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ABSTRACT.

From a perspective of 50 years of involvenent with nuclear weapons and ballistic mssile
of fense and defense, Richard Garwin will discuss the need for mssile defense, the properties of
systens that can work, and the Achilles heel of the national mssile defense now bei ng depl oyed.
That problemfor a US defense facing a potential North Korean or Iranian |ICBMis counterneasures
that would nmake it inpossible to defend agai nst even a few mssiles. For delivery of gerns by
|CBM the efficient counterneasure is tens or hundreds of bonblets, reentering individually. For
nucl ear weapons, the counterneasure of choice is antisinulation balloons around the warhead,
w t h many acconpanyi ng decoy ball oons. Although the m dcourse-intercept system being depl oyed
wll not be effective, the threat in any case is fromshort-range mssiles |aunched from ships
of f US shores, against which no defense is being deployed.

| NTRODUCTI ON

| amdelighted to be able to be with an engineering group to tal k about national mssile
defense. My degree in physics is froman engineering school, now Case Wstern Reserve
Uni versity. Mich of ny experience and many of ny contributions have been in engineering and
technol ogy, rather than in scientific research, and | believe | am best at solving or avoiding
engi neeri ng probl ens.

It was 55 years ago that | went for the first of many summers at the Los Al anpbs Nati onal
Laboratory, where | worked on nucl ear and thernonucl ear weapons and, soon, wth other groups on
classified studies of mssiles, mssile defense, discrimnation of warheads from decoys, and the
like. 1In fact, that was half of ny life for the |last 50 years.

| speak with relief to an engineering group in view of the |lack of nunmeracy of The New York
Times and of many of the decision nmakers in our governnment. For instance, on January 31, 2005,
The New York Tinmes editorial coment on the new junbo A280 airbus had it "30,000 tons heavier"
than the Boeing 747. In its correction of February 2, The New York Tinmes noted that the A280
was "hundreds of thousands of pounds heavier" in sone configurations, and "It's an aircraft, not
an aircraft carrier."”

Then, too, engineers are better able to distinguish a goal froma fact, despite the aphorism
"Where there’s a will there’s a way."
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Havi ng i ntroduced and used nucl ear weapons in warfare in 1945, the United States at that time
understood their effectiveness in destroying cities and people. It worked hard to strengthen
Its nuclear offensive force and was chastened when the Soviet Union tested its first nuclear
explosive in 1949. The United States was deploying air defenses of the continent at a
tremendous pace, with fighter aircraft and interceptor nmissiles arned with nucl ear warheads to
counter Soviet bonmbers. | worked for about a year in 1953-54 on Project LAMP LIGHT, with the
goal of extending the conputerized ground environnent and defensive capabilities to the sea

| anes of approach of Soviet bonbers, not w thout commenting to the project |eaders in 1953 that
by the tinme we woul d have anything deployed fromour efforts, the threat woul d be Sovi et

m ssiles rather than bonbers. And | have worked ever since to try to realize an effective

def ense agai nst nucl ear-arnmed m ssil es.

In fact, where there is a will there are nultiple ways, nore or |less costly or effective. The
damage from nucl ear-arnmed intercontinental ballistic mssiles (I CBMs) could be prevented at
vari ous stages:
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0 By persuadi ng states not to devel op nucl ear weapons.

0 By persuadi ng them not to devel op m ssile-delivery capability.

0 By destroying the industrial plants before they can produce nucl ear weapons or mi ssiles.
0 Destroying the mssiles at their |aunch sites before they can be | aunched.

0 Destroying mssiles in boost-phase, after they are | aunched, but before they reach a speed
that will carry themto their target.

o] Destroying the mssiles and the warheads in md-course as they fall through space or fly
t hr ough t he at nosphere.

o] Destroyi ng warheads in term nal phase, as they streak through the atnosphere toward their
targets.

0 Interfering with or preventing the detonation of the nuclear warhead itself, when it is
within effective range of its target, which mght be as little as 200 neters, for sone hard
targets.

For each of these phases there are different approaches to its acconplishnment. For instance,
boost - phase intercept m ght be based on the ground, on the sea surface, in the air, or in space.
From space, one could use hit-to-kill interceptors (as fromthe other options for stationing)
powerful |asers, or even a nucl ear warhead.

It is inportant to note that these stages in the life of a mssile-delivered nuclear warhead are
sequential, and that effective interference at any one stage elimnates the necessity of
interfering in another, although it is often said that "l ayered defense"” is nore effective and
cheaper than a high-confidence defense at a single stage. That statenent is problematical.

But the offense has other options, as well, and all credible options nust be blocked if U S.
cities and popul ation are to be defended against the nuclear (or biological) threat. For

i nstance, the 1998 (Runsfeld) Commi ssion to Assess the Ballistic Mssile Threat to the United
St at es enphasi zed that any of the states that m ght develop ICBMs to carry nucl ear warheads or
gerns against the United States coul d sooner deliver those sane or | arger payl oads nore
accurately, nore economcally, and probably nore reliably by the use of short-range mssiles

| aunched fromaircraft near U S. shores or from ships.
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| begin with a description of the fundanentals of a md-course intercept program This is the
nost mature approach, if not the nost promsing. Effective defense in this case begins with the
means for know ng that a mssile has been |aunched, and its general direction.

It continues with the detection of the warhead or warheads, and the allocation of intercepting
resources. The interceptor nust then be guided (or self-guided) to collision or at |east to the
nei ghbor hood of its prey.

The current systemrelies on the DSP (Defense Support Program satellites that have been
operated by the United States since the early 1970s and that see the | aunch of any ballistic

m ssil e of reasonabl e size al nost anywhere on Earth. The existing DSP system scans the entire
visible face of the Earth from geostationary orbit each ten seconds and | ocates intense infrared
sources with a pixel approximately 1 kmin size. O course, geostationary satellites cannot see
the polar regions, and other satellite orbits are used to cover that hole.

For nore than 100 years it has been known and for nore than 50 years denonstrated that an
efficient way to reach the speeds required to throw a payl oad through space to |and hal f-an-
Earth away is by staged rocket propulsion. The rocket equation tells us that the mass of the
rocket when it has exhausted its propellant is exponentially small in the ratio of velocity gain
to exhaust velocity.

dP/dt = 0 = +V_AM + MAV (1)

states that the overall nmomentum P of the universe remains constant, in that the sum of the
noment um of the ejected mass and the increased nonmentum of the spaceshlp of mass M (due to its

i ncreased velocity as a result of the expulsion of the gas) remains zero in the reference frane
noving with the spacecraft before the nass was ejected. Egq. 2

dv/dM = -V/M dV/V, = -dMM (2)
AVIV. = -Aln M M/M = "

relate the increase of spacecraft speed wth the mass ejected, and the initial nmass of the
rocket Mo to the final nmass M, with the velocity gain AV and the exhaust velocity Ve.

More generally, an exhaust speed of the order of 3 kmis could propel the enpty rocket, notors,
and any payload to orbital speed of about 8 km's, and with a burnout mass that is 7% of the

| aunch nmass--1ess a correction for atnospheric resistance and for "gravity | oss" because of the
effect of Earth's gravity during the rocket burn. Unfortunately, rocket structure and notors
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are nore nearly in the range of 10%of the initial nmass, so even a zero-payl oad single-stage
rocket could not reach orbit or even intercontinental distance.

Tsi ol kovsky and Robert CGoddard i ndependently hit on the idea of staging, so that each stage
could carry 1/e of its launch mass to a speed equal to the exhaust speed of, say, 3 km's. That
37% bur nout mass plus payl oad coul d be conposed of 10-15% structure and 27-22% payl oad, which
woul d be anot her single-stage or nulti-stage rocket. The tool of staging neans that there is no
limt to the speed that can be obtained with practical rocket propul sion and structure fraction,
al t hough the payload is ultimately very snall

Neverthel ess, the efficiency of the process is quite good-- a daunting challenge for those who
wi sh to replace rocket propul sion by sone ot her neans of achieving high velocity for payl oads
traveling through space. Since the kinetic energy of the payload is proportional to the square
of its speed, the exponential decrease in nmass with added velocity is conpensated to a

consi derabl e extent as shown in the foll ow ng equation and table.
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From “Space Technology: Myth and Promise”
(1988) See www.fas.org/RLG

TABLE 1: For final velocity V¢ achieved by rocket
propulsion with exhaust velocity Ve = 3 km/s, the payload
fraction is g and the fraction of fuel total energy present
In the payload kinetic energy is

€ = (VM) | (YaVe (Mo-My))

Vi 3 6 9 12 15 18 km's
a 1 2 3 4 5 6

K 37% 13.5% 5.0% 1.83% 0.67% 0.248%
& 59% 62% 47% 30% 17% 9.1%
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O course, the offense needs not only to determ ne the necessary speed but to build the rockets,
obtain the fuel, and produce and test the guidance systens that will bring the payload to the
desired speed and orientation with the accuracy required to mss a target by less than 10 km 1
km or even 100 m in current advanced generati ons of | CBMs.

The task of the defense is nore conplicated, in that it nust react to a |launch at the tine
chosen by the offense.

If there are no counterneasures, which we wll discuss in a nonent, the defense nust test,
procure, and base a sufficient nunber of interceptors so as to carry out the intercepts in good
time. The interceptor speed nust be adequate to carry it in the available tinme to the regi on of
the ICBMtrajectory, and at a precise tine to intercept. That ICBMtrajectory needs to be
determ ned accurately in order to plan the intercept, and the interceptor nust be gui ded not
only to intercept the trajectory, but to do so at a tinme when the target mssile is there. The
closing velocity can well be 10 kmis or nore, and the velocity along the trajectory nore than 7
kmis. Thus 0.01s error in a hit-to-kill intercept could correspond with a m ss distance of 70
m - hence the choice of a self-homng interceptor that could obtain a mss distance of 10 cm
against a symretrical target. But if the visible (or infrared) target is a | arge shapel ess
bal | oon, where should the KV aimto collide with the RV itself?

Early U. S. |1 CBM defensive systens such as SAFEGUARD relied on interceptors capped w th nuclear
explosives. In fact, SAFEGUARD, depl oyed and operational for a brief period in 1975, based in
North Dakota 20 | ong-range interceptors arnmed wth 5-negaton thernonucl ear warheads. These
could be used to destroy an incom ng warhead or cluster of warheads and "decoys" in space at a
di stance of thousands of km A second |ayer of intercept was provided by 80 SPRI NT

I nterceptors, arnmed with so-called "neutron bonmb" warheads, with the purpose of intercepting

I ndi vi dual of fensive warheads within the atnosphere as they approached their targets.

In this case, the purpose of the systemwas to defend a wing of 150 M nutenman offensive
mssiles, in order to preserve the deterrent against a fancied Soviet disarmng threat.

SAFEGUARD made no sense even fromthe begi nning, because it was totally reliant on the
performance of both of its radars-- a long range detection radar and a shorter range radar for
preci sion engagenent and interceptor tracking and command. These radars were highly visible and
hardened to a far | esser extent than the M nuteman silos they were protecting. To protect the
silos, it was crucial that both radars survive; whereas it would have made little difference if
60% of the silos had been destroyed (inplying the successful guidance and expl osi on of sonme 90
Soviet |1 CBM warheads). Evidently, the Soviet Union could have concentrated a relatively few

war heads agai nst the radars, and then had a free ride to destroy the wing of Mnuteman m ssil es.
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I f Soviet forces had had the capability to do that in the first place, it would not have been
significantly di mnished by the SAFEGUARD def ensi ve system

My proposal was to deploy a very special purpose mssile defense systemthat would be adapted to
the unique target characteristics. It would destroy the nuclear warheads within a km of the
silo. | had several candidate proposals, but there was no interest in a technologically
unchal | engi ng appr oach.

The situation agai nst which the National Mssile Defense Systemis being deployed is very
different. It is built to operate against a relatively few (perhaps up to five) first-
generation I CBMs that m ght be | aunched from North Korea or ultimately fromlran. And, of
course, 1990s technology is a |lot nore capable than 1960s technol ogy as regards sensors and
conputers. Thus it is entirely feasible to strike a well-defined object on a ballistic
trajectory in space by colliding with it, rather than having a warhead on the interceptor that
expl odes and propels fragnments or pellets to destroy the target. Since we already know that a
1-kg mass at 3 km's has as nmuch energy as 1-kg of high explosives, it is clear that each kg of

i nterceptor structure or sensor would carry the expl osive clout of nore than 10-kg of HE with a
collision at relative speed 10 km's agai nst a heavy war head.

In order to achieve this actual collision with an accuracy of better than 1 mat a range of

t housands of km it is clear that any initial aimcould not be sufficiently accurate. The
interceptor itself nust have sensors and a gui dance package that can close the | oop and correct
for initial errors of direction or timng so as actually to enter into collision wth the

war head. This marvel ous technol ogy has been denonstrated several tines in the vacuum of space
at interceptor-like speeds. For a successful intercept, however, there nust also be "threat
assessnment” and discrimnation agai nst the other objects that m ght have been | aunched- -
intentionally or unintentionally-- fromthe | CBM

Much of the staging "hardware" is |eft behind and does not achieve threat speed. This includes
the shroud that is used to protect the warhead as it is accelerated to high speed within the

at nosphere. Absent a shroud, the dynam c pressure of the atnosphere could injure or destroy the
war head, as coul d the aerodynam ¢ heating on ascent, as evidenced on descent in the Col unbia
space shuttle |loss of February 1, 2003. The shroud is jettisoned early on, however, in order to
m nim ze the burden on the |aunching rocket by reducing the mass that nust be accelerated to the
i ntercontinental speed.

Inits reentry vehicle for protection against the fierce heat of penetrating the atnosphere at

very high speed, the warhead is typically severed fromthe remai ning structure and third-stage
engine. It is up to the offense as to whether these pieces are thensel ves fragnmented by
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expl osi ves, pushed out of the way by a tiny rocket, or nodified to serve as primtive decoys to
present a credible threat that nust be attacked with the limted stock of interceptors.

In our March, 1968 article in Scientific American, Hans Bethe and | showed what woul d be
required to defend agai nst 1CBMs carrying nucl ear warheads. W enphasized that there are sone
si npl e count erneasures that could be used by the offense, and that the design of a defense nust
take that into account fromthe word go. This is an inconvenient fact, and whenever a defensive
programis nounted, a good deal of the effort is devoted not so much to solving the
count er reasures probl em by design or by counter-counterneasures (CCM, but to an effort to deny
that the probl em exists.

Against its better judgnment, the Admnistration of President Bill dinton was forced to conmt
to the devel opnent and |ikely deploynent of a National Mssile Defense. Failing to get the
Def ense Departnent and the Ballistic Mssile Defense Organization (BMDO) to take seriously the
threat of sinple counternmeasures, in April 2000 el even of us published a substantial report,
sponsored by MT and the Union of Concerned Scientists. (1)

The counterneasures that | discuss here are those that | have enphasized in ny congressiona
testimony on mssile defense, and first is the sure-fire counterneasure in the case of
bacteri ol ogi cal warfare payl oads, of fragnenting the payload into individual small reentry
vehicles ("bonblets"). For delivery of a nuclear warhead (to ny mind, a less likely threat from
North Korea), the counterneasure of choice is the antisinulation balloon, surrounding the

war head to make it |l ook just |ike the cheapest possible decoy in space-- the inflated alum num
coated Myl ar bal |l oon

Unfortunately, the decision nmakers in the Pentagon and the Wite House are |argely non-techni cal
people, as is the case in Congress, and it was therefore necessary to spell out what is known to
every fledgling aerospace engineer-- including those in North Korea, Iraq, and Iran. So we used
publ i shed information from NASA and fromthe U S. programin order to scope the problemof a
reentry vehicle that would protect a BW payl oad agai nst any rise of tenperature during the
fierce heat of reentry. Here are sone of the Figures.
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Length = 20 cm

Base Diameter = 15 cm
Nose Radius =5 cm
Mass = 10 kg

\

Figure 7-1. The configuration used for calculating the
heating of a conical bomblet. It has a nose radius of
5 cm, a base diameter of 15 cm, a length of 20 cm, a
cone half-angle of 9.5 degrees, a mass of 10 kg, and a
ballistic coefficient of 12,000 N/m?* (250 Ih/ft).
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Figure F-13. Temperature profile in the heatshield at
the nose of the conical bomblet when the bomblet
hits the ground.

For a BW payl oad, the counterneasure does not depend upon deceiving the defense; it sinply
provi des far nore equivalent threat aimpoints than there are interceptors.

For a decade or nore | was on the White House Strategic MIlitary Panel of the President's

Sci ence Advisory Committee (PSAC). In the md-1960s we net for two days every nonth and
continually reviewed the experinental data and prograns for discrimnation of decoys fromreal
war heads. Lincoln Laboratory and other contractors did a marvel ous job on designing, depl oying,
and operating radars to detect small differences between decoys and war heads-- differences not
only in the body itself, but in the wake produced. Those who were designing the counterneasures
In order to have credible decoys nade advances of their own.
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Qur judgnent, reflected in the SAFEGUARD system was that discrimnation was feasible in the | ow
at nosphere, but was not feasible in the vacuum of space. At that tine we discussed the powerful
I npact of antisinmulation, rather than the "simulation" that was in vogue at the tine. 1In the
decoy field, "sinmulation" refers to the crafting of a decoy so that in every observabl e respect
it resenbles an RV. The sinulation decoy for the M nutenman warhead has appeared on the
contractor's website, together with a real-tine video of its deploynment and inflation in space.
But such verisimlitude requires either advanced theory or conplicated experinmental verification
on the large scale, and even in space; it is thus not suitable for a small fledgling nuclear
power .

These problens can be avoi ded by antisinulation decoys that can be tested in a snmall vacuum
chanmber. (2) Accordingly, our 11-nmenber group selected antisinulation in the form of spheri cal
bal | oons for a non-spinning RV, such as the early U S. Polaris warheads. Here are sone of the
figures and a di scussion fromour 2000 report:

The Achilles’ heel of the national missile defense now being an antisimulation balloon to make the decoys more effective. -
deployed is the availability of simple countermeasures. Even a Each decoy balloon would contain a small heater to give itthe I | I ustrator A | K ama_l | an
relatively unsophisticated missile power such as North Korea same infrared signature as the balloon containing the warhead.

or Iran could equip its ICEMs with balloon decoys designed to The defense system would be forced to target every decoy and

mimic the missile’s warhead, which itself could be enclosed in exhaust its supply of interceprors.

“Holesin the Missile Shield,” by R.L. Garwin,
Sientific American, November 2004.

T
J

‘ Antisimulation ._-_"‘;-
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I_:'igure 8-1. A photograph of one of the NASA Air
Density Explorer inflatable balloon satellites.

Many of you will recall the Strategic Defense Initiative (SDI) |aunched by President Ronald
Reagan in his televised address of March 13, 1983. This ained to deploy a defensive system

agai nst Russian ICBMs that woul d confidently protect agai nst every one of 6000 nucl ear-arnmed RVs
ained at the United States. That |ofty goal had many probl ens, anong which were the

vul nerability of the systemand the unrealismof the goal. | recall debating nmany proponents,

I ncl udi ng President Reagan's Science Advisor, Jay Keyworth, and arguing that while SDI was not
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going to work, there were many ot her prospects for protection, including deterrence and pre-
boost - phase intercept, known as "preenption."

Those are still the nopst inportant approaches to protecting the United States and its allies
agai nst 1CBMs, BW and nucl ear weapons in the hands of other states.

G ven the propensity of U S. Congress for high-tech nuscular solutions, it seened to ne that
sonet hi ng was needed that could work against the prospective North Korean | CBMs, in contrast to
the m d-course systemthat was bound to fail in the face of counterneasures. So since 1999 |
have publicly advocat ed boost-phase defense in these particular cases, as detailed in many of ny
articles.

Naturally, | have simlarly advocated such systens to BMDO and its successor, the Mssile

Def ense Agency (MDA), and with sone success in that they now have an active program However, it
was clear to ne that little progress would be made on boost-phase intercept (BPlI) w thout
national priority, and this would not be forthcom ng while m d-course intercept was presented as
a viabl e program

Here are a few graphics detailing the BPI systemthat | advocate.
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To destroy an ICEBM befona the warhead and decoys can be releasad—that 1, while
the migslie |s ascanding—ine kil vehlcla must intancapt the rockel wiinin about
four minutes of launch. The Imterceptor must be based within 1,000 kllometers

of the Inlilal trajectory of the ICBM. Inthe case of Horth Konaa, the Intercepion
could be based on ships Inikhe Sea of Japan. To shoot down Iranlan ICEME, the
Interceptors could be launched from the Casplan Saa orihe Perslan Gulf.
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Ground-Trace of North Korean ICBM for Attacks on
Washington, Chicago, San Francisco, and Honolulu
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Range Shortfall of Intercepted North Korean ICBM
for Various Intercept Times Prior to Burnout
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Powered Flight Profiles of North Korean 250 Second Burn-Time ICBM
and Russian-US 100 Second Burn-Time Ground-Based Interceptor
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Figure 4.1. Ligquid-propellant ICBM model L maximum-range boost-phase trajectory in the altitude-
range plans. The firat- and second-stage boost-phass trajectones are shown respectively by the heavy
and light hnes. Inset: Acceleration profiles of the two stages. The acceleration of the second stage
reaches 12 g before 1t burns out.

(APS St udy Group) )

In 2003 the Anerican Physical Society Study G oup on Boost-Phase Intercept published its highly
subst antive study. (4) This confirmed that no | and or sea-based BPlI was feasible against China
and Russia, given their vast |and areas avail able for deploynent, but, to my mnd it reinforced
its feasibility against North Korea and even against lran. It did spell out the analysis that
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showed that with current interceptor kill-vehicle technol ogy, the interceptor itself would have
to be in the range of the 14-ton rocket that | advocated in nmy 1999 presentation, and not in the
1.4-ton range that is adapted to the vertical |aunch system on existing Navy ships. The APS

G oup detailed the counterneasures that m ght be used against BPl—primarily maneuvering of the

| CBM boost er—and scoped the <V required of the kill vehicle, leading to the large mass ratio
that demands the 14-ton interceptor |launch mass. Another critical parameter is the time required
for a decision to launch the interceptor(s) after DSP detects the booster in flight—typically
sonme 30 seconds after |aunch.

| still believe that the U S. md-course intercept program should be term nated, and the effort
pl aced on rapid acquisition of a BPI systemthat would not only have sone prospect of working
agai nst North Korean | CBMs before they had a chance to bring a payload of BWbonblets up to
speed that would carry themto the United States, but by its nature would al so deter the

acqui sition of such capabilities by North Korea and Iran.

Still, the problens remain-- of performance of the defense against | CBMs and, worse, the greater
threat of delivery against U S. coastal cities by short-range mssiles. It is not worthwhile to
defend against the ICBMthreat (barricade the back door) when the sinpler and nore effective
option is available to an adversary state, of short-range mssile attack (an open front door).

In any case, we will need to depend on deterrence and preenption for our security against arned
states. A greater threat, outside the scope of this talk, is terrorist delivery of nuclear or
bi ol ogi cal weapon, about which | have witten for a long tine. Here deterrence does not work,
and defense against snmuggling is difficult. The first Iine of defense against terrorist nuclear
explosions in the United States lies in securing the world's nucl ear weapons and weapon-usabl e
mat eri al s-- plutonium and highly enriched uranium- and in nounting a public health defense
against terrorist induced disease-- especially snmallpox. But that is another talk.

| would be delighted to entertain questions or coments on this presentation.

RLG j ah: 5045NVDP: 021405NVDP
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