonium is an alpha particle emitter. Because alpha particles cannot pene-
trate the skin, plutonium is not a major health hazard, even in substantial
quantities, if it remains outside the body. Plutonium is most dangerous when
it is inhaled and remains in the lungs for an extended period. (If ingested, it is
less hazardous, in part because it is relatively rapidly removed in body
wastes.) Thus, dispersal studies “are mainly concerned with assessing what
fraction of plutonium becomes airborne, is respirable, and is likely to be
retained in the lung.”? The greatest danger is from particles of five mm or -
less, which are more likely to lodge in the lung. ' R

~If a sufficient quantity of plutonium is inhaled, death can occur rapidly
from respiratory failure. In the absence of medical intervention, about 4.3 mil--
ligrams (2.6 x 10~* curie) uniformly distributed in the lungs, can cause death
to an adult within 30 days.*! At lower inhalation levels (< 0.08 milligrams),
the effects would not be immediate but would appear as an increased risk of
cancer over an individual’s lifetime. According to one estimate, based on the
standard assumption that risk is linear with dose, the affect on an exposed
population could be in the range of 3 to 12 long-term cancer deaths (also
termed “latent cancer fatalities” or LCFs) per milligram of inhaled weapons-

grade plutonium.42 e

The calculation of the health hazard to an exposed population involves
many factors in addition to the amount and size distribution of plutonium par-
ticles. One must also consider the degree to which particulates will be
entrained in an aerosol cloud, the rise and drift of the plume, the mechanisms
for particle “fallout,” and the degree to which ground particles could be resus-
pended into the cloud. The number of LCFs also depends on weather condi-
tions (wind direction or rain) and the surrounding population density.

Fetter and von Hippel have calculated the consequences of an accident at
SWFPAC involving a 10-kilogram release of plutonium in' aerosol form.43 A
release of this magnitude might occur in an accident involving a third-stage
motor detonation in operational configuration. Under worst-case assumptions
of dry weather and wind velocity of four m sec™! in the direction of Seattle (380
kilometers to the east of the base), their estimate for the number of LCFs
ranges from 20 to 2,000, depending on what is assumed about the height of the
cloud and the rate at which particles are removed from it.** An accident of this
sort, they argue, is unlikely to cause prompt fatalities to people living off the
base from exposure to high radiation doses.

We have adapted the “wedge” model described by Fetter and von Hippel to
estimate the LCFs that could result from a similar accident at SWFLANT.
Results are also highly sensitive to wind direction. Under dry weather condi-




284 Harvey and Michalowski

tions and the worst-case assumption that the wind is blowing towards Jack-
sonville, Florida (which it does less than 10 percent of the time), the expected
number of LCFs ranges from 20 to 3,000.45 This estimate is comparable to
that computed for SWFPAC.

Casualties at this level, while significant, represent a modest increment in
the cancer risk to the exposed population given that:

¢ The total dose is spread over a large population;
¢ The deaths would occur many years after the accident; and

¢ The individual risk of death from cancer from other causes is already quite
" high (about one in five).

dent at SWFPAC, about 500,000 people live in the region exposed to the
plume. About 100,000 of those on average would be expected to contract and
die of cancer over a 30-year period from all other causes. Over 30 years, about
750 LCFs can be attributed to the annual radiation dose from natural causes
(about 100 mr per year); this level is in the middle of the range of the 20 to
2,000 LCF's expected from a reasonably serious accident.® Thus, the health
effects of an accident, if calculated solely in terms of expected LCFs, is small
when compared with other causes of cancer.

Even so, based on the Fetter and von Hippel calculations, the increase in
cancer death rate can be significant for those near the accident. For example,
the rate would double for exposed individuals within two kilometers of the
accident.4” If their close-in calculations are accurate, individuals within a few
hundred meters of the accident could inhale sufficient quantities of plutonium
to experience mild forms of radiation sickness. Further, cleanup costs, includ-
ing litigation and decreased property values, would be significant. For exam-
ple, the 1966 Palomares accident cost the U.S. in excess of $100 million for
weapons retrieval, cleanup, and reparations. In today’s dollars, the cost would
be about $0.5 billion. For an urban area, such as Jacksonville or Seattle, costs
could be expected to escalate substantially. Indeed, from the potential acci-
dents described above, ground contamination over wide areas could be two
orders of magnitude or moere in excess of the draft EPA screening level.48

If a small nuclear fission yield were produced in a Trident accident, the
energy released from nuclear reactions would almost certainly be a small frac-
tion of the energy generated by the detonation of the SLBM booster (about 100
tons of HE equlvalent for D-5). Because of the hlcrh rate of energy release, all

ing ten tons of nuclear yield, about a gram of radioactive fission products

l : To place this risk in perspective, consider that, in the hypothetical acci-
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would also be produced and dispersed. The LCFs produced by radioactive par-
ticle inhalation would exceed those caused by a booster detonation accident
with no nuclear yield, but probably not by more than a factor of two.

Even if the health risks are modest by some measures, an accident of the
magnitude described by Fetter and von Hippel, or an accident involving a
small nuclear yield, would destroy public confidence in nuclear weapons oper-
ations. The resulting outcry could lead to suspension or termination of the Tri-
dent program.
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lIl. INCREASING THE SAFETY OF TRIDENT WARHEADS

In this section, we examine three approaches to enhanced nuclear warhead
safety for Trident:

¢+ Adapting existing IHE warheads for use with the Mk4 and Mk5 RVs;
¢ Retrofitting the W76 and W88 with IHE ; and
¢+ Developing new, safer warheads for Mk4 and MkS5.

and the current testing constraints that could affect the introduction of new
warheads.

introduction

In his 28 January 1992, State of the Union address, President Bush
announced that the U.S. would “cease production of new warheads for our sea-
based ballistic missiles™—that is, cease production of the W88 warhead for Tri-
dent. Prior to this announcement, the DOE had suspended nuclear warhead
production because of health and safety concerns at the Rocky Flats plant,
which fabricates plutonium parts for nuclear weapons. Plutonium processing
facilities at Rocky Flats were shut down for repairs in 1989, and the prospects
are dim for a return to operations in the near term 49 W88 production ceased
at an inventory of roughly 400 warheads, corresponding to about two Trident

boat loads at eight RVs per missile. Existing Mk4/W76 RVs will round out D-5

deployment.5?

The President’s statement simply stopped production of the W88. It did
not apparently preclude development and production of a new warhead for D-
5 if, for example, enhanced safety became a pressing requirement. Nor did it
preclude modification of an existing warhead for that purpose. In July 1992,
the Navy and DOE joined in a nuclear weapons Phase II study to examine the
feasibility of developing warheads with enhanced safety features for Trident.
Among other things, this study identified approaches to incorporating IHE
and fire resistance in nuclear warheads that are compatible with the Mk4 and
Mk5 RVs. '

In addition to the potential START II reductions to 1,750 SSBN warheads,
another recent event has implications for Trident. In October 1992, Congress
imposed restrictions on nuclear testing that could impede development of
enhanced safety warheads for Trident.

I R R Then we examine the prospects for producing plutonium and beryllium parts,




Nuclear Weapons Safety: The Case of Trident 287

weapons
electrical
system

nuclear warhezad

RV aeroshell

Figure 5: Components of a typical reentry vehicle (RV).

Fundamental Issues in RV Design

RV components include the aeroshell, the nuclear warhead, the weapons elec-

trical system, the fuse, electrical cables for communicating with the PBV, and

other items, such as hardware to impart axial spin to the RV prior to its

o ‘ release for greater stability during reentry. The thickness of the RV aeroshell

| § ot and substructure is governed by the structural and heating loads anticipated
‘ ; during reentry. Figure 5 shows the components of a generic RV.
e The RV ballistic coefficient, B, is proportional to RV mass and inversely
proportional to the product of the drag coefficient and cross-sectional area.
The larger the ballistic coefficient, the less an RV slows down on reentering
and traversing the atmosphere. RVs with large B spend less time in the atmo-
l sphere and are less affected by atmospheric effects, such as wind, precipita-
1 tion, and variations in atmospheric density that can knock an RV off course.
“ ; ' Modern RVs typically have Bs in the range of 2,000 pounds per square foot.51
7 Flight stability within the atmosphere requires that the RV center of grav-
ity be forward of the center of aerodynamic pressure by some minimum frac-
tion of total RV length called the static margin. Static margins ranging from
s b i i three to 10 percent are typical of modern RVs. Because the nuclear warhead is
| AL ’ usually the heaviest component of an RV (as well as the one with the largest
' e diameter), maintaining sufficient static margin may require that the warhead
be located as far forward in the RV as is possible, compatible with the place-
ment of other RV components.

Based on these simple considerations, one can understand the design
tradeoffs in a conical RV. For example, a designer would want B to be suffi-
| ciently high that the contribution to overall accuracy from atmospheric effects
[ ik £ is small. For a given warhead and RV apex angle, B can be made large by

iy o keeping RV length (hence, base diameter) small. However, the RV must be
long enough to assure that the center of pressure is sufficiently aft of the cen-
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Table 5: RV weight estimates obtained from START Memorandum of

Understanding.
Missile RV/ Yieid® Number Throw- RV weighi®
wcrhead of RVs welght®

kilofons kilograms kilograrns
MX Mk21/W87 335 10 3.980 200
D-5 Mk5/wW88 475 8 2,800 175
C-4 Mk4 /W76 100 8 1,500 95
C-3 Mk3/Wé8 40 149 2,000 70

a. Nuclecr yieids are frem Medernizing U.S. Strategic Cffensive Forces: The Administrction’s Program and Alternatives,

Congressional Budget Office (CBO), (USGPO, Washingten, D.C., May 1983).

Throw-weight values are from the START Treaty Memecrandum of Understanding.

RV weight is estimated as follows: weight -(throw-weight/2)/(# RVs), rounded to the nearest five kilograms.
Tested.

o

c.
d.

ter of gravity. If length is constrained, as it is in SLBMs, the apex angle can be
increased slightly to permit the warhead (and the center of gravity) to be
shifted forward to maintain static margin. However, such a shift would proba-
bly be at the expense of increased base diameter and drag coefficient and,
hence, decreased B and accuracy.

Requirements placed on the D-5 system in terms of range, accuracy, and
RV size and yield place stringent requirements on RV and warhead design.
Subtle tradeoffs in the RV-warhead design space (including warhead size and
weight, RV length, base diameter, B, and static margin) are required to opti-
mize an RV system and meet performance requirements. Modifications to
meet new requirements, such as IHE for enhanced safety, are usually not
straightforward.

RV Weight Estimates
Estimates of RV weight are necessary to calculate the effect on missile range
of changes in throw-weight. Such estimates can be made by using the rule-of-
thumb that the total RV payload is roughly one-half of throw-weight. Table 5
shows RV weight estimates for MX and several SLBM systems.

An estimate of the weight penalty for an RV incorporating IHE and a fire-
resistant pit (FRP) is obtained by noting that the Mk21, which has both, is

<
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|
l estimated to be 25 kilograms heavier than the Mk5, which has neither 52 The
difference in weight arises from several sources. First, an IHE warhead will
itseli’ be heavier than an HE warhead of the same yield. Second, the larger
I dia@f,ter of an THE primarykwﬂl not permit a warhead to be placed as far for-
ward in the RV. This shifts the RV center of gravity aft, véducing static mar.
gin. Regaining static margin would require either moving the center of gravity
I forward by adding ballast weight to the RV nose (if there is room), or lengthen-
' ' ing the RV to move the center of pressure aft. In either case, the weight would
. ‘ increase. In addition, a longer RV produces a larger base diameter and drag
I SEL LN coefficient, which act to decrease B.53
B e ST There are other differences between the Mk21 and the Mk5. The RV spin-
S up mechanism is located on the Trident PBV, whereas it is included on the RV -
I ) for the Mk21. The Mk5 has an integrated fuse and weapons electrical system,
which saves space and weight. The Mk21 aeroshell has been designed for
greater heating loads than the Mk5 and it also has a rounded base. In addition
l to THE and fire resistance, these other features also act to make the Mk21
heavier than the Mks5. Thus, in subsequent analysis, we use 25 kilograms as
an upper limit to the weight penalty for using IHE and an FRP in a 500-kilo-
l ton class RV,

Effect Qf Reduced Nuclear Yield

Deploying Trident with a reduced nuclear yield is worth examining in detail
because options for IHE warheads, particularly those that could be compatible
with the Mk4 and Mk5, could involve lower-yield systems. As shown in table 5,
the W88 has a relatively high yield compared to the W&S and W76 warheads,
and it is instructive to consider whether D-5, with its impressive accuracy,
could carry out its hard-target mission if some yield were traded for enhanced
safety. It cannot be assumed that the D-5 system was optimized for effective-
ness against existing hard targets. Indeed, some additional capability may
have been built in, so that D-5 could remain effective in the face of potential
Soviet evolution to harder targets, 4
The probability of destroying a target with a blast overpressure is a func-
tion of target hardness, weapons system reliability, and RV yield and accuracy.
For a target, such as a missile silo hardened to 5,000 psi, kill probabilities are
tabulated in table 6 for several values of warhead yield and accuracy and for
one and two RVs allocated to each target.
I For targets hardened to 5,000 psi, and at D-5 accuracy in the range of 0.05
to 0.10 nautical miles (about 300 to 600 feet), table 6 shows that, depending on
accuracy, significant kill probabilities can be attained at a yield substantially
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Table 6: Probability of destroying a 5C00-psi target.@
(Weapons system reliability is assumed to be 0.9).
B e B L e P T P T P, L ST T SR

Yield CEP =0.05 n.m. CEP =0.075 n.m. CEP=0.10 n.m.
kilotons
Tenl 2cn1 lTenl 2onl Teonl 2on1

160 0.65 0.88 0.39 0.63 0.24 0.43
- 200 0.78 0.95 0.53 0.78 0.36 0.59

3C0 0.84 0.97 0.62 0.86 0.43 0.68

400 0.86 0.e8 0.48 0.0 0.49 0.75

&C0 0.88 0.99 0.73 0.93 0.54 0.79

a. The probability of destreying a target with cne warhead is:
Py (one on one) = R x 55PK, where
R = weagpoens system relicbility, and
SSPK = single-shot kill probability = (1 - 0.5WR/CEPA) where
WR = weapons lethal recius for 5,000-gsi hard targets = 875 feet x Y(MH /2,
If two warheads (frcm different missiles) cre alloccated to each target, the probability of kill becomes:
P, (two on one) = (R x SSPK) x (2 - (R x SSPK)).
T e B T e e P B S AR R PP 2]

lower than that of the W88. For the most optimistic circular error probable
(CEP), there is a 10 percent drop in kill probability (0.87 to 0.78) asscciated
with switching to a 200-kiloton warhead. Even a 100-kiloton weapon would
give a single warhead kill probability greater than 0.6 at a CEP of 300 feet. If
the CEP is as bad as 600 feet (about 0.10 n.m.), a 300-kiloton warhead will
give a kill probability of 0.4 against a 5,000-psi target, rising to about 0.7 if
two RVs are allocated to each target. We conclude that, if accuracy is as good
as has been cited (£ 450 feet), the yield of the Trident warhead could be
reduced by 100 to 200 kilotons without significantly decreasing its ability to
destroy hardened targets."

Adapting Existing IHE Warheads for Use with Mk4 and Mk$5

One IHE candidate for Trident is the Mk21/W87 RV currently deployed on the
MX missile. It is a design that is qualified at roughly the W88 yield. Because
the W87 is heavier and larger than the W88, it is not likely to be compatible
with Mk5, much less Mk4. The Mk21 is somewhat longer and has a larger
base diameter than Mk5, although the precise dimensions and layout of its

-
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components are not publicly available. The D-5 simply may not accommodate
Mk21s, at least while maintaining existing clearances, if the annular region
surrounding the third stage is too narrow (see figure 2). Even if it does fit, the
electrical and mechanical interfaces between the missile and Mk21 warhead
would require modification. _

About 500 W87 warheads have been produced for MX. If Mk21 could be
made compatible with D-5, new warheads might have to be produced, and the
problem of the Rocky Flats shutdown arises.%® Restartlng the W87 fabrication
line would require a “production verification” nuclear tesf _to assure that slight
changes in the manufacturing process, resultmg from restartlng production
after a long delay, did not affect warhead performance.”

The W80 and W84 warheads used, respectively, in the air-launched cruise

missile (ALCM) and the retired ground-launched cruise missile (GLCM), are
possible SLBM warhead candidates. Both of these warheads use IHE, and the

W84 has an FRP. . They were designed, however, to be deployed on?ﬁﬁ?ﬁm- o

siles; Which fly at low altitudes and at relatively slow speeds. The environ-
ments experienced in their “stockpile-to-target” sequence are significantly
different from those experienced by a strategic RV, and extensive testing and
development would be necessary to determine whether these designs could be
adapted to Mk5. If they could, new warheads would have to be produced, and
the Rocky Flats problem arises once again.

Current plans call for the W68 and W76 warheads (deployed, respectively,
with the Poseidon C-3 and Trident C-4 SLBMs) to be retired in large numbers,
which could be even larger if START II is implemented. These warheads are
non-IHE. In addition, the W68 is about one-tenth the yield of the W88 and
would have marginal capability against hard targets. The pits from these
retired warheads could possibly be reused in new IHE warheads. We discuss
this possibility in more detail later in this section.

Incorporating IHE in the W76 and W&s

It might seem that the most straightforward approach to enhanced safety
would be to replace HE with IHE in the W76 and W88 warheads. Evaluating
this approach involves issues of nuclear weapons design where very little pub-
lic information is available. Therefore, our discussion is necessarily qualita-
tive.

The HE initiates a nuclear detonation of the warhead primary, which trig-
gers a larger thermonuclear detonation in the secondary. Specifically, when
the HE is detonated, an inward-directed shock wave compresses a shell of fis-
sile material, making it more likely that fast neutrons from fissioning nuclei

s, T = @ S
j/.\ Yy le g o b J@J}J %

) U - < KA
s - /P/' ‘)9_0 e;}' S

¢ ., Lé& > S & S



1
1

292 Harvey and Michalowski

will encounter other nuclei before they escape the warhead.5” Neutron absorp-
tion produces yet more fission, and the resulting chain reaction, enhanced by
deuterium-tritium “boosting,” releases energy that is then focused on the ther-
monuclear secondary, which is compressed and heated. When critical temper-’
aturés and pressures are reached, fusion reactions in the secondary convert
deuterium and tritium into helium and fast neutrons. The vast amount of
energy released from fission and fusion reactions in the secondary accounts for
most of the total warhead yield.

Primary yield and performance are a function of many parameters, includ-
ing the design configuration, the mass of fissile material, the amount and
energy density of HE employed, and the amount of tritium used in boosting.
Tradeoffs among these parameters can permit optimizing certain features in
the design. The W76 and W88 designers, seeking maximum yield within size
and weight constraints, chose conventional HE on the basis of its high energy
density.

Redesign or retrofit of warheads, while costly and time-consuming, is not
unknown in the history of American nuclear weapons. The following episodes
have been reported during the course of the FBM program:

¢ In the early 1960s, a number of W47 Polaris warhead primaries had to be
replaced after corrosion of the fissile materials was observed during rou-
tine stockpile maintenance.?® Later, the entire stockpile of W47s had to be
rebuilt with new primaries when problems developed in a mechanical saf-
ing system.%®

¢+ The entire stockpile of Poseidon W68 warheads had to be rebuilt after it
was discovered that the HE had decomposed and that the product§of ~
décomposition had caused deterioration of thé detonators.®°

An HE primary would not perform properly if its HE were simply replaced
by an identical volume of IHE, since IHE has only two-thirds the energy den-
sity.61 Nuclear weapons are designed with a safety margin so that a smaller-
than-expécted amount of compression will still generate full secondary yield.
The large différénce in energy densities suggests that the modified primary
might neither produce its original design yield, nor produce a yield sufficient
to drive the secondary.

One solution might be to increase the amount of fissile material, thus
maintaining primary yield at lower levels of compression. We are unable to
evaluate the suitability of this method for the W76 or W88. Adding additional
fissile material to a primary, however, may affect the one-point safety of the
design.
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As an alternative, it may be possible to increase the amount of IHE to
compensate for its lower explosive power, but the shape and size of the RV
could make this difficult. The apex half-angle of the Mk4 and Mk5 RVs is
about eight degrees; this means that any component whose size is constrained
by the RV aeroshell, and whose diameter is increased by some amount must
be moved aft by 3.5 times that amount. There may simply not be enough room
in the RVs to accommodate a larger primary. In addition, any shift aft in the
position of heavy components would reduce static margin, which, in turn,
would decrease flight stability.

Thus, modification of existing SLBM warheads to IHE may not be a pro-
ductive route if maintaining compatibility with the Mk4 and MkS5 is desired.
Such modified warheads could exceed size and weight constraints for those
RVs. If feasible, warhead modification could require several nuclear tests and
cost a substantial fraction of the cost of a new warhead development program.

Developing New Enhanced Safety Warheads
The most efficient way of introducing IHE into the Trident force may be to
design new warheads for Mk4 and Mk5 that incorporate IHE and fire resis-
tance. IHE warheads could be designed at the appropriate size and weight to
be compatible with these RVs, but at some yield penalty. Producmg new war-
heads would require a f'unctlonlng DOE production compfex mcludmg Rocky .
Flats (or its equivalent) for plutomum parts if pit reuse were not feasible, the
Y 12 plant for secondary components and Pantex for weapons assembly.

~ Some savings could result if a warhead already in development could be
adapted to a strategic SLBM RV. The W89 program offers an interesting possi-
bility. Full-scale development of the W89, intended for SRAM II, was termi-
nated 1n July 1992 The deSIgn has IHE an FRP a modern electrical safety

ey

recycled pits and, indeed, has established the feamblhty of such recyclingfra
stuccesstul nuclear test. 62

Certain advantages would accrue if it were possible to adapt the W89 to
the Mk5 RV. First, the W89 development program is well along, so the costs to
adapt the system and complete its development may not be large. Second,
most of the W89 nuclear test program is completed. Third, the need for an
expensive program to develop a new RV would be obviated. Finally, an
enhanced safety warhead could be fielded without having to restart operations
at Rocky Flats. The key question, however, is whether the W89, intended for
an air-carried attack missile, could be adapted for use in a strategic RV.
Efforts are underway in the Navy/DOE Phase II study to answer this ques-
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tion.

In subsequent discussions, we assume that an IHE warhead, possibly the
W89, could be made compatible with the Mk5 RV. The characteristics of such a
warhead would be that, if Mk5 weight were held constant, there would be
some yield penalty, perhaps in the range of 10 to 20 percent. Because of the
relative insensitivity of hard-target kill probability to warhead yield (dis-
cussed earlier), we focus on approaches that produce a yield penalty at con-
stant RV weight, rather than maintain constant yield in a heavier RV.

Unlike the W89 for Mk5, there are no IHE warheads under development
that could be adapted to Mk4; new warhead development would be required.
Compared with Mk5, it may be more difficult to develop a new, small IHE war-
head compatible with Mk4 at about its current weight. Thus, we might expect
a somewhat larger yield penalty, perhaps in the range of 10 to 40 percent.

Other, more exotic enhanced safety concepts could involve separable com-
ponents. For example, the plutonium parts in one concept are safely and
securely stored away from the high explosive until a launch authorization is
recéived. Such concepts provide inherent safety to plutonium dispersal in acci-
dents. We are, however, unable to assess further the feasibility of these con-
cepts for strategic RVs.

Producing Plutonium and Beryllium Parts for Nuclear Warheads

If pit reuse is not feasible in modified SLBM warheads, then a capability to
fabricate plutonium and beryllium parts would be required. There seem to be
two options:

¢ Bring Rocky Flats back into 'compliance with environmental regulations;
or

¢+ Establish a capability for small-scale production of these parts at Los Ala-
mos or Livermore, which have facilities for handling and procéésing these
materials and fabricating parts.

The prospects for restarting Rocky Flats appear dim.53 A capability at one of

the weapons labs to‘_prﬁtﬁ'ﬁ?:—e?ﬁat?)wiOO“phi-t'swEé;ﬁ&_eﬁéi' could prove essential. A

major commitment would be required, however, to complete requisite environ-

mental impact statements so that production could begin.

Nuclear Testing and Trident

In September 1992, Congress passed the Energy and Water Development
Appropriations Act (1993). This Act halted nuclear testing until July 1993 and
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imposed a maximum of 15 safety-related tests (including United Kingdom
tests conducted at the Nevada Test Site) for the period July 1993 through Sep-
tember 1996. After 30 September 1996, the law decreesﬂ_’gha’c there can be no
U.S. testing unless a foreign state conducts a test after that date. In . July
1993, the President extended the U.S. moratorium on nuclear tésting through
September 1994, but indicated that if another nation conducted a test during
that time, he would seek approval from Congress to resume testing under the
law. In October 1983, the Chinese conducted a nuclear test and the President
ordered the DOEm_ﬁae testing, but in early 1994, he decided to
extend the moratorium through September 1995. During the debate leading
up to the first extension of the moratorium, there was little support from
either the DOE or the DOD for using some of the permitted nuclear tests to°
develop and field enhanced safety warheads for Trident.

Developing new nuclear warheads requires nuclear testing. To develop a
new IHE primary, and to be confident that it could “drive” the thermonuclear
secondary, testing up to 150 kilotons would be desirable, if not essential.
Developing the primary itself would require testing at an order-of-magnitude
lower yield. A nuclear warhead development program typically entails a five-
year research and development éffort-including about five nuclear tests. If
enhanced safety warheads are to be fielded for Mk4 and Mk5, however, only
about five or six of the 15 permitted nuclear tests would need to be allocated to
these two development programs. This assumes that an IHE warhead previ-
ously in development (the W89) could be adapted to the Mk5.

U.S. law and recent actions by the President extending the moratorium
may have foreclosed any opportunity to develop and field enhanced safety
warheads for Trident. If, however, the U.S. resumes nuclear testing after Sep-
tember 1995 in response to the Chinese or another test, then key decisions
will be required to maintain an option to upgrade Trident warheads. First, Tri-
dent-related tests could be given a higher priority relative to other nuclear
testing demands, such as those for implementing enhanced safety in other
stockpile warheads, for stockpile reliability, and for UK warhead development.
Second, to meet a September 1996 deadline, accelerated development and
nuclear testing programs could be necessary for one or both Trident warheads,
requiring dedicated efforts and possibly increased spending on nuclear weap-
ons research and development over the next three years. Finally, if Trident
warhead development cannot be completed by 1996, accelerated program or
otherwise, then the President must decide whether to press to retain an option
to conduct some tests after 1996.
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IV. OPERATIONAL IMPACTS OF ENHANCED TRIDENT SAFETY

‘ This section examines the impact of safety modifications on Trident perfor-
mance and operations, including their effects on survivability and hard-target
kill capability. We have calculated how Trident range, SSBN ocean operating
area, and on-station time depends on missile throw-weight and on the type of
propellant in each stage. Our calculations are based on the following
approach:

¢+ We developed simple engineering models of the C-4 and D-5 missiles using
information available in the open literature and plausible guesses.

¢ We used a computer to numerically integrate the missile’s equations of
motion and to generate a set of trajectories to find maximum range.

+ For any given maximum range, we computed the amount of open water in
the Atlantic and Pacific Oceans from which U.S. SSBNs would be in range
of key targets. (Larger patrol areas can enhance SSBN survivability to
ASW.) We also calculated the fraction of time in its patrol cycle that an
SSBN is within range of key targets.

changing the values of various important missile parameters.

The Target Set
A key issue is the target set against which Trident performance is evaluated.
We chose the SS-18 launch sites in the former Soviet Union.®* It is important
to explain this choice because some would argue, in light of the current super-
power relationship, that it is not critical to continue to hold SS-18s at risk.
Further, if START II enters into force, all SS-18 missiles may be removed from
their silos by the decade’s end. Our approach, however, is to try to understand
the effect of enhanced safety modifications on Trident system operations and
survivability, and to do so it is necessary to compare the capability of the mod-
ified system to carry out a particular mission with that of the original system.
The Trident D-5 was originally designed to hold at risk hardened Soviet
targets, including ICBM silos, and, among these, the SS-18s offered a great
challenge for two reasons. First, modern Soviet ICBM silos reportedly can
withstand air-blast overpressures greater than 6,000 psi and, thus, require an
accurate, high-yield warhead for assured destruction.5® Second, the SS-18s
are located deep in the interior of Russia and Kazakhstan. Of all hard targets,
they are nearly the most remote. If the SS-18s constituted an important target

' ‘ ¢+ We studied the operational impacts of safety-related modifications by
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set for Trident, then it is very likely the one that most seriously constrained
system operations and limited SSBN patrol area.®
Thus, we chose the SS-18s as a generic target class that poses a particu-
larly demanding, and possibly the most difficult, challenge to Trident. This
choice does not necessarily mean that we believe that SS-18 launch sites will
continue to be critical targets (although it is not implausible that future
threats could emerge from the region in which they are located). Rather, if we
can establish that safety-related modifications to Trident do not significantly
‘ affect the more demanding SS-18 mission, then we can reasonably claim they
Y will not affect the capability of Trident to hold other less-demanding target
i sets at risk.

The Missile Model

The inputs to the computer program are missile launch weight, throw-weight,
mass of propellant, propellant burn time, propellant specific impulse, and
cross-sectional area of each stage.%” The density of the atmosphere and the
speed of sound in air, as functions of altitude, are input in tabular form.

The specific impulse, I ,, which is a good measure of the efficacy of a pro-
pellant, is given by:

p’

_ thrust
® " TdM
dt
where dM/dt = rate of propellant consumption (in kg sec™!), and g = accelera-
tion of gravity. One can consider I, as the ratio of the thrust produced by a
given amount of propellant to the weight of that propellant, expended over one
second.

The calculation is based on the assumption that each stage flies with a

ECO I fixed thrust. Two other forces are in effect: gravity and aerodynamic resis-

N tance. The latter depends on the cross-sectional area and velocity of the mis-
sile, and on the density of air through which the missile is moving. Based on
the resultant force, the acceleration, velocity, and position of the missile as a
function of time are calculated by numerical integration.

At launch, the orientation of the missile is a few degrees from vertical. The
first two stages execute “gravity turns”—that is, the thrust and velocity vec-
tors remain parallel to the longitudinal axis of the booster. This type of trajec-
tory, or a close approximation to it, is often followed by ballistic missiles
because it tends to minimize nonaxial aerodynamic forces. After the second

.,.’
i

i
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L Table 7: Parameters of a “standard” D-5 missile.

Launch weight 56,525 kg (124,350 Ib)
Throw-weight (with 8 Mk5s) 2,700 kg (5,940 Ib)
Nose faring and end cap weight 180 kg (4C0 Ib) c
Missile diameter 2.11m (&3 in.)
Prepellant Class 1.1 in all three stages
Neminal range 4,100 n.m.
Stage Stage Propellant Mass Thrust ha® - Stage
mass mass fraction burn
time
e kg kg Newtons seconds  seconds
i 1 39.742 37500 0929 1559000 271 64
: 2 11,874 11,060 093 448500 28] 68

3 2.207 2,080 0.929 124,500 303 49

a. The increase in i, frem the first to the third stage Is due to the drep In external (atmospheric) pressure. The third stage
thrusts in what is essenticily a vacuum.

s T stage completes its gravity turn, the third stage thrusts so that the resulting
burnout velocity will achieve maximum range during ballistic (unpowered)
flight.%8

Based on the above algorithm, we defined a standard missile such that
plausible values of the parameters given in tables 7 and 8 resulted in a maxi-
mum range of 4,100 nautical miles (n.m.). Although some parameters, such as
launch weight, are well known, others are not. For parameters that were
uncertain, we varied them within very reasonable ranges of their values to
test the sensitivity of the results. In this manner, we developed confidence
that our models are reasonable and, specifically, that important derivatives
(e.g., range partials) are reproduced.

The D-5 flight profile generated by the program is shown in figures 6 and

7, which depict the powered and ballistic portions of the trajectory. The total
flight time is 28 minutes, with an apogee of 560 n.m. Impact occurs at an angle
of 25 degrees from horizontal, with a velocity of 6.7 km sec™l, which does not,
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Table 8: Parameters of a “standard” C-4 missile.

Launch weight 30,9C0 kg (68.0C0 Ib)
Throw-weight (with 8 Mk4s) 1,400 kg (3,680 Ib)
Nose faring and end cap weight 100 kg (220 Ib)
) Missile diameter 1.88 m (74 in.)
2 Propellant Class 1.1 in all three stages
Nominal range 4,100 n.m.
Stage Stage Propellant Mass Thrust [ Stage
mass mass fraction burn
time
kg kg Newtons  seconds seconds
1 19,070 17.,7C0 0.928 783,460 271 60
2 8,590 7.930 0.923 363,960 281 60
3 1,840 1,700 0.924 140,220 303 36

a. The increase in kg, from the first to the third stage is due to the drop in external (atmespheric) pressure. The third stage
thrusts in what is essentiaily @ vacuum.

T T P T e e e T T e B T Y T T S e s A S e il

however, take into account the effects of air resistance during the warhead’s
descent.

= Results from Missile Model Calculations
Using our computer model, we examined the sensitivity of missile range to
: propellant I, and throw-weight. To provide insight into the sensitivity of mis-
sile range to SSBN survivability, we also calculated, for various values of I,
and throw-weight, SSBN patrol area and time on-station within range of key
targets.

Range versus I,
By varying the thrust of a stage without changing the burn time or the propel-
lant mass, we were able to study the effect of a variable I, in that stage’s pro-
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Figure &: Trajectory parameters are plotted for the *siandard” D-5 missile, as computed by
the flyout program for powered flight. *Gamma’ is the angle between the missile’s velocity
vector and the local herizontal. The nermalization for range, cltitude, velocity, and gamma,
respectively, aré 275 n.m., 130 n.m., 6.4 km sec”!, and 87.3 degrees.

pellant. Figure 8 shows the results for modified propellants in the D-5 third

stage only, in second and third stages only, and in all three stages. Assuming
nondetonable Class 1.3 propellants have an I5p that is 10 seconds lower than .
that of Class 1.1 propellants, the corresponding reductions in range for a mod-

ified D-5 carrying eight Mk5 RVs are 110 n.m. (-2.7 percent), 350 n.m. (-8.5

percent), and 575 n.m. (-14 percent).‘59 The equivalent range reductions for a

modified C-4 carrying eight Mk4s are 160 n.m. (-3.9 percent), 380 n.m. (-9.3

percent), and 560 n.m. (—14 percent). '

We configured the D-5 model to eliminate the third stage altogether, both
propellant and inert material.’? The resulting missile flew to a range of 3,360
n.m., about 82 percent of nominal range. If three Mk5 RVs are then offloaded,
missile range increases to 4,140 n.m., slightly above nominal. Another modifi-

puS OB PE 0 BN m = T T
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Figure 7: The ballistic (unpowered) portion of the “standard” D-5 missile’s flight is shown. The
time (horizontal) axis is compressed by a factor of 10 compared with figure 6. Total flight time
is approximately 28 minutes. The normalization for range, cltitude, and velocity cre, resgec-
tively, 4,100 n.m., 50 n.m., and 6.7 km sec™.

cation involves replacing the third-stage propellant with an equal mass of
inert material. Our calculations show such replacement results in a dramatic
St I D-5 range reduction, to 1,900 n.m.

Range versus Throw-weight

We calculated range versus throw-weight for several missile options. For each
throw-weight value, the initial launch angle corresponding to the beginning of
the first-stage’s gravity turn was adjusted to maximize range for a minimum
energy trajectory. In all cases, this angle is within a few tenths of a degree of
the nominal value of 2.6 degrees from vertical. For the “standard” (unmodi-
fied) missile at a nominal throw-weight of 2,700 kilograms, the decrease in
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Figure 8: D-5 range is plotted versus propellant specific impulse. The Al,, = 0 data is for the
“standard” D-5 with eight Mk5 RVs and a nominal range of 4,100 n.m. Fhe three curves corre-
spond to prepellant changes in the third stage only, in the second and third stages, and in all
three stages. Class 1.3 propellants have an I, that is about 10 seconds less than comparable '
Class 1.1 propellants. The correspending reductions in range for Class 1.3 propellant are,
respectively, 110 n.m. (-2.7 percent), 350 n.m. (-8.5 percent), and 575 n.m. (14 percent).
S range for each incremental kilogram of throw-weight is 2.0 n.m. d
Table 9 and figure 9 show how D-5 range increases when warheads are
offioaded. As expected, removing warheads yields appreciable increases in
range. The maximum drag force experienced by the missile also rises because
of the higher flyout velocity.”? It is interesting to note that the range penalty
resulting from a redesigned third stage incorporating Class 1.3 propellant can
be more than recovered by offloading one Mk5 RV. If the third stage is elimi-
nated altogether, nominal range can be recovered by offloading three Mk5 RVs
or four Mk21s. Finally, eight Mk4 RVs can be carried to slightly more than
nominal range even with no third stage present. In this case, offloading Mk4s
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Table 9: Effect of offloading Mk5 RVs (175 kilograms each) on “standard” D-5

range.
#MK5 RVs Throw-weight D-5 range Increase in range
kilograms n.m. percent
8 2,700 4,100 nominal
7 2,525 4,470 9
6 2,350 4520 20
5 2.175 5,480 34
4 2,000 6,220 52

3 1,825 7.280 78
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Tcble 10: Effect of offloading Mk4 RVs (95 kilograms each) on “standard” C-4

range.
T A R R e T Y e e T 3 T B e e B T Y e B e e Bl e o e

#Mk4 RVs Throw-weight C-4 Range Increase inrange

kilograms n.m. percent
8 1.400 4,100 nominal:
7 1,305 4,470 9
6 1.210 4,930 20
5 1.115 5,500 34
4

1.020 6.280 53

would substantially increase the range.

Table 10 and figure 10 show the results for C-4. In comparing tables 9 and
10, we note that the range of a standard C-4 with a given number of Mk4 RVs
is about the same as that of a standard D-5 with the same number of MkS3s.
For the same number of RVs, the range of a modified C-4 with Class 1.3 third
stage and Mk4 RVs is consistently 40 to 50 n.m. lower than the range of a sim-
ilarly modified D-5 carrying Mk5s. In our models, the C-4 third stage delivers
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Figure 9: D-5 range is plotted for various missile configurations and RV loading. Curves repre-
sent the “standard” D-5 missile with Mk4 and Mk5 RVs. a modified D-5 with a Class 1.3 third
stage with Mk4 and M3 RVs, and a modified missile with no third siage with Mk4, MkS, and
Mk21 RVs. The dotted horizental line indicates the neminal range of 4,100 n.m.

a greater percentage of total velocity than does the D-5 third stage; thus, C-4
range will be somewhat more degraded if a lower I, propellant is used in the
third stage. This last point is magnified in the “no-third-stage” data, where C-
4 range, for the same number of RVs, is significantly less than that of D-5.

Sea Room versus Throw-weight

] An important consequence of varying the range is the effect on the amount of
patrol area available to the submarine within range of the target set. In cer-
tain ASW models, SSBN patrol area is directly related to the amount of area
an enemy must “sweep” to seek out and destroy the SSBN and, thus, directly
related to SSBN survivability. We compute patrol area by assuming that, for
our principal target set—the SS-18 launch sites—all open water in the Atlan-
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Figure 10: C-4 range is plotted for varicus missile configurations and RV loading. Curves repte-
sent the “standard” C-4 missile with Mkd4 RVs, a modified C-4 with a Class 1.3 third stage and
Mk4 RVs, and a modified missile with no third stage and Mk4 RVs. The dotted horizontal line
indicates the nominal range of 4,100 n.m.

tic and Pacific Oceans within range of those targets is available to the SSBN.

We do not consider the depth of the water, the topography of the ocean flodr,

the proximity to friendly or hostile forces, and other factors that may affect

detectability and survivability.

Figure 11 shows the SS-18 launch sites and the boundaries of the areas in

the Atlantic and Pacific Oceans from which a Trident submarine is within

4,100-n.m range of all 88-18s. The figure is a Mercator projection, which fis

convenient for providing an overall view of the situation, but severely distorts

areas. Subsequent maps in this paper reproduce areas faithfully, i.e., any two

. regions that have equal areas on the map also have equal areas on the Earth’s
' surface.

Our computation was purely geometrical (i.e., it was based on calculatin
the distance from a point on the ocean’s surface to a target), except for one fa

< uq
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Figure 11: The six SS-18 launch sites. The curves show the boundaries of the areas in the Atlan-
tic and Pacific Cceans from which a Trident submarine is within 4,100-n.m. range of all six S3-
18 sites. The Mercator projection does not faithfully reproduce areas of the Earth’s surface.

tor: we included the effect of the Earth’s rotation. Any missile that is launched
towards the east (e.g., from the Atlantic Ocean towards Russia) at a target
located at a higher latitude obtains a velocity boost from the planet’s west-to-
east rotation. The Earth’s rotaticn varies from 0.46 km sec™! at the equator to
0.30 km sec™! at a launch latitude of 50 degrees. Only a fraction of this boost
is, in fact, exploitable because the target itself is rotating away from the
launch point. Missiles launched in the Pacific Ocean suffer a corresponding
decrease in range unless they are launched from a latitude that is higher than
that of the target.

We defined the northern boundary of the Atlantic Ocean at the Arctic Cir-
cle. We did not perform any area computations for the Arctic Ocean because
we assume that U.S. SSBN commanders would be reluctant to patrol so close
to the home ports of enemy attack submarines. In addition, large parts of the
Arctic Ocean are very shallow and/or covered with ice, making it more difficult
to remain undetected while preserving the capability of launching a missile
strike at any time. Figure 12 does indicate, however, that SS-18 silos are
highly vulnerable to attack from the polar regions, even if missile range is sig-
nificantly reduced.

o
1
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Figure 12: View of the accessibility of all six $5-18 launch sites from the Arctic Ocean. A cor-
rection has been applied for the Earth’s rotation. The polar-azimuthal projection depicts
areas accurately. The four curves are labeled according to the number of Mk5 RVs carried
a “standard” D-5 missile. The curve for eight RVs corresponds to @ nominal range of 4,100 n.
The curves also apply to a “standard” C-4 missile carrying the same number of Mk4 RVs.

R

The Mediterranean Sea is another body of water that is probably shunned
by Trident submarines. One disadvantage is the undesirable “choke point” lat
Gibraltar. In addition, the confined space and large amount of noisy surface
traffic makes the Mediterranean an uncomfortable region for ballistic misxe
submarines, whose commanders prefer large reaches of open water where
they can cruise silently while listening intently for the enemy. We excluded
the Baltic Sea from our analysis for similar reasons.

Results of area computations are tabulated in tables 11 and 12 and plotted
in figures 13, 14, and 15. It is instructive to give results for the SS-18sin two
separate groups: the three eastern-most sites (Aleysk, Uzhur, and Zhangiz
Tobe) and the three western-most sites (Dombarovskiy, Kartaly, and Imeni
Gastello), which are separated by about 650 n.m. For example, table 11 shows
that 10.9 x 10® km? of ocean area in the Atlantic is available for launching D-5
missiles with 2,900-kilogram throw-weight at any of the three western-most
S8S-18 sites. This represents a 26 percent reduction in sea room compared with
the nominal throw-weight of 2,700 kilograms. The estimated accuracy of +| 2
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Figure 13a: Curves show the patrol areain the Atlantic and Pacific Qceans within range of all
six S5-18 launch sites for a “standard” D-5 carrying the indicated number of Mk5 RV, Only
three launch sites are shown on each map; the scale is the same for both maps. The curves
alsc apply te a “standard” C-4 missile carrying Mk4 RVs. For the Pacific, the five- and seven-
knot (n.m. per hour) curves indicate the maximum distance an SSBN moving at those aver-
age speeds can travel from Silverdale during one-half of its 70-day patrol cycle. This gives a
rough estimate of the fraction of the calculated patrol area that is accessible to an SSEN
moving at those average speeds. The Albers projection (with two stendard parallels) distorts
geographical features, but depicts areas occuroteiy.”

percent is based on the mesh size used, the exclusion of smaller islands, and
inaccuracy caused by representing geographical features as finite polygons.
For comparison, we note that the total area of the Earth’s surface is 500 x 10°
km?, the area of the Earth’s oceans is about 350 x 108 km?, the land area of
the U.S. is about 9.5 x 108 km?, and the area of the state of Alaska is 1.5 x 108
km?, :
The patrol area in the Pacific that is accessible to Trident SSBNs depends
on the average SSBN speed and the number of days on patrol. For a 70-day

patrol, figures 13 and 14 show, for typical patrol speeds of 5 to 10 knots, the

furthest distance that an SSBN can steam from port in 35 days. We see that

g T an SSBN moving at an average speed of 7.5 knots can access nearly all of the
- calculated patrol area on a 70-day patrol. At five knots, it can access about
one-half of patrol area. In the Atlantic, an SSBN moving at five knots can

U
i f\
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access all of the calculated patrol area.

SSBN Time On-Station

Any decrease in missile range necessitates additional steaming time before
the submarine is on-station with respect to any particular set of targets. A typ-
ical Trident SSBN has a 95-day cycle in which it puts out to sea, steams fto
within range of its targets, carries out its operational patrol, returns to port
where it is refurbished, refit, and made ready for sea. About 70 of the 95 days
are spent at sea. To generate as little noise as possible and to allow the tow-
able sonar array to operate at high efficiency, Trident SSBNs typically cruise
at speeds in the range of five knots.

We define “on-station time” as the number of days at sea during which an
SSBN is within range of its target set. This time depends on the range of the
missile, the distance an SSBN must travel from port to the point where it fis
within range, and the speed with which it can travel without being detected.
In general, an SSBN's “target package” is adjusted so that in the early stages
of the patrol, it is given a more geographically accessible target set. Later on,
when far from port, it can accept packages such as the SS-18 silos, located in
more remote regions, further from the oceans. For this discussion, we consider
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Figure 14a: The four curves show the patrel area in the Aflantic and Pacific Oceans within
range of ail six $5-18 launch sites for varicus missile configurations. The outermest curve corre-
sponds to “standard” C-4 or D-5 missiles carrying eight RVs and having a nominal range of
4,100 n.m. The other curves recresent D-5 missile configurations with Class 1.3 prepellant in the

i third stage only, the second and third stages only, and all three stages that give range reduc-
tions, respectively, of 110 n.m., 380 n.m., and 575 n.m. The corresponding curves for C-4 necrly
overlap those for D-5. The scale is the same for both maps.

only SS-18 targets; this assumption results in a conservative assessment of
how missile range penalties affect on-station time.

In calculating on-station time, we first determine the range of a particular
missile configuration. Second, we calculate the set of points in the Atlantic and
Pacific Oceans (corrected for the Earth’s rotation) from which a missile of that
range could reach the third closest SS-18 base. For Tridents deployed from Sil-
verdale or King’s Bay, this base is usually Kartaly or Imeni Gastello, respec-
tively. The third closest base is chosen because three SS-18 bases comprise
roughly one-half of the force (75 to 150 silos), and, when an SSBN (carrying |-
100 to 200 RVs) first moves within range of a group of three, the number of
targets and the number of warheads that can be devoted to those targets
become comparable. Next, we determine the distance from the Trident base to
the nearest point on the range contour, and add 20 percent to this number to
take into account that an SSBN would not necessarily move in a straight line
to that point. Finally, we calculate the number of days it would take an SSBN
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Figure 14b.

moving at a nominal speed of five knots to travel that distance. Doubling that

time (to get round-trip transit time) and subtracting from an estimated total

of 70 days at sea yields days on-station for the SS-18 target set.

Table 13 summarizes our results for various missile configurations. For

the SS-18 mission, basing at Silverdale is generally more favorable than bast

ing at King’s Bay, with the difference varying from zero to 14 on-station days,

depending on missile range. For missile range greater than 5,600 n.m., a max-

imum of 70 days on-station is achieved independent of base. For range

between 5,300 to 5,600 n.m., the difference is less than six days. Betweer

4,100 and 4,500 n.m., the advantage is significant: SSBN’s based at Silverdal

can be on-station an additional two weeks (of 10 total weeks at sea) in compar

ison with identically configured SSBNs based at King’s Bay. As missile rang

falls below 4,000 n.m., however, Silverdale basing has only three to four day

of on-station advantage over King’s Bay.”®

We tested the sensitivity of our results to SSBN transit speed. By doublin

transit speed to 10 knots, transit time is halved and days on-station increase

_ correspondingly, with the greater increases associated with the longer steam
Ty G ¥ ing distances. For basing at Silverdale, the days on-station corresponding &
' the above missile configurations range from a maximum again of 70 days,
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Figure 15: Submarine pafrol area versus missile range. Each curve is labeled with the ocean in
which an §SBN is cruising and @ target set. For example, the curve “East $5-18 from Pacific”
represents the patrol area in the Pacific that is within range of the three eastern-most S5-18
silo deployment areas. Correction for the Earth’s rotation has been applied.

nominal 61 days for 4,100-n.m. range, and a minimum of 43 days. For King’s
Bay, the corresponding numbers are a maximum of 70 days, a nominal 53

i days, and a minimum of 41 days. Thus, for certain configurations, significant
i increases in on-station time can be achieved by increasing SSBN transit
speed.
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Tabie 13: For severc! C-4 and D-8 missile configurctions, this table gives the reng
and fhe number of days at sea, cut of @ maximum of 70, that an SSBN deploye
from Silverdale, WA, or King’s Bay, GA. is within range of the three closest $5-18

launch sites.®

o

M

C-4 orD-5
missile configuration

Baseline-START |

D-5w/8 MK5, C-4 w/8 Mk4
D-5 w/8 Mk21

D-5w/8 Mk4

Baseline-START Il
D-5 w/4 MkS, C-4 w/4 Mk4
D-5 w/4 Mk4

Sheck mitigaticn®
D-5 w/8 MK5
D-5 w/8 Mk4

D-5 w/Class 1.3 third stcge
8 Mk5

8 Mk4

4 Mk 5

C-4 w/Class 1.3 third stage
8 Mk4
4 Mk4

Eliminate third stage
C-4 w/ 8 Mk4

D-5 w/ 8 Mk21

D-5 w/ 8 Mk5

C-4 w/ 4 Mk4
D-5w/ 4 Mk21
D-5w/ 8 Mk4
D-5w/ 4 Mk5

D-5 w/ 4 Mk4

a. The steaming distance is the shortest distance an SSBN must travel to come within range of its targets. To cbtain 5
fransit time, the steaming distance is increased by 20 percent and then divided by SSBN patrol speed, assumed 1o
five knots.

b. Shock mitigation = 25 kg/RV.

Missile
range

n.m.

4,100
3.760
5,230

=6,250
> 6,500

3.760
5,180

3.590
5.690
5.950

3.940
5910

2,920
3.130
3.360
3.770
4,280
4,360
4,500
5,380

Silverdcle, WA King's Bay, GA
Steaming Days Steaming Days
distance on- distance on-
station station
n.m. n.m.
970 50.6 1,680 36.4
1.860 32.8 2,040 29.3
0 70.0 0 70.0
0 70.0 0 70.0
0 70.0 0 70.0
1.860 32.8 2,040 29.3
0 70.0 460 60.8
1,630 37.5 1,800 34.0
0 70.0 0 70.0
0 70.0 0 70.0
1,680 36.5 1,850 33.0
0 70.0 0 70.0
2,740 15.2 ~2,900 12.0
2.530 19.4 ~2.650 16.2
2,300 24.0 ~2,460 20.8
1,850 33.0 2.030 29.4
790 54.2 1,500 40.0
710 55.8 1.420 41.6
570 58.6 1,280 44.4
0 70.0 200 64.2

SBN
e
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Summary of Resulis

¥

Significant increases in range result when RVs are ofoaded. The C-4 and
D-5 missiles deployed, respectively, with four Mk4 and four Mk5 RVs, can
reach targets at ranges greater than 6,000 n.m.

Several START II options with four RVs per missile would permit SSBNs
to patrol within reach of distant SS-18 targets for their entire 70-day
patrol cycle.

Decreases in missile range result in proportionally much greater
decreases in patrol area: for example, a 5 percent reduction in range pro-
duces a 25 percent decrease in the amount of patrol area that is available
to a King’s Bay-based SSBN targeting the most distant SS-18 silos.

For basing at Silverdale, there can be a sharp drop-off in on-station rate
for relatively small decreases in missile range below 4,100 n.m. This drop-
off does not apply to basing at King’s Bay.

Using Class 1.3 propellant in C-4 or D-5 third stages would give a 3 to 4
percent decrease in range, and typically an 8 to 13 percent reduction in
patrol area. Oftloading one of the eight RVs would recover all the lost
range.

Missiles with no third stages have significant range, patrol area, and on-
station rate penalties unless RVs are ofloaded. For a medified D-5 with no
third stage and eight Mk5 RVs, the range penalty would be about 20 per-
cent; the reduction in patrol area would be between 50 and 75 percent.
The nominal range of 4,100 n.m. could be recovered by offloading three
Mk5s. Such a system could deliver eight Mk4 RVs to a range in excess of
4,100 n.m. /

For a modified C-4 with no third stage, offloading five of eight Mk4 RVs
would be required to reach 4,100-n.m. range. Thus, a “no-third-stage”
option may be less desirable for C-4 than for D-5.

In general, SS-18 launch sites are much more accessible from the Pacific
than from the Atlantic. Other key installations in the European part of the
former Soviet Union, however, are more accessible from the Atlantic.
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V. OPTIONS FOR MODIFYING TRIDENT MISSILES AND WARHEADS

Safety-related modifications to C-4 and D-5, possibly including redesigned
stages, new warheads, and new RVs, will affect Trident program cost
schedule. A preliminary cost analysis is developed below, but caution must be
exercised in its interpretation. Our estimates may be closer to “factor of two,”
rather than “10 percent,” estimates and should be helpful primarily in com-
paring the different options.

Ceveloping a New Third Stage and Other Missile Modifications
Incorporating Class 1.3 propellant in the third stage would require a research
and development program, including ground and flight testing, to formulate
new propellant with the desired properties, develop a redesigned stage, an
assure its compatibility with the rest of the missile. The cost of the progra
would be in the range of $250 to $500 million, plus 5 to 15 flight tests at about
$30 million each. To complete development and begin production could ta
three to five years. Unit procurement cost for a new third stage (not countin
research and development) would be about $0.7 million.”*

An alternative approach would be to eliminate C-4 or D-5 third stage
creating a clear-deck configuration.”® A substantial range penalty would b
incurred unless RVs were offloaded. A development program to eliminate
third stage, however, could be more complex then one might think. With it
third stage removed and fewer RVs, an SLBM would accelerate more rapidl
through the lower atmosphere and thus would experience higher dynami
pressures and drag loads. The missile’s center of mass would also be differen
altering flight characteristics and requiring changes to the flight control sys-
tem. The current through-deck third stage provides structural support for th
front end, so alternative support structures would be needed. A development
program would have to establish that resulting modifications did not unag-
ceptably degrade SLBM performance and reliability. We estimate that a twa-
to four-year development program costing $500 million and five flight tes
could establish feasibility of eliminating a third stage. Procurement costs esti-
mated at $0.5 million per missile would be required for hardware and oth
modifications.

Rather than eliminating third stages, minimal changes to existing mis-
siles could be achieved by replacing active with inert propellant in C-4 and D-

5 third stages. Some savings might result because all the missile fiyout char-
‘acteristics and mass properties would be the same through second-stage
flight. This, however, is likely to be unacceptable in view of the dramatic range
and RV footprint penalties that result, even when four RVs are offloaded.
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Developing a New Nuclear Warhead

Developing a new warhead typically requires a five-year research and develop-
ment effort, at a cost of $500 to $750 million. To meet an urgent need, how-
ever, an accelerated program could complete development in a shorter period,
perhaps three years. Both nonnuclear high-explosives testing and three to five
developmental nuclear tests would be required. If an existing IHE warhead
could be adapted, research and development costs would be lower, as would
nuclear test requirements. Much of the development for the W89, for example,
which was intended for the recently canceled SRAM II, has been completed.
Perhaps another $200 million would be required to complete its development
for use in a strategic RV, such as Mk5. An IHE warhead compatible with the
Mk4 would likely require a new development program because existing war-
heads of the appropriate size and weight are not available.

Unit warhead procurement costs would be about $0.5 million. This esti-
mate includes costs of retooling, labor, and materials. Producing new war-
heads, however, requires a functioning DOE manufacturing complex, and
unless plutonium pits were recycled from retired warheads, the Rocky Flats
plutonium parts fabrication facility would need to be repaired or replaced.”®

Developing a New RV

If a new IHE warhead is not compatible with an existing RV, then a develop-
ment program would be required that would take three to five years and
include 5 to 10 flight tests. Total development cost would be in the range of one
to two billion dollars. The unit procurement cost of a new RV and associated
nonnuclear components would be about $0.2 million. None of the options
examined below would require new RV development.

Options for Medifying Trident SLBMs

Because Trident will be the mainstay of the U.S. nuclear deterrent force well
into the next century, it is important to evaluate the costs and benefits of vari-
ous alternatives for enhanced safety. Of the specific options developed below,
the current C-4 and D-5 programs are included as the baseline approach. All
options retain the current first two stages of each missile, which use Class 1.1
propellan

t.77
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Option 1: No Change to Existing SLBM Systems (Baseline)

The baseline case assumes that eight Trident SSBNs, each with 24 C-4
SLBMs, are based at Silverdale, and 10 boats, each with 24 D-5s, are eventu-
ally based at King’s Bay, all operating at current alert rates. Increments i

cost and schedule from this baseline are calculated for the remaining option

Option 2: Deploy Current C-4 and D-5 SLBMs with IHE RVs

Option 2 would make no changes to existing SLBMs, but would field two IHE
warheads with fire resistant pits compatible with the Mk4 and Mk5. C-4 and
D-5 missiles would be deployed with four or eight RVs each, resulting in a Tri-

dent force of 1,750 or 3,500 IHE RVs.

Option 3: Deploy Current C-4 and D-5 SLBMs with IHE and Shock Mitigation

This approach would depend on the feasibility of installing shock-absorbing
materials between the RVs and the third stage to cushion an IHE warhead

and prevent sympathetic detonation in a booster accident.”®

Option 4: Develop New C-4 and D-5 Third Stages with Class 1.3 Propellant

New third stages with Class 1.3 propellant would be installed on modified C
and D-5 SLBMs. Existing (nonIHE) W76 and W88 warheads would be used.

Option 5: New Class 1.3 Third Stages for C-4 and D-5 and IHE RVs

This option combines new warheads incorporating IHE and FRPs with new
third stages having Class 1.3 propellant. It would give increased dispersal

safety in fire and impact accidents. The risk of inadvertent nuclear yie
would probably be at the lowest practical level.

Option 6: Modified Missiles with Third Stages Eliminated
SLBM third stages would be eliminated, creating a clear-deck configuratio

Existing Mk4 and Mk5 RVs could be retained with HE warheads or replaced

with IHE warheads. Substantial range penalties would apply, except for D-
with eight Mk4s, or downloaded Mk5s.

Option 7: All Modified D-5 force with Class 1.3 Third Stages and Offloaded
IHE RVs

This is a variant of Option 5, offered for cost comparison. It entails developing
a new Class 1.3 third stage for D-5, backfitting the C-4 boats at Silverdale

with modified D-5s, and deploying IHE warheads in Mk4 and Mk5 RVs.
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Evaluating the Options
S Bl Table 14 summarizes each option in terms of the number of SSBN's carrying
each missile type, the types and numbers of RVs, and the differences in cost
and schedule referenced to the baseline case. Incremental costs range from
$1.8 billion to $5.0 billion, and time required to complete development and
begin first production ranges from two to five years. ‘
We draw upon the analysis of Section IV to assess the operational impacts
of each of the options. Because system capability was evaluated against the
more demanding SS-18 target set, we examine the D-5 variants for each
option. Because it is more accurate, the D-5 missile, deployed with either Mk4
or Mk5 RVs, is much more likely than C-4 to be allocated to the hard-target
mission.
For each D-5 option, table 15 gives the range, patrol area, on-station time,
hard-target kill, and prompt hard-target kill capability. The last two columns
are figures of merit related to the ability of a D-5 variant, on patrol in the
Atlantic, to destroy hard targets. The column “Hard targets killed per SLBM”
gives the expected number of SS-18s destroyed by a D-5 on patrol. This num-
ber is a function of the number of RVs per missile, warhead yield, D-5 accu-
racy (assumed 0.075 n.m.), system reliability (assumed 0.9), and target
hardness (assumed 5,000 psi). We assume that one Trident warhead is
devoted to each target. The column “Prompt hard targets killed per SLBM”
gives the expected number of targets destroyed per missile within a short
period after a launch order is received. This figure of merit is for day-to-day
alert conditions and is obtained by multiplying the expected number of hard
targets killed per SLBM by the probability that an SLBM is available and
within range of its targets.”® .
From our summary of options, we make the following conclusions:

¢ Very substantial increases in range, patrol area, and on-station rate above
the baseline case (4,100-n.m. range) are obtained for D-5 missiles deployed
with four Mk4 or four Mk5 RVs, or with eight Mk4s.

¢+ The expected number of hard targets destroyed clearly declines for D-5s
deployed with four rather than eight RVs, or with RVs of lower yield. It is,
however, quite interesting that the expected number killed promptly (a
key criterion for the Cold-War Trident) is relatively insensitive to whether
eight Mk5s or eight Mk4s are deployed per missile, or whether eight or
four Mk5s are deployed per missile. The decreased yield in the former
case, and the decreased number of RVs in the latter, is roughly compen-
sated by the increased number of days on-station available to the lighter-
throw-weight, longer-range variants.
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If shock mitigation is feasible for C-4 and D-5, then Option 3 is a relative
low-cost approach to enhanced missile system and nuclear warhead safe

Options 5 and 6, in which a Class 1.3 third stage, or no third stage, is cor
bined with IHE warheads, are of roughly the same cost, and perhaps ha
comparably enhanced safety. A downloaded missile with no third stag
however, would be less responsive to a START II treaty breakout (possib
including increased enemy ASW activity) than a missile with a thi
stage.

Option 7 differs from Option 5 only in that it would involve backfitting t
C-4 boats at Silverdale with D-5. Given our assumptions, Option 7 is low
cost because only one Class 1.3 third-stage development program would
needed.

An all-D-5 force may be of interest for reasons other than the lower cost
fielding a force with Class 1.3 third stages. First, shock mitigation may
more feasible for D-5 deployed with the smaller Mk4 RV because of t
extra room (and weight) available for absorbing materials. Second, a “n

third-stage” option may be implemented with a smaller range penalty fi

a given number of RVs. Third, enhanced capability against S5-18 or sin
lar hard targets in south central Asia could be achieved by deploying i
boats in the Pacific.
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Sheuld Tiident be Made Safai?

Does it make sense to spend money on safety modifications for Trident? An ele
mentary exercise in risk analysis can shed some light on the answer. For any
potential hazard, the following mathematical relationship expresses a com-
mon sense notion of when it is wise to invest in eliminating risk:

Viax
Vix

C
Py

C - P4 where,

the appropriate amount to invest to significantly reduce risk,
cost of accident that is to be prevented,

probability of a serious accident if nothing is done.

1

I

]

§

l For Trident, we have shown that Vg, is in the range of $1 to 5 billion. We
cannot compute the likelihood of an accident that results in plutonium dis-
persal, but we can bracket the range of probabilities that correspond to a pru-

l dent safety investment by considering the range of conceivable costs of an
accident. A number of factors go into this evaluation including: the direct loss

A of human life, the indirect loss of life (i.e., the value of a person’s life to friends

I | and family), property value loss, clean-up and litigation costs, tangible and

o g intangible losses to the communities affected, and the cost of the Trident sys-

S tem itself including, if Trident operations were shut down after an accident,

. Lol the associated decrease in strategic deterrence value.
Let’s assume a near worst case dispersal accident at Silverdale or King’s

Bay involving 1,000 latent cancer fatalities. Risk analysts often assign a dollar

I value to accidental death based on a person’s willingness to pay a given
amount to reduce risk. Studies demonstrate that a value in the range of $1 to
10 million per life saved is not unreasonable,.8° Clean-up and other litigation

l costs could range from $5 to 20 billion. A sufficiently serious accident could
lead to termination of the Trident program; assuming a Trident lifecycle cost
of $150 billion, such an accident would produce an expected loss in program
value of $75 billion, one half of a system lifetime. A lower bound program

I value loss of $7.5 billion results by assuming a 10 percent probability that an
accident would end the program. By summing these contributions, we esti-
mate the cost of a serious accident in an urban area to be in the range of $15 to

l 100 billion. Then, from our simple equation, an expenditure of $3 billion (in
the midrange of $1 to 5 billion) to reduce risk would be reasonable if accident
probabilities were in the range of 0.03 to 0.20.

I Another way to view this problem is to consider that the risk of nuclear
war could increase if the Trident program, our most survivable strategic sys-

I tem, was shut down after a major accident. Although we believe nuclear war is
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very unlikely, and was even unlikely during the Cold War, its consequenices
are sufficiently catastrophic that an investment to increase Trident safety may

be justified. Indeed, the probability of nuclear war was deemed sufficient
high during the Cold War to warrant the original Trident investment.

It is straightforward to show that an appropriate investment in safety in
order to avoid the increased risk of war associated with termination of the Tri-

dent program is:

Vax < Py - Pp - V4 where

Vax = cost to enhance safety (= $1-5 billion)

Py = probability of a dispersal accident

P, = probability that Trident operations are terminated after a major
accident

V4 = lifecycle cost to deploy Trident = $150 billion. 81

In this case, a $3 billion investment in safety would make sense if one believed
that the probability of a major dispersal accident leading to program termina-

tion was 0.02 or greater over a 30 year Trident system lifetime.

Needless to say, the above analysis is merely a “back of the envelope” est

mate. It assumes, for example, that a few billion dollars would significant]ly
reduce accident probability. Nor does it take into account that the “original”
Trident lifecycle cost may not, in the post Cold War period, be the most apprp-

priate baseline for calculating additional safety investment. Still, it suggest

that if one believes that the probability of an accident over a 30 year prograri
lifetime is of order 0.01 to 0.10, than an expenditure of a few billion dollars 1
increase safety is not out of line with reasonable estimates of the consequence
of potential accidents. '
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CONCLUSIONS AND RECOMMENDATIONS

The signing and ratification of START I, and the recent signing of START II,
offer new opportunities for enhancing safety and security of remaining Ameri-
can strategic forces. First, the deep cuts in numbers of warheads (and targets)
under START II, and the likely offioading of four warheads from each Trident
SLBM, permit safety-related modifications to be made without range penal-
ties or other operational impacts. Second, the deep cuts will save money, a por-
tion of which could be devoted to enhanced safety and security of remaining
forces. Third, with the end of the Cold War, deploying new systems, such as
Trident, is now less urgent, and some delay in program completion is accept-
able. Finally, implementing safety-related modifications will, as a by-product,
assist in maintaining core competence in nuclear warhead design, develop-
ment, and manufacturing, and in solid-propellant missile systems. Keeping
design and manufacturing teams engaged in these activities will assist in
retaining critical capabilities in the U.S. defense R&D and industrial base.

We believe that the Navy and DOE labs should examine and, if appropri-
ate, vigorously pursue enhanced safety for Trident. Modifications should be
considered for both missiles and warheads. Although we cannot definitively
identify the best option for modifying Trident SLBMs, we recommend that
special attention should be focused on three options:

¢ IHE warheads and shock mitigation for D-5.

¢ Modified missiles with new Class 1.3 third stages and four to eight IHE
RVs.

¢ Modified missiles with no third stages and offloaded IHE RVs.

We recommend that the DOD and DOE should join in developing and fielding
safer nuclear warheads for Trident, regardless of whether missiles are modi-
fied. “Safer” means, at a minimum, that the design include insensitive high

- explosive (IHE), a fire-resistant pit, and an electrical system mtﬁlzﬁhi@i
naclear’ detonatmn safety, or achieve equivalent safety features from other

approaches "New warhead ‘dévelopment will require some of the 15 safety-
related nuclear tests provided under current law. T ——

" The consequences of an accident involving even very small nuclear yield
would be enormous, almost certainly leading to suspension or termination of
the Trident program. Thus, a comprehensive evaluation of Trident hazards
must include continued analysis of this remote possibility.

If a decision is made to go ahead with safety modifications, it is absolutely
critical that sufficient funding be allocated. Attempts to cut corners to save
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money may result in a system that is less safe than the existing one. Some-
time in the next century, if Trident is replaced by a next-generation SLBM,
strong consideration should be given to deploying a system with safe war-
heads and nondetonable propellant in all stages.
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exploding or detonating at very low altitude, possibly delivering sufficient energy to
the SSBN conducting the launch (and cruising fairly close to the surface) to cause vio-
lent reactions in the other boosters deployed with live warheads. Test launch fhilures
are not a rare occurrence.

26. See Ralph. H. Condit, “Plutonium Dispersal in Fires: Summary of What is Known”
(Livermore, California: Lawrence Livermore National Laboratory, October 1988). This
source provides useful insights into the mechanisms for, and health hazards of| pluto-
nium dispersal.

27. The shock pressure transmitted to the warhead IHE was measured to be less than
one kbar, making it unlikely that even conventional HE would undergo SDT. A sub-
stantial fraction of the IHE was recovered in chunks; it had neither detonated nor
burned. The mock pit material was recovered in large pieces, relatively intact, arid only
moderately damaged.

28. Private communication, Edward Lee, Lawrence Livermore National Labora Lory.

29. Over the lifetime of the FBM program, the Navy has conducted over 30,000 mis-
sile-hoisting operations without a serious accident involving dispersal of nuclear weap-
ons materials. In one incident at the SSBN base in Holy Loch, Scotland, a Poseidon C-
3 missile was being winched between the submarine U.S.S. Holland and its tender.
The winch inadvertently ran free, and the missile dropped 17 feet before autématic
brakes caught it just above the Holland’s hull. The SLBM, “swinging wildly,” hit into
the tender. See D. Campbell and N. Solomon, “Accidents Will Happen,” New States-
man, 27 November 1981. There have been one or two other cases of “dropped” boosters.

30. The impact on a steel plate of a C-4 or D-5 third-stage motor with a velocity in the
range of 150- to 200-feet sec™ could generate a shock of about 30 to 40 kbar, sufficient
to cause motor detonation with 50 percent probability. This corresponds to a free-fall
drop in vacuum of about 350 to 600 feet. According to the Navy, the worst-caseé drop
velocity in a missile toppling accident would be about 60 mph (88 feet sec™?) |corre-
sponding to a drop height of about 120 feet. Such an accident is extremely unlikely to
result in a direct, shock-induced detonation. See “Trident II (D-5) Strategic Welapons
System—Nuclear Weapons Safety,” briefing charts presented by RADM Kenneth C.
Malley, former Director, Navy Strategic Systems Program Office (undated), and the
unclassified briefing charts addressing Trident I propellant sensitivities in “Trident II
Missile Performance Impacts of Employing IHE in the Mk5 Reentry Body” (Livermore,
California: Lawrence Livermore National Laboratory, March 1983).

31. For a warhead immersed in a fuel fire (800 to 1,100° C), a smaller fraction of war-
head plutonium (0.001 to 1.0 percent) would be released in inhalable form than|in an
HE detonation. A solid rocket motor propellant fire is much hotter (~2,500° C);|thus,
substantial plutonium may be vaporized, which would increase the fraction of smazller,
respirable particles. See Condit, op. cit. p. 10.

32. See “The Joint Venture Analysis of the Nuclear Weapons Safety Report,” op. ¢it., p.
30.

33. See “The Joint Venture Analysis of the Nuclear Weapons Safety Report,” op. ¢it., p.
17.

34. For an interesting discussion of fire environments and the utility of FRP5 see,
Douglas R. Stephens, “Fire-Resistant Pits: Reducing the Probability of Accidental Plu-
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tonium Dispersal from Fuel Fires” (Livermore, California: Lawrence Livermore
National Laboratory, March 1992) report no. UCRL-ID-110556.

35. The insulation provided by an intact RV can also add several minutes to contain-
ment time in a solid propellant fire.

36. One-point safety” means specifically the following: (a) In the event of a detonation
initiated at any one point in the high explosive system, the probability of achieving a
nuclear yield greater than four pounds TNT equivalent shall not exceed one in one mil-
lion (1 x 10%), and (b) One point safety shall be inherent in the nuclear design—that is,
it shall be obtained without the use of a nuclear safing device. See Letter from C. Wal-
ske, Chairman, Military Liaison Committee to Brig. Gen. Giller, AEC, 4/68.

37. See Drell Commission Report, op. cit., p. 29.

38. The yield of a primary can be “boosted” by injecting a small amount of deuterium
and tritium (DT) into the core. The flood of 14-Mev neutrons produced from DT reac-
tions induces many more fissions, resulting in a significant increase in primary yield.

39. In analysis subsequent to the Drell report, the DOE labs are working to identify
any credible mechanisms that produce greater than four pounds of nuclear yield in a

. third-stage motor detonation.

40. See Condit, op. cit. p. 3.

41. Condit, op.cit., p. 5. For comparison, the EPA limit for total lung burden is 0.3
micrograms or about 1.6 x 1073 curie. Another source cites a 30-year dose of 3,800 rad
per milligram of weapons-grade plutonium inhaled into the lungs. See S. Feiter and F.
von Hippel, “The Hazard from Plutonium Dispersal by Nuclear-Warhead Accidents,”
Science & Global Security 2 (1), 1990, p. 23. y

42. Fetter and von Hippel, op. cit., p. 22-24,
43. Fetter and von Hippel, op. cit., p. 24 ff.

44. The wind velocity of four km sec™! directed east towards Seattle is a worst-case
assumption. Prevailing winds are mainly north and south due to the channeling by the
Olympic and Cascade ranges. Winds from the south are the most probable. The wind
used by Fetter and von Hippel occurs about 5 percent of the time. The rest of the time
(due to the anisotropy of the Seattle population distribution), the winds lead to sub-
stantially less dose to the population. When used in a model that takes terrain into
account, such winds reduce the population dose by two to three orders of magnitude.
Ted Harvey, LLNL, private communication.

45. A. Lin and J. Harvey, Plutonium Dispersal in Nuclear Weapons Accidents, Center
for International Security and Arms Control, Stanford University (in draft).

46. At the current risk factor of about 5 x 10~* LCFs per whole-body man-rem, the
number of LCFs expected over 30 years from natural radiation is: ‘
(5 x 10” people) x (0.1 rem) x (5 x 10~* LCFs / rem) x 30 years = 750 LCFs.

About 1,000 to 5,000 cancer deaths were expected worldwide from plutonium oxide
inhalation due to atmospheric nuclear testing in the 1950s and early 1960s. See Fetter
and von Hippel, op. cit. p. 27 (footnote). Estimates of the collective dose to the world’s
population from all isotopes produced during atmospheric nuclear testing conducted
from 1945 to 1963 range from 400 to 800 million man rad (or man-rem since the dose is
mostly from beta and gamma radiation, where Q = 1). This translates to about 200,000
to 400,000 additional LCFs as a result of the whole period of atmospheric testing, or an
average of 10 to 20 thousand LCFs induced per year. For comparison, the annual col-
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lective dose to the world population from natural radiation is about 300 million man
rad, which translates to about 150,000 LCFs induced per year. See “Sources, Effects
and Risks of Ionizing Radiation,” United Nations Scientific Committee on the Effectg of
Atomic Radiation, 1988 Report to the General Assembly (New York: United Nations,
1988). We are grateful to Charles Shapiro, LLNL, for pointing this out.

47. Fetter and von Hippel, op. cit., table 7 indicate that, under stated worst-case
assumptions, unprotected individuals within two kilometers of the accident would
inhale, on average, about 0.02 milligrams of plutonium. Assuming 10 expected deaths
in 30 years per milligram inhaled, this would yield about 10 x 0.02 milligrams = 0.2
deaths, equivalent to a 20 percent chance to such an individual of dying of cancer from
the accident. Since the overall cancer death rate from all causes is 20 percent, the adci-
dent would increase the risk to 36 percent [= 20 percent + (0.2 x 80%)], almost doub

48. Under certain atmospheric conditions, resuspension and inhalation of ground par-
ticles can significantly add to total dose. Draft EPA regulations recommend a value of .
0.2 x 107 Ci m™2 as a screening level for ground cleanup of transuranium elements.
This value is based upon guidance of one mr per year of alpha radiation to the lungs|or
three mr per year to the bone. A resuspension model is used to derive the screening
level for samples collected on the ground to a depth of one centimeter and for partitle
sizes under two mm. The screening level is not intended to be a trigger level abdve
which cleanup is required. Rather, its intended use is to provide a conservatively based
threshold for the purpose of eliminating lands at or below this level from further, mgre
detailed evaluation.
We can estimate ground contamination (¢) from the potential accident in the vicin-
ity of Seattle. According to equation 7 in S. Fetter and F. von Hippel, op. cit., o= (v xI)
/ b, where ois in mg m™2; I is the amount of plutonium that a person located at that
point would inhale during plume passage; v is the deposition velocity (assumed 0.01m
sec™l); and b is the average breathing rate (3.3 x 10~ m? sec™!). From table 7 of the
same reference, we estimate that I is about 0.01 milligrams at 5 to 10 kilometers down-
wind from the accident. This leads to a ground contamination level of 0.3 mg m~2|or
(given 0.08 Ci per gram of weapons grade plutonium) 2.4 x 10~% Ci m2 at a radius of 5
to 10 kilometers. This figure is about 100 times the draft EPA screening level. The
ground contamination at one kilometer from the accident would be a factor of 300
above the screening level. .
Cleanup to background levels, if required, would be a much more stringent crite-
rion. For example, the plutonium deposited from atmospheric testing of nuclear weap-
ons gives about 100 times less area deposition in the mid-latitudes than the draft EPA
screening level. Nearly all is uniformly distributed in the first 10 centimeter of soil} If
’ " one considers the amount of plutonium in the first centimeter (the most important part
for resuspension), then background from atmospheric testing would be about three
orders of magnitude less than the draft screening level. Plutonium contamination from
an accident would be detectable to those levels and lower since the isotopic mixtures
from atmospheric testing would be different. Cleanup to background plutonium con-
tamination levels (about 0.1 x 10~° Ci m~2) could involve land areas an order of magni-
tude larger than for the draft screening level. See Inferim Recommendations on Doses
to Persons Exposed to Transuranium Elements in the General Environment (draft),
U.S. Environmental Protection Agency (1987). We thank Doug Stephens, LLNL, for
allowing us to adapt some of his unpublished writing and research in this note.

49. See Keith Schneider, “U.S. Plans Big Cuts In Its Production of Nuclear Arms,
New York Times, 17 December 1991.

50. George Leopold, “Navy Officials Wrestle With Nuclear Arms Shuffle,” Defense

”




334 Harvey and Michalowski

News, 8-14 June 1992,

51. A“sphere-cone” strategic RV might weigh 400 pounds and have a base diameter of
22 inches. The drag ceefficient depends only on RV shape. For a typical RV with an
eight degree conical half-angle and a bluntness ratio (ratio of nose radius to base
radius) of about 0.05, drag coefficients range between 0.05 and 0.1. This gives a ballis-
tic coefficient of between 1,500 and 3,000 pounds per square foot. For drag coefficients
of conical objects with rounded nose tips as well as other interesting RV data, see
Frank J. Regan, Reentry Vehicle Dynamics (New York: American Institute of Aeronau-
tics and Astronautics, 1984), p. 139.

52. Both the W87 and W88 belong to same class of high-yield warheads. During the
1980s, when MX and other nuclear weapons were being introduced at accelerated
rates, a shortage of enriched uranium necessitated deploying MX W87 warheads at
less-than-maximum yield. The W87 yield, if desired, could be raised to that of the W88
without the need for additional nuclear testing.

53. Detailed design work would determine the effect on B of a longer RV—that is, the
degree to which the increased mass of a longer RV would offset the increased base
diameter and drag coefficient.

54. Probably just as important, the W88 developers wanted to exploit a secondary
design that had undergone full-yield testing prior to the 1974 Threshold Test Ban
Treaty, which limited tests to 150 kilotons.

55. A CEP value for D-5 of 130 meters (430 feet) is cited in Modernizing U.S. Strategic
Offensive Forces: The Administration’s Program and Alternatives, U.S. Congress, Con-
gressional Budget Office, (Washington DC: U.S. Government Printing Office, May
1983).

56. Under START II, MX would be eliminated by the year 2003. Existing Mk21/W87s
could be redeployed on Minuteman III ICBM (at one warhead each) or made available
for Trident. Even if not used on Minuteman III, these warhead would probably not be
available for Trident in the short term.

57. The fissile material shell may be composed of plutonium, enriched uranium, or
both.

58. C. Alonso et al., Report to Cong.ress on Stockpile Reliability, Weapon Remanufac-
ture and the Role of Nuclear Testing (Livermore, California: Lawrence Livermore
National Laboratory, October 1987) report no. UCRL-53822, p. 20.

59. C. Alonso et al., op. cit., pp. 20 and 29.
60. C.Alonso et al., op. cit., p. 26.
61. The two materials have a similar mass density, about 1.8 gm cm™.

62. George Leopold, “Weapons Labs Scour for W88 Replacement,” Defense News, 2
March 1992.

63. President Clinton’s FY 1994 budget request would cease funding for plutonium
parts production at Rocky Flats. See, George Leopold, “DOE Eyes Cleanup of Nuclear
Sites,” Defense News, 12—-18 April 1993.

64. The two-stage, liquid-fueled SS-18 is deployed with 10 accurate, multi-hundred-
kiloton warheads. It has an assessed counterforce capability against U.S. ICBM silos.
With its 11,000-kilometer range, it can reach all important U.S. targets. Currently,
about 308 SS-18s are deployed. Under START I, that number will be reduced to 154. If
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implemented, START II will eliminate the SS-18. Under START II, however, about
SS-18 silos could be converted for deployment with single-warhead missiles.

90

65. Soviets Testing New Generation of ICBMs,” Aviation Week and Space Technology,

3 November 1980, p. 28.

66. The two-stage, liquid-fueled SS-19 ICBMs may also be considered potential tar-
gets for Trident. Each carries six warheads with a yield of several hundred kilotons.
The SS-19s are deployed in the western part of Russia and in Ukraine and, thus, are
more accessible to Trident submarines patrolling in the Atlantic than are the SS-18s.
Under START II, the SS-19 silos will either be retired or deplayed with single-warhead

missiles.

67. The computer program consisted of approximately 1,500 lines of Pascal code
was developed by Nick Gentile of LLNL and required only minor modifications.

68. We assume that the PBV maneuvering is devoted totally to RV “footprint” and not -

to range extension.

69. These calculations assume that Class 1.1 and Class 1.3 propellants have the same
density. More accurately, the density of Class 1.3 propellant is about 5 percent less

than Class 1.1. For a modified D-5 with a Class 1.3 third stage and eight Mk5 RV,

he

range penalty assuming lower density would be about 150 n.m. (—3.7 percent) rather

than 110 n.m. A new Class 1.3 pr0pellant with the same mechanical properties a
resistance to ignition as current D-5 propellant might have an I o penalty of about ~

nd
14

seconds, as well as five percent lower density. In this case, the range penalty for a mod-

ified D-5 would be about 195 n.m. (—4.7 percent).
70. The actual weight saved by eliminating the third stage will be somewhat less th

the weight of the stage. The third stage provides structural support to the PBV; some
reinforcement of the PBV structure will be required, at some weight penalty, if that

stage is removed.

71. See F. Pearson, Map Projections: Theory and Applications (Boca Raton, Florida:

C.R.C. Press, 1990), pp. 110-117.

72. Maximum drag for a nomjnal D-5 with eight Mk5 RVs occurs about half-w
through ﬁrst—stage burn at an altitude of about 8.5 kilometers and a velocity of abg
0.75 km sec™’. Peak dynamic pressures are about 10 percent greater for a D-5 miss
with only four MLk5s. We are unable to assess the effect of increased drag forces on t
structural integrity of the missile. Such complex evaluations would necessarily bec
ried out in any missile redesign effort.

73. The reason arises from the Pacific geography. For missile range of 4,100 n.m.
greater, an SSBN minimizes transit time by steaming north from Silverdale into t

way
ut
ile

he

ar-

or
he

Gulf of Alaska, where it first comes within range of SS-18s based at Kartaly. It ﬁn
then move along the Aleutian chain into the north Pacific or Bering Sea, all the while

staying within range of its targets. For missile range less than 4,000 n.m., there is |
tle or no room in the Gulf of Alaska in which an SSBN is within range of Karta
Rather, minimum transit time is achieved by steaming directly to the Unimak Pass
the Aleutian chain and crossing through to the Bering Sea. For example, an SSBN ¢
rying 4,100-n.m.-range missiles must travel about 970 n.m. from Silverdale to go ¢
station in the Gulf of Alaska. If missile range is 100 n.m. through Unimak and into t
Bering Sea before it moves within range of Kartaly, adding an additional 13 days
total round-trip transit time (including the 20 percent correction). On-station rate

the Pacific, therefore, is quite sensitive to missile range; this sharp drop-off with rang

it-
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is not manifest in the Atlantic.

74. We can obtain a rough estimate of stage procurement costs by noting that, as part
of a life extension program for Minuteman III, about 620 new third-stage motor cases
will be manufactured and filled with new solid propellant at a procurement cost of
about $370 million, or $0.6 million per motor. See Minuteman III Life Extension
Report—A Report to Congress, Department of Defense [USD(A)], 29 July 1992. It is
l unclear how much of the hardware from the current D-5 third stage (e.g., case, insula-
‘ tion, nozzle, or TVC system) could be reused. Qur procurement cost estimate of about
; $0.7 per motor, however, is probably conservative because the Minuteman III third
A stage is nearly twice the weight of the D-5 third stage, and propellant cost is a substan-

l el tial fraction of total stage cost.
e SRR 75. This was suggested by the Drell Commission in their letter to Les Aspin, Chair-
S man of the Committee on Armed Services, U.S. House of Representatives, dated 15

l : November 1991.

76. Our cost estimates for new warheads do not include costs to restart or replace the
Rocky Flats plant.

77. All of the options are described in greater detail in the full report, “Nuclear Weap-
ons Safety and Trident: Issues and Options,” John R. Harvey and Stefan Michalowski,
Center for International Security and Arms Control, Stanford University, August 1993.

78. Preliminary calculations carried out at LLNL during 1986 and 1987 suggest, how-
ever, that the tight spacing between the third stage and RVs (for C-4/Mk4 and D-5/
Mk5) would not permit installation of sufficient shock-absorbing materials to prevent
detonation. For D-5 deployed with the smaller Mk4, shock mitigation may be more fea-
sible since there is more room to install materials that lower the peak shock to the war-
head. If shock mitigation were feasible, then a small development program could cost
in the range 6f $50 million for each missile and take one to two years. Such a program
s could be done in parallel with IHE warhead development.

79.The calculation to determine “prompt hard targets killed (HTK) per SLBM” is as
follows:
Prompt HTK = R x SSPK x (# RVs / missile) x (fraction of time SSBN is within
range), *
where
R = system reliability = 0.9 (assumed)
SSPK = single-shot kill probability = [1 — 0.5(WRCEP?]

where

WR = weapons lethal radius for 5,000-psi hard targets = 875 feetxY(Mt) Y3 .

CEP = 450 feet.
Assuming a 95-day cycle (70 days at sea and 25 days in port) and a 12-month overhaul
every 10 years yields an average at-sea rate for the Trident force of 0.66 over a 10-year
cycle. (Higher at-sea rates can be sustained for short periods during generated alerts.)
Thus, the “fraction of time within range of the §S-18 target set (during normal day-to-
day alert)” for each missile configuration and basing location is determined from table
16 by multiplying the days on-station by 0.66/70 days. For example, for the baseline D-
5 with eight Mk5/W88 RVs deployed from King’s Bay, we have:

; R=09
: fraction of time within range = (36.4 days) x (0.66/70 days) = 0.34
# RVs per missile = §,
which gives Prompt HTK = number of SS-18 silos killed promptly per missile = 1.9.
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80. See Ann Fisher et al., “The Value of Reducing Risks of Death: A Note on New Evit
dence,” Journal of Policy Analysis and Management 8 (1), 1989, pp. 88-100. We are
indebted to Jim Miller for pointing out this reference.

81. From simple risk analysis, and ignoring accidents for the moment, the appropriate
investment to make in deploying Trident is related to the probability of nuclear war
and its consequences as follows:

Vd = CW (Pwnl ""Pwt), where . .

V4 = lifecycle cost to deploy Trident = $150 billion

C, = “cost” of a nuclear war,

P, = probability of nuclear war assuming Trident is deployed,
P,..= probability of nuclear war with no Trident,

Let us now assume that the original investment to deploy Trident has been made and -

we now want to determine what amount should be spent to increase system safety to
avoid a serious accident that terminates operations. Here:

Vax = Cw (Puta — Pwi); Where,
P,.,= probability of war assuming Trident is deployed but with a finite chance of &
serious accident.
With a little arithmetic it is straightforward to show that:
Pyta= Pp- Pr: (Pynt— Put) + Py

This leads to:

Vﬁx.= PA'PL'fcw(‘Pwnt-Pwt)] = PA'PL'[Vd]= PAPL[$150 bllhon]
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