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Abstract

This report contains two parts:

(2) A list of “points” highlighting the strategic-politid@nd military-technical
reasons and implications of the very probable siting of IT@#k International
Thermonuclear Experimental Reactor) in Japan, which shmeitonfirmed some-
times in early 2004.

(2) A technical analysis of the nuclear weapons proliferatimplications
of inertial- and magnetic-confinement fusion systems suttistting the technical
points highlighted in the first part, and showing that whilk&ccess to the physics
of thermonuclear weapons is the main implication of ICH,datess to large-scale
tritium technology is the main proliferation impact of MCF.

The conclusion of the report is that siting ITER in a countugls as Japan,
which already has a large separated-plutonium stockpilt aa ambitious laser-
driven ICF program (comparable in size and quality to thdgb® United States
or France), will considerably increase its latent (or \atjunuclear weapons pro-
liferation status, and foster further nuclear prolifevatthroughout the world.

The safety and environmental problems related to the dperatf large-scale
fusion facilities such as ITER (which contain massive amieohhazardous and/or
radioactive materials such as tritium, lithium, and beuytl, as well as neutron-
activated structural materials) are not addressed in ¢ipistrt.
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Chapter 1

ITER Siting Issues

What follows is a collection of strategic-political and rtaky-technical points that
should be addressed in relation to the siting and constructi an experimental
fusion reactor such as tHeternational Thermonuclear Experimental Reactor
(ITER), as well as more specific points to be considered icdise of Japan which
is the most likely country in which ITER will be sited.

This list is focused on the nuclear weapons proliferatioplioations. It
does not address the safety and environmental risks as=tgiith the operation
of thermonuclear fusion facilities, which mainly come fréoheir use of massive
amounts of hazardous materials such as tritium, lithiurd jmyllium: Accidental
tritium dispersal, lithium fires, toxicity of beryllium, et Moreover, it does address
the problems related to the production and safe disposdleofarge amounts of
long-lived low-radioactive waste generated by the adtvedf structural materials
bombarded by the neutrons produced in the fusion reacli.[

The points have been classified according to their main esigpHaading to a
certain amount of repetition since there is considerabélap between different
issues. For every one of these points references will bangeither to following
sections of this report, or to technical papers in which nietails are given.
Concerning the political aspects, apart from a few spe@ferences, we refer the
reader to the vast literature, and to the numerous newspap@les and analyses,
in which many of the political-diplomatic points mentionkeere are discussed by
political scientists or diplomats, rather than by physgige the authors of this
report.



1.1 Mostly political points

e The January 30, 2003, decision of the United States to retutine ITER
project, almost five years after having withdrawn from it,snhave been
motivated, at least in part, by political considerationgater to the “new
nuclear arms-control environment” created by the Indiash Rakistani nu-
clear test of 1998, and by the more recent North Korean clditmwging
assembled a number of nuclear weapons (See [3] and Set.3ihge the
weapons now in the arsenals of these countries are delledsgbmedium
to long-range missiles, they are most certainly “boostes8idin bombs,
meaning that they contain besides some fissile material(&ifegrams of
plutonium or enriched uranium) a small amount of fusion makéa few
grams of tritium) to make them sufficiently compact, safej agliable to
enable military deployment (See Fig.1 and Sec.2.2.1). lieréason, any
international enterprise such as the construction of ITEBRyhich kilo-
gram amounts of tritium are used, becomes a senstive ukierta which
the U.S. have to participate in order to have as much influasgeossible
— especially since the current administration in Washingdtas taken a
much stronger stand on the strengthening of the U.S. nualsanal than
on arms-control and disarmament.

e Experimental fusion reactors such as ITER, as well the gepémt of
commercial-scale fusion reactors, pose the problem adrmiproliferation
because their operation will imply the yearly use of kilagsaof tritium
(Seel[7, Sec.6.2.5, p.28] and Sec.2.5.2), i.e., amountpahle to those
used in an arsenal of several thousands “tritium-boostadlear weapons.
For example, the total amount of tritium in the U.S. nucldgackpile is on
the order of 100 kg, which corresponds to an average on ther ofdLO g
per nuclear warheatl.

10ther political (and possibly financial) considerationssirhave included the commitments of
Canada and China to ITER, along with an expression of intén@® South Korea. Since Canada
withdrew in December 2003, the current participants in tietjons on ITER construction are
China, the European Union, Japan, the Russian Federatath 8orea, and the USA.

2Some of the post-1998 and post-September-11 decisiong dfrtterican government which
have significantly contributed in complicating the “new leaz arms-control environment” are:
the non-ratification of the CTBT, the withdrawal from the ABftvkaty, the deployment of a
national missile defense system, the possible modificati@xisting nuclear weapons into “earth
penetrators” or “bunker-buster,” etc.

3The National Academy of Science report of December 20, 2868@@&mmending that the
U.S. enter ITER negotiations and pursue an appropriaté éhiavolvement in ITER, strongly
emphasizes the importance of ITER for demonstrating fales tritium burning and breeding
technology [[4, p.5-7]. However, the word “proliferationdbés not appear at all in the report.



e The present stage of the ITER siting debate, in which a Fresitehis
in competition with a Japanese site, reflects the curreategtic-political
background: The European Union, Russia, and China are or faivthe
French site of Cadarache — which would locate ITER in a NRbgaized
nuclear-weapon State; while the United States, South Kaed Japan
are in favor of the Japanese site of Rokkagho [8] — which wdaibdite
ITER in a non-nuclear-weapon State. An important reasorhiigrsplit is
that the construction and operation of ITER will give the thasuntry full
access to large-scale tritium technology — which is prdgemily available
to nuclear-weapon States and to Canada. Indeed, once iogethtion,
ITER’s site inventory of tritium will be about 2 kg, and ITERtritium
consumption about 1.2 kg per yehr [7, Table 6.2.5-1, ¢#29].

e As a non-nuclear-weapon State and active proponent of @mudisarma-
ment, Japan is particularly sensitive to the new arms-obetmvironment
created by the testing of weaponized nuclear devices by ladlil Pakistan
in 1998, and by the more recent North Korean claim of havirsgabled
a number of nuclear weapons. For instance “Japan has begcufzaly
adamant against the expanding of the number of states wethamuweapons
‘status’ beyond the current (P-5) permanent veto membetkeofJN Se-
curity Council” [3, p.16]. On the other hand, as a countegheito this
new environment, Japan is likely to welcome the enhancemietite al-
ready massive latehhuclear capability (provided by its fission reactor and
reprocessing facilities) resulting from the siting of ITERJapan — which
will give full access to large-scale tritium technologydamwhich in time
may require a large-scale indigenous tritium productiqradality, of a size

Moreover, while concerns about “proliferation” are mengd as a minor item in some official
documents such as thEER Technical Basiseport[5, Sec.5.2.4.1, p.6], they are generally described
in positive terms emphasizing thatpaire fusion reactor such as ITER will not contafission
materials. (For a discussion bfbrid fusion-fission reactors see Sec.2.5.1.) Similarly, thentsp

of theSpecial Committee on the ITER Project of the Japanese Ateneigyy Commissionighlight

only the “reduced chances for nuclear weapons prolifem&tiocomparison with fission reactors
[6l p.266-267]: The problems with tritium proliferationcithe close links between fusion energy
and thermonuclear weapons are never mentioned.

“For the record we mention that financial and other politicahsiderations also play an
important role in the ITER siting debate. For instance, dapaeady to pay 48% of construction
costs and 42% of operating cost. But part of the $30 billiotal tcost of ITER could compensate
for the suppression of the Iragi dept to Japan, as well ahiocost of sending Japanese troops to
Irag. Moreover, some French political leaders considdr‘the American choice is explained by
a will to ‘punish’ France for its attitude during the Iraqigis” [9].

SFor a discussion of the concept of “latent” (or “virtual”)claar weapons proliferation, which
refers to the capability to manufacture nuclear weapongoorents and to assemble them on short
notice, see Sec.2.1 of this report.



comparable to one sufficient to maintain a large thermomueesenal.

e A fusion reactor program (in which every operating commnedrscale re-
actor requires an inventory of at least 10 kg of tritium, see.3.5.2) gives
a non-military justification to acquire an industrial-s#itium technology
— just like a fast-breeder reactor program (in which evegcter requires
an inventory of at least 1000 kg of plutonium) gave a civiljastifica-
tion to the industrial scale reprocessing of spent nuclear ih countries
such a Japan. With the construction of a large fusion realztaye-scale
tritium production in a non-nuclear-weapon State becomespectable,”
even though it is providing at the same time a status of lg@mvirtual)
advanceduclear-weapon-State.

e The nuclear weapons proliferations implications of thengiof ITER in
Japan is enhanced by the fact that Japan is already in pmsse$a large
stockpile of separated plutonium. Indeed, large-scaléadoibty of tritium
would enable this reactor-grade plutonium to be used inlhigHicient
and reliable nuclear explosives “boosted” by a few gramgitéin each
(see Fig.2 and Sec.2.2.1). Such boosted bombs are sufffaiempact to
be used as warheads in relatively unsophisticated longeramssiles, or
as primaries in two-stage thermonuclear bombs — in whichtogagrade
plutonium can also be used in a third-stage to enhance the (giee Fig.4
and Sec.2.2.2).

e Considering that Japan already has a large inertial conénefasion (ICF)
program comparable in ambition to those the United-Statdd-aance (see
Tables 2 and 3), as well as an ambitious magnetic confinemsiotrf (MCF)
program® the access to large-scale tritium-handling, and progrelssto
large-scale tritium-breeding, capabilities will put Japaa position similar
to advanced nuclear-weapon-states with regards to thengnakivery ad-
vanced nuclear weapons, as well as of fourth-generatioleauweapons
in which fusion materials (i.e., deuterium, tritium, anthium) will be used
instead of fissile materials as the main explosive.

e Like India and Pakistan, South Korea has already a miljtagigjnificant
indigenous tritium production capacity. This is becausmesdritium is
produced in the heavy-water of its four Canadian-built CANEpe power
reactors, which also yield significant amounts of high-gratutonium in
their spent fuel. Therefore, South Korea'’s participatiothie ITER collab-
oration will further enhance its latent nuclear-weapornmstaity, especially

6See referenceé [10] for an extensive discussion of pastepteand future ICF and MCF
research under the Japanese Ministry of Education, Siitutsjre, Science and Technology.

10



if ITER is builtin Japan. Consequently, it will become leggly that North
Korea will dismantel its nuclear weapons, which may encgearturther
countries to develop an actual nuclear-weapons capability

e Since large-scale tritium technology is the only majorthenuclear weapon
related technology not yet available to Japan, the sitinBR in Japan
may encouraged further smaller and larger countries arthmdvorld, in-
cluding highly industrialized countries such as Germattyenhance their
latent nuclear weapons capability. A major responsibityhe countries
promoting ITER’s construction in a non-nuclear-weapornessach as Japan
is therefore the additional impetus that is given to the @aichrms race.

e Insummary, building ITER at the Rokkasho site will turn Japdo avirtual
thermonuclear superpoweiThis will not be the result of a few deliberate
political decisions, but the consequence of many indep@nstaall steps,
which starting in the late 1940sstitutionalizedhuclear and thermonuclear
energy research in all countries, and turned them into gohestruments
of foreign policy, because of their close connections withlear and ther-
monuclear weapons (see Sec.2.9). Like the dropping of aniatoomb,
or the starting of a war of aggression, the next step — goingfthe
virtual to the actual state of proliferation — may then depemuch less
on a democratic decision process than on the availabilittheftechnol-
ogy, which is why the ITER siting decision should not be taketihout a
thorough parliamentary assessment of all technical,ipaljtand military
implications.

1.2 Problems related to tritium transportation, di-
version, and theft

e The transportation of large quantities of tritium to Jaaa new and partic-
ularly sensitive issue because at present most of thentritiever leaves the
national boundaries of nuclear-weapon States. The préelsgnindustrial
and scientific uses of tritium are such that only relativehali amounts are
shipped between countries. On the other hand, “it is exfett@t about
25 kg of tritium will be transported during the course of ITEBRerations”
[8, p.18]. TheJapan Atomic Energy Research Instit@@ERI) “has some
previous experience with tritium transportation from Cden#3 times) and

’Germany developed an indigenous tritium capability (corapke in scale to that of Japan)
which led to the sale of tritium extraction equipment to B in the 1980612, p.195].
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the USA (6 times). It is estimated for the deuterium-tritimmeration in
ITER that approximately 150 g of tritium is transported sirds a year by
using a transport package with a 50 g-T capacity egdh” [8]f.1

¢ Until now, all thermonuclear fusion facilities in which sstantial amounts
of tritium are used were always built closed to a nuclear weagacility or
research laboratory. This was the case, for example, ofdimt European
Torus (JET) which was built at Culham, i.e., near Aldermaston, rifan
U.K. nuclear weapons research laboratory. In the case afg¢panese site
of Rokkasho, it can be argued that a U.S. military base istéacaearby.
However, if tritium transportation is made using this bastead of a civilian
entry point to Japan, national and international politpralblems are likely
to result.

e Considering the political, social, and environmental peais already en-
countered with the transportation of spent nuclear fuel sephrated plu-
tonium between Europe and Japan, the transportation o Emgpunts of
tritium between Canada and Japan will add a new dimensioheaisks
associated with nuclear energy. For this reason it is likkeft once the
ITER siting decision will be taken, discussion will startthe construction
of a dedicated tritium production facility in Japan, e.gpsgibly a system
based on the use of a high-intensity accelerator of the kimdiwis already
under development in Japan (see end of Sec.2.5.3).

e However, while the construction of a tritium productionifiag close to
ITER will decrease the need for transportation over longagdisies, it will
not completely suppress the possibility of tritium diversor theft.

e The concealment of a military significant amount of tritiufteaa diversion
or theft is much easier than that of a comparable amount ¢dpium. This
is because a militarily significant amount of tritium is coangtively much
smaller than a militarily significant amount of plutoniuneésSec.2.5.2), and
because tritium is much lighter, much less radioactive,ranck difficult to
detect than plutonium.

e The problems of tritium diversion or theft are exacerbatedhe fact that
small amounts of tritium can be used to considerably enhémeeyield
of crude nuclear weapons that could be assembled by tesr@isninor

8For comparison, the current world tritium market corresjmto the shipment of about 100
gl/year, mainly from Canada, and in very small batches.

9According to the International Herald Tribune: “The Japameite has many assets: the
proximity of a port, a ground of solid bedrock and the closemity of a US military base[[111].
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rogue states using low-grade materials such as reactde gratonium or
low-enriched uranium.

1.3 Technical points related to thermonuclear weapons
and their proliferation

e A few grams of tritium are sufficient to “boost” fission expiss made of a
few kilograms of military- or reactor-grade plutonium. (Asexplained in
section 2.1, this is because tritium boosting obviatestéigpition problems
which makes non-boosted plutonium weapons unreliable agdfa). Such
boosted explosives are sufficiently compact to be used atively unso-
phisticated long-range missiles, or as primaries of tvegasthermonuclear
bombs (see Fig.4 and Sec.2.2.2).

e A few tens of grams of tritium are sufficient to “boost” the &gplug”
of the secondary of a two-stage thermonuclear weapon, vdaiotlthen be
made sufficiently small to be deliverable by a missile. Intsuweapons
a “third-stage” made of a few tens of kilograms of fissile mialds often
used to provide additional yield without increasing thesind weight of the
warhead. While this third-stage (i.e., essentially a “kkgthsurrounding the
secondary of atwo-stage H-bomb) is preferably made of kadaranium, it
can also be made of reactor-grade plutonium without degggttie military
performance of the device, which may correspond to yieldbérrange of
200-500 kilotons equivalent TNT (see Fig.4 and Sec.2.2.2).

e Next-generation (i.e., fourth-generation) nuclear weapwill have sub-
stantially lower yields (i.e., tons instead of kilotonsyanill rely on fusion
materials rather than on fissile materials for their mair@sige charge (see
Sec.2.6.3). This means that the emphasis of safeguardingrityi useful
materials will gradually shift from fission materials such @Eutonium to
fusion materials such as tritium.

e Both magnetic confinement fusion (MCF) reactors such as |/ iner-
tial confinement fusion reactors (ICF), such as the GEKKOIagkr facility
of the Institute of Laser Engineeringt Osaka University in Japan, have
nuclear-weapomnaterialsproliferation implications due to their use of tri-
tium (see Sec.2.5). However, ICF facilities have the addél proliferation
problem that they enable thysicsof thermonuclear weapons to be stud-
ied in the laboratory (see Sec.2.6). As a result, it is wetivin by nuclear
proliferation experts that Japan has not only the capghdibuild boosted
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nuclear weapons, but also the potential to build two-sthgemonuclear
weapons that are likely to work first-time without testifigloday, the main
impediment that would prevent Japan from building suchséageneration
nuclear weapons on short notice is the unavailability oficgeht amounts
of tritium.

Any future commercial fusion reactor (based on the either MCF or

ICF principle) poses the problem of tritium proliferatioedause during
operation each such reactor will contain several tens ofkéms of tritium,

I.e., enough for an arsenal of several hundreds or thoughadsonuclear
weapons (see Sec.2.5.2).

Since 1 g of deuterium-tritium fuel produces about 340 GJradrgy, a
nominal 1 GW (electric) commercial fusion power plant wittthermal
efficient of 30% would consume 10 mg &f7-fuel per second! If the
plant is based on the MCF principle this amount of fuel is buehatively
slowly in a steady-state plasma confined by magnetic fieldsvener, if the
plantis based on the ICF principle, the fuel is burnt in a twdus salvo of
micro-thermonuclear-bombs (so-called “pellets”) exjhgchat the center of
a containment vessel. Assuming that one pellet is detoresteld second,
the explosive yield of each pellet would be 3.4 GJ, i.e., egjent to about
810 kg of TNT (see Sec.2.4).

The many kilograms of tritium implied in the daily operatioha number of

GW-scale reactor in a fusion-based power industry will pdevaumerous
possibilities of diversion or theft of tritium for militargr terrorist purposes.
With ICF reactors, one will have the additional problem ofegaarding

the fusion pellets themselves, because they may possibliséé as the
explosive charge of some future-generation nuclear weapon

1.4 Japan’s expertise with tritium technology

e Japan’s scientific and technical experience with tritiuneggback to 1956
with the delivery of the first supply of tritium from England the Tritium
Research Centdnow calledHydrogen Isotope Research Centat Toyama
University.

10Quoting from a U.S. Department of Energy Office of Arms Cohtmd Nonproliferation
study of 1995, “one cannot rule out that a technologicallyeaded country would be able to field
a very conservatively designed thermonuclear weapon thaldypresent a credible threat without
nuclear testing” (see Sec.2.1 and Sec.2.2.1).

This corresponds to a consumption of 0.5 kg of tritium per. day
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e Technical experience with gram amounts of tritium is cutlyeavailable at
several Japanese laboratories, in particular ajapan Atomic Energy Re-
search Institut¢ JAERI) at Tokai, where the technology for mass-producing
lithium-ceramic and beryllium pebbles to be used in tritioreeding blan-
kets of fusion reactors is being developed in collaboratdath Japanese
industry [13]. These pebbles are likely to be used in ITERm breeding
experiments. But they could also be used in some future émdigs tritium
production facility. Further experience related to the okgitium in ICF
pellets exists at thinstitute of Laser Engineeringt Osaka University.

e Since 1994 JAERI and U.S. scientists are collaborating seaech and
development related to tritium production in a fusion blatnk This has
lead to actual tritium fuel processing experiments usikgiBTA (Tritium
Systems Test Assembly) at the Los Alamos National Laboy§id]. TSTA
is the only existing simulated loop of the fusion processiygje of a fusion
reactor capable of handling about 100 grams of tritium.

e According to current plans described in thEER Technical Basidt is
expected that ITER will be operated with all tritium suppliey external
sources. “The maximum total tritium transportation perryeél be about
1.2 kg/year inthe first ten years. Assuming a 50 g tritiumgpant container,
there will be two shipments every month? [7, Sec.6.2.5, p.28reasonable
estimate of the available tritium from Canada [where tnitiis bred as a
byproduct of the operation of twenty CANDU-type reactofsf,example,
is: 22 kg in storage by 2009; 1.5 kg/year from 2009” [7, S&5.p.28].

e Itis expected that “the CANDU tritium supply [from Canadal]lywe avail-
able foruse in ITER inits initial phase of operation, butlwdt enable ITER
to run its extended phase of operation at reasonable dexadalaility” [L5].
However, “typical tritium production capacity from fissicgactors specially
designed for tritium production is only a few kg per year, adhe pro-
hibitive cost of about $200 million dollars per kg” [15]. Thcalls for
new tritium production facilities, e.g., accelerator odaated fusion-based
tritium breeders. Moreover, according to a Los Alamos stadytritium
supply for ITER : “Development and deployment of program poments
which breed significant quantities of tritium are needed$¢bo].

e Once the supply of tritium from Canada will be exhausted @lose of the
foreseeable shut-down of aging CANDU reactors), or in cdseproblem
with transportation, the most logical source of tritium Wwibbe a dedicated
facility in the host country. This could be a justificatior fn accelerator
breeder system, based on a high-intensity proton accetesatthe kind
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considered in Japan (and in South Korea) for neutron sciandenuclear
waste transmutation (see end of Sec.2.5.3). To have sucbdagiion
facility available in due time, development is to start s¢bai.

In summary, while Japan has now experience and facilitibatalle tritium
in gram amounts, it has not yet access to kilogram-amotinttrproduction
and processing technology, nor the justification to devéloplowever, if
ITER is builtin Japan, the problems with transportation eredlium to long-
term tritium supply will provide many political and techalqustifications
to go ahead with a full-scale national tritium productiongmam.
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Chapter 2

Nuclear Weapons Proliferation
Issues of Thermonuclear-Fusion
Energy Systems

2.1 Introduction

Inthe past decade there has been a growing awareness tavétepment of ther-
monuclear fusion systems is being accompanied by the spifehé knowledge
and materials required for the production of thermonuchezapons.

This awareness is the result of a number of political andtieahdevelopments
which shifted part of the nuclear weapons proliferatiorebate away from its tra-
ditional focus (namely the nucleéissionfuel cycle and its related enrichment and
reprocessing technologies) and started to highlight thigemyi and political prob-
lems associated with emerging nuclear energy systems:ndmerclearfusion
systems for energy production and nuclear weapons siroalatccelerator-based
concepts for energy amplification and tritium breedingspdtpower technologies
for civilian and military applications, etc.

Some of the more important political events which contelouto this shift
include the U.S. Governmedeclassification act of 1998hich “legitimized” the
growing involvement of non-nuclear-weapon States in thelg@ment of inertial
confinement fusion systems; the last round of French andgShianderground nu-
clear tests which highlighted the importance of actual tataomparison with the
output of future computer simulation programs; the negjotieand the conclusion
of a Comprehensive nuclear test ban treaty (CTBT) which $@nopposition of
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India to the other parties because computer simulationsadowaatory tests were
not included in the scope of the treaty; and the establishmepkteEnsive and
well-funded nuclear weapons simulation and “stockpilevarelship” programs in
the United States and France which confirmed the primonaipbrtance of large
laser-fusion facilities for these purposes.

On the other hand, a surprising number of significant tecygichl break-
throughs were made during the same period: Anincrease loya fzf one million
of the intensity of ultrashort-pulselength high-power¢abp lasers, the capturing
and cooling of antimatter, the discovery of high-tempemtuperconductors, the
design of high-performance electromagnetic guns, thengegi of super-heavy
elements and the discovery of several unexpected new tyfpasctear species
(non-fissile shape isomers, medium-weight superdeformmien halo nuclei,
etc.), the emergence of nanotechnology as a radical agptoabe fabrications
of new materials and micromechanisms, the developmentwfteehniques for
constructing ever more powerful supercomputer, etc. Asthtechnologies have
direct military applications, for both non-nuclear and leac weapons, as well
as many applications for possible next-generation nuclespons and various
future thermonuclear energy systems.

However, much more than these evolutionary changes, thé¢ impsrtant
nuclear-proliferation event of this last decade is celydime May 1998 decision
of India to explode five first- and second-generation nuatkices (including
a two-stage hydrogen bomb)which after two weeks of suspense and intense
diplomatic activity were reciprocated by Pakistan with aiese of six nuclear
explosions’

Indeed, it soon became clear that if the bombs included intekts were
relatively compact devices ready for delivery by aircraftanissiles, they were
not some kind of “crude” second-world-war type of weapons fairly advanced
“tritium-boosted” devices — as are, most probably, thosemndy claimed to have
been assembled by North Korea. This highlighted the fadttttermonuclear-
fusion materials such as tritium, and the related scieftgfibnical knowhow, are

A plausible description of the five Indian tests is as followse of the tests was a “certification
test” of a conservative weaponized design that must be paree@urrent Indian arsenal, the “high-
yield test” was a crude two-stage hydrogen bomb, and the-{limid tests” were three advanced
boosted devices for use as tactical weapons or H-bomb pemar

°There is less technical information on the six PakistartistesHowever, according to an
interview of Abdul Quader Kahn, the architect of Pakistamslear program, the devices were
high efficiency, highly reliable enriched uranium devic&3ne was a big bomb which had a yield
of about 30-35 kilotons [...]. The other four were smalltitzad weapons of low yield.” In an
other interview, he confirmed that “the devices tested on 2§ Mere boosted weapons, as were
some of the Indian tests.”
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just as important as the much better known nuclear-fissiciemads for making

deliverable nuclear weapons. Moreover, it reminded thabifntries like India,

Pakistan, and North Korea were able to deploy such weaponstries that are
relatively much more advanced in science and technologyldheasily be able
to do the same, or better, especially if they have accessvianadd nuclear and
thermonuclear facilities.

As aresult, the current situation with nuclear weapondferalion is in almost
every way different and more complex than it was only a coopigears ago. For
instance, the term “proliferation of nuclear weapons” usetbver (i) the increase
in the number and the quality of such weapons within the fiviécial” nuclear-
weapon States (namélgZhina, France, Russia the U.K. and the U.S.A.); and (ii)
the spread of nuclear weapons to other countries. Whiledimedr is known as
vertical proliferation, the latter is calledorizontalproliferation.

Today, with an overall trend towards a decrease in the nurmbdeployed
nuclear weapons in the “official” nuclear-weapon States gitmphasis ofertical
proliferationis shifting away from the problem of more and better nuclezeipons
to the question of the feasibility ofiodifying existing typesf nuclear weapons for
new missions such as deep earth penetration, cadi€ally new type®f nuclear
weapons, i.e., fourth-generation nuclear weapons, thaltlqoossibly be better
adapted to perceived new military needs.

Similarly, with the stabilization and the possible decesisthe number of ad-
ditional countries likely to acquire first- and second-gatien nuclear weaporfs,
the traditionahorizontal proliferationconcern (which mainly focussed on the pos-
sible spread of fission-weapons) is shifting to the problénme proliferation of
thermonuclear-fusioweapons technology (and possibly of the technology of even
more advanced types of nuclear weapons) to Israel, IndéhPakistan, as well
as to countries which already have the techneeglabilityto build nuclear-fission
weapons but which have decided not to build them.

Indeed, as we now know for a fact, during the 1950s to the 1,28@simber
of larger and smaller industrialized countfidmve acquired the technical and in-
dustrialcapability(e.g., by means of “peaceful” nuclear activities) to maotifee
nuclear weapons components and to assemble them on shoet i@¢cause such

SArticle IX of the Nonproliferation treaty of 1968 defines aahear-weapon States as “one
which has manufactured and exploded a nuclear weapon arraibkear explosive device prior to
1 January 1967."

4E.g., in alphabetical order, Algeria, Egypt, Indonesianiriraq, Kazakhstan, Libya, South
Korea, Ukraine, Taiwan, etc.

SE.g.,in alphabetical order, Argentina, Belgium, Brazé@da, Germany, Italy, Japan, Poland,
South Africa, South Korea, Spain, Sweden, Switzerland, etc
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an approach to a nuclear weapon capability is inherentlyiguolos and does not
force a nation to signal or even decide in advance its aattehiions, it is termed
latent proliferation [17]°

Moreover, it is now also recognized that some large indaisted countries,
e.g., Japan and Germany, have extended their latent pedide capability to the
point where they could make not only atomic bombs but alsedyeh bombs that
could be built and delivered with a very high probability o€sess. In fact, quoting
from the U.S. Department of Energy Office of Arms Control armhprroliferation,

“one cannot rule out that a technologically advanced cquntuld
be able to field a very conservatively designed thermonualeapon
thatwould present a credible threat without nuclear tg5{iL, p.27].

It is in this context of growing technical complexity and expling political
ambiguity that this review is written. In order to reduce soai the uncertain-
ties associated with this situation, and to make the linka/den thermonuclear
weapons and thermonuclear fusion energy systems as clpassible, it is there-
fore important to start by reviewing the main technical apts. This is done in
section 2, 3 and 4 were some basic information on thermoaugleapons and
fusion energy systems is recalled and updated to fit intodhéemporary debate.
The proliferation implications that are common to all thermaclear fusion energy
systems will be addressed in section 5. Then, the more spéuifilications of
the main fusion systems (i.enertial confinement fusion, ICF, andagnetiacon-
finement fusion, MCF) will be expounded in sections 6 and avilgy for section
8 those of one example of the many alternative fusion sys{&hS) that are
being developed concurrently. Finally, before concludsegrtion 9 will discuss
some aspects of the problem of openness versus secrecytarsratthermonu-
clear energy and thermonuclear explosives, and their gagdins for the latent
proliferation of thermonuclear weapons.

6ln 1993-95, the concept aofirtual nuclear arsenal$as been suggested to describe a world
in which all assembled, ready-for-use nuclear weaponsavbelbanned118]. This would link
latent proliferation to deterrence in a way that has been terfaetbry deterrencevy political
scientists [[19], ortechnical deterrencescientific deterrenceor deterrence by competencdey
nuclear weapons designefs]20]. In this review, we use thecties “latent” and “virtual”
interchangeably to refer to the capability to manufacturelear weapons components and to
assemble them on short notice.
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2.2 Thermonuclear weapons

Despite the tight secrecy that covers the technical detdilsow nuclear and
thermonuclear weapons are built, their principles are gafftly well known to
be described fairly accurately [22].

Using the wording of the U.S. Department of Energy, Officeaxfldssification,
the fundamental idea is that, “in thermonuclear weapomsatian from a fission
explosive can be contained and used to transfer energy tpressiand ignite a
physically separate component containing thermonuclegf {23]. This is the
essence of the so-called “Teller-Ulam” principle that wasldssified by the U.S.
in 1979, and which is used in all modern fusion explosives.

In practice, in order to apply this principle and build a @evihat is sufficiently
small to be deliverable by an aircraft or a missile, it wasassary to first minia-
turize the fission bomb (also called the trigger, or the prithat is producing
the radiation (i.e., soft x-rays) necessary to compressgniid the fusion material
(also called the secondary, or second-stage). This mnEation was achieved
by using a small amount of deuterium and tritium, a thermtearduel mixture,
to enhance the performance of a fission bomb (See Fig.1).t8¢hsique is called
“boosting” because it was first developed in order to inadhs yield of fission
bombs. Boosting is now primarily used to decrease the dwegght and size
of fission bombs of a given yield, as well as to dramaticallyréase their safety.
Since boosting is presently used in essentially all modeahear weapons (i.e., in
all tactical or strategic weapons within all contemporanglear arsenals, includ-
ing Israel, India, Pakistan, and possibly North Korea)itiportant to explain this
technigue in some details.

2.2.1 Boosted fission bombs

Figure 2 is a simplified diagram of a boosted fission devicecdte consists of a
plutonium and/or enriched uranium shell (the “pit”) sumded by a stainless steel
case, possibly a neutron reflector, and by chemical ex@esivhis corresponds to
the present-day concept of sealed pits, with the fissile mahfgermanently sealed
within the high explosives. A short time before detonating tlevice, the pit is
filled with a few grams of a deuterium-tritiundXI") gas mixture at a pressure of
a few tens of atmospheres.

When the weapon is detonated, the pit and the case are intplgdihe high
explosives at the same time as th&’ gas. As the pit collapses into a solid ball,
the DT is compressed into a sphere of a few millimeter radius witbrasdy tens
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of times greater than its normal solid-phase density. Atsérae time the fissile
material is compressed to a few times its normal density Aedfission chain
reaction starts.

As the chain reaction develops the fissile materials begimsrtit x-rays and
neutrons which heat thBT at the center of the device. The temperature of this
mixture of fusionable materials therefore rises at the sameas the temperature
of the fissile material. This leads to a remarkable phenomeroch is the cause
of the boosting process: the fusion fuel ignibeforethe fission chain reaction is
terminated([2R].

Therefore, at a time when the diverging chain reaction hasgg¢ed a yield
that is still negligible, theDT mixture burns out very quickly and generates a very
intense pulse of high-energy neutrons by the thermonuokeation: D + T —

“He + n . These fusion neutrons interact with the fissile materialjsing it to
fission, and therefore to generate most of the yield of théosign. In other words,
with boosting, the yield of a fission explosive is controllgdthe very fast neutron
burst from the thermonuclear reactions: the fissile mdt@part from heating the
fusion fuel to ignition) is essentially a passive neutrod anergy amplifier in the
final stage of the nuclear explosion. This leads to sevenmabitant conclusions:

1) With boosting, it is possible to build a relatively higteid fission explosive
which is fairly compact because it uses only a relatively Ismm@ount of high
explosives to implode the fissile material. The device can bk made relatively
light-weight because a thick neutron reflector and/or a Wéawper surrounding
the fissile material are not necessary.

2) In an actual weapon, before arming the device, ¥ mixture, or just
the tritium, is stored outside of the pit in a separate reservThis facilitates
maintenance and insures that boosting will not happen ia odsn accidental
detonation of the high explosives. Since the amount of higilosives needed
to implode a boosted-device is only on the order of a few kdogs, a boosted
fission-weapon is extremely safe because an accidentaametplosion is almost
impossible to take place. This increased safety is the mygsbitant single factor
which enabled so many nuclear weapons to be deployed forspyear. Itis also
the main reason why threshold nuclear States such as lisd#el,| Pakistan, and
North Korea rely on tritium-boosting technology to mainta credible nuclear
arsenal.

’The gun-assembly type enriched-uranium weapons that weltebly South Africa are an
example of a very unsafe design. This reduces substantfelymerit of the South African
government for having dismanteled these weapons. In tleeafd2akistan, it is unlikely that their
nuclear deterrent would be based on primitive gun-asseoritpplosion type weapons: besides
from being unsafe, they would be much too heavy and cumbersoie delivered by the aircrafts
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3) The mostimportant technical aspects of boosting (&t during the implo-
sion of the pit by chemical explosives the fusion fuel getficdantly compressed
without mixing with the fissile material) can be testetthout actually starting
fission or fusion reactions. This can be done outside of thpesof the CTBT, and
only requires conventional equipments that are availablmast high-explosive
research laboratories.

4) Using boosting, it is straightforward to build highly efént and reliable
fission weapons usingeactor-gradeplutonium. In particular, the possibility of
a preinitiation of the chain reaction, which creates ditfies in making a non-
boosted fission bomh 24, 25], is no longer a serious problémfact, two of
the five devices tested by India in May 1998 are believed te hised plutonium
that was not classified as weapons grade [26]. Moreoverpertently of the
type of fissile material used, the construction of “simpled&deliverable” tritium-
boosted nuclear weapons can be easier than the constrofiomitive Hiroshima
or Nagasaki type atomic bombs: the main problem is to acdoné@déew grams of
tritium that are needed for every weapon (see Fig.1).

Therefore, in summary, the very important advance in fisgieapons consti-
tuted by boosting[27, p.312], and the fact that boosted lsumsbd as primaries are
“lower-bounding the size and mass of hydrogen bombs” [2313), confirm the
tremendous importance of tritithfrom the point of view of the nonproliferation
of fission weapons.

2.2.2 Two-stage hydrogen bombs

Let us return to the design of a two-stage thermonuclear areagts general
principle, the Teller-Ulam method, was given at the begignof this section,
and is recalled in the caption of Fig.3. As with boosting, wemditions have to
be satisfied: (a) the thermonuclear fuel has to be suffigi@upressed for the
fusion reaction to be fast enough, and (b) the thermonutiiehhas to be brought
to a sufficiently high temperature for the fusion fuel to beiigd. Both conditions
can be satisfied by using a boosted fission bomb as a powetfdesof x-rays’

available in their air-force, or by their 1500 km range “Ghamissile that was tested for the first
time shortly before the Indian government decided to becaateclared nuclear power. Similarly,
in the case of North Korea, boosted fission devices are redjéiar delivery by their long-range
missiles.

8And therefore of thermonuclear fusion technology.

9This is why boosting is so important: the energy of the fiss&plosion (which is mostly
heat in the form of x-rays) can easily radiate away from th&léiore without being attenuated
by the thick neutron reflector and the large amounts of highlessives that would be needed for a
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Referring to Fig.3, the Teller-Ulam method is as follows: ssifon bomb and
a container filled with fusion fuel (the secondary) are ptawedgthin a common
enclosure (the radiation case); while the radiation casktla@ envelope of the
secondary (the pusher/tamper) are made of heavy matepatgie to x-rays, the
remaining space within the radiation case (the hohlraufiilad with light-weight
materials transparent to x-rays; as the primary fissiomgelamounts of x-rays
are radiated ahead of blast and instantaneously fill theréa@m; x-ray radiation
trapped within the hohlraum rapidly turns the hohlraumrdlinto a hot plasma;
radiation-driven thermalization insures that this plagraavery uniform pressure
and temperature so that its effects on the secondary ararefsom all sides; the
plasma reradiates longer wavelength x-rays that are abddnpthe surface of the
secondary; the surface of the secondary (the pusher/tamsperated to the point
where it vaporizes and material is ejected from it; the maltablated from the
pusher/tamper causes by reaction a pressure which pushesitls, imploding
the fusion fuel to very high densities. This satisfies caadifa).

Condition (b), ignition, is achieved by an optional elemeat yet discussed:
the sparkplugat the center of the secondary in Fig.3. It consists of a stidsdr
amount of fissionable material compressed at the same tintleeasecondary.
Because of the intense neutron background resulting frarexplosion of the
primary, a fission chain reaction starts in the sparkplugcas sas it becomes
critical (in order to avoid a fizzle, and to maximize the yiétoim the sparkplug, it
is generally boosted by a small amount/of’, on the order of 10 grams). Hence,
with a careful design, the sparkplug will explode just whaa thermonuclear
fuel is imploded to its maximum density. It will then provide the form of x-
rays, neutrons and additional compression from withinygelamount of energy
sufficient to insure that ignition will start even in the wocase.

Once the fusion reaction starts, the fusion fuel (e.qg. idigleuterium in the
first H-bomb, dry deuterated lithiu.i° D) in the modern H-bombs, possibly
liquid deuterium-tritium in “neutron bombs,” etc.) will bo as long as it will
be contained by the “tamping effect” (i.e., inertia) praadby the weight of the
unablated part of the pusher/tamper. Hence the dual funofithe envelope of
the secondary: “pusher” during the ablative compressiongss, “tamper” during
the thermonuclear burn and expansion of the fusion*fuel.

Consequently, when Edward Teller invented the sparkplugept, soon after
discovering with Stan Ulam in 1951 a means for achieving Wegi compressions,
the whole scheme became thoroughly convincing. Indeedijldsegtressed much

non-boosted fission bomb.
10A third possible function or the pusher/tamper, to be disedsat the end of this section, is to
provide additional explosive yield.
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later (1983) by Carson Mark, the Los Alamos physicist whotlesl theoretical
work on the first hydrogen bomb: “Almost immediately (thel&eland Ulam
method) gave promise of a feasible approach to thermonuskEsponsprovided
only the design work be done propér[Z8] p.162]. Thus, a major feature of the
Teller-Ulam design is that it provides a straightforward amirinsically fail-safe
method for making a thermonuclear bomb. In fact, this meth@d good thaall
the first hydrogen bombs of the five nuclear-weapon Statekegdhefirst time!!
Most recently, this fact was confirmed by India: it explodada-stage hydrogen
bomb in the series of five tests which was its second expetaheampaign, 24
years after its first single experiment of 1974. Accordingatoofficial Indian
statement, the device worked as expected, providing a fistabn-fusion yield
of about 43 kilotons, a value that was intentionally kept It meet stringent
criteria like containment of the explosion and least pdesitamage to buildings
and structures in the neighboring villages.”

A sketch of a modern thermonuclear bomb is given in Fig.4. @gegnizes
the same elements as in Fig.3, which are found in all therwleauexplosives,
with a number of variations. For instance, while the secaedaof early H-
bombs were generally cylindrical, the most modern onesategbly of spherical
shape. In that case, instead of being made of plutoniui’st, the sparkplug
could be aDT fuze which ignites the.i:® D fuel when optimum compression is
reached. Finally, by chosing for the pusher/tamper an gg@te heavy material
it is possible to control the total yield of a thermonucleaapon. This is because
the high-energy (i.e., 14 MeV) neutrons produced by fus@wetsufficient energy
to fission any kind of transuranic material such as all isesopf uranium and
plutonium. Therefore, while the minimum yield of a giveniim@nuclear design
will be provided by using a non-fissionable heavy materiahsas lead or bismuth
as the tamper, the use of depleted (i.e., mostly isotope, 2@8)ral, or highly
enriched (i.e., mostly isotope 235) uranium will provideaage of increasing
yields because more and more fission reactions will be pestlircthe tamper.

This is why the pusher/tamper is sometimes called the “thiadje” of a
thermonuclear weapon. For example, assuming as in Figtdhbgield is150kt
if the pusher/tamper is made GF*%, the yield will be150kt if the pusher/tamper is
made of/?35. On the other hand, if the pusher/tamper is made of a leadonith,
the yield will be significantly lower, on the order 60%t. This is most probably
what the Indian scientists have done in 1998 in order to be @btetonate the
device at a relatively low depth into the ground, and to mimerthe background
signals which may overload the measuring instrumentation.

1This is why there is no doubt that any technologically adeah@ountry can build a militarily
usable hydrogen bomb without nuclear testing [21, p.27].
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Finally, if plutonium is used for the pusher/tamper a yietdnewhat higher
than with enriched uranium is obtained. This is why usingguiium for the “third
stage” is providing the highest possible yield for a givesige. This option has
been implemented in some of the French thermonuclear weapon was an
important justification for the French fast-breeder progtéas it could be for the
Indian plutonium reprocessing/recycling programi [26]. n€equently, although
plutonium has some environmental disadvantages becaissmdre radioactive
thanU?%, it offers an attractive alternative to the large-scaledpaion of highly
enriched uranium because plutoniunaofygrade can be used for the “third stage”
of a thermonuclear weapon. Therefore, any country such@enJdahich has a
large stockpile of separated plutonium will not need actedarge amounts of
U%% should it decide to make high-yield thermonuclear weapons.

2.3 Fusion energy systems and military technologies

The main fundamental difference between fission and fusmangy systems is
that the feasibility of fusion energy is stillot proven, whereas the scientific and
technical feasibility of fission was established right friéra beginning. Moreover,
in 1942, the construction and operation of the first “atonilie”’gy Enrico Fermi
and his collaborators proved to be so simple that it was plest design, build
and put into operation several full-scale, 1000 MW sizect@s in less than two
years! In comparison, after almost fifty years of fusion ggaesearch, even the
most optimistic scientifically-competent proponent ofidursenergy would not bet
to see an operating thermonuclear reactor in his life-time.

As a result, “thermonuclear fusion” is essentially a vasesech program in
which many different concepts are still competing to pdgsimerge as a techni-
cally, economically, and politically viable new source okegy. However, com-
pared to other energy research programs, fusion resegocimiarily done within
(or in close collaboration with) military establishments &t least three reasons:
First, they generally make use of high-energy density teldgies which have
many military applications in areas such as radars, ordnatetonics, weapons-
physics and weapons-effects simulation, etc. Second ygeydf working fusion
system would be a powerful source of energy, neutrons, ahtanty important

12In 1978, less than a year after the construction of the festder Superphenix had been
undertaken, General Jean Thiry, former director of the éirenuclear test site in the Pacific Ocean,
advisor of the Managing Director of the French Atomic EneZgynmission (CEA), wrote: “France
will be able to build atomique weapons of all kinds and witly &pe of range. At relatively low
cost, she will be in a position to produce large quantitieswth weapons, with fast breeders
providing an abundant supply of the plutonium required."Mende, 19 January 1978.
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materials such as tritium. Third, any working fusion systiat could be made
sufficiently compact would be a potential pure-fustomeapon, and could be used
as an explosive or as a radiation weapon.

Therefore, when examining the possibility of “non-elecfsower generation”
applications of thermonuclear fusion, one finds modtigl-purpose civil-military
applications This is clearly the case with the conclusions of a 2003 rejoathe
U.S. DOE Future Energy Science Advisory Committee (FESA@)ich found
that the most promising opportunities for non-electricleggpions of fusion fall
into four categories [29]:

1. Near-Term Applications (production of medical isotopad of neutrons for
Homeland Security missions);

2. Transmutation (of nuclear waste or surplus weaponsegvadonium);
3. Hydrogen Production (for transportation);

4. Space Propulsion (for heavy payload deep-space or manisswns).

A further aspect which complicates the discussion of fuginargy systems
is that the technologies on which they are based also havg s@entific ap-
plications'# as well as considerable overlap with those of nuclear fissimrgy
systems. In fact, as is shown by the systematics of the nuraerasting and pro-
posed (thermo)nuclear energy systems: fission, fusionyandus high-energy
beam processes, and their related technologies, areepemndent in many ways
[30].

For example, in the production of energy from fission or fasioigh-energy
beam technology is important because fusion is commontiatad using such
beams (e.g., by heating a plasma in MCF, or compressifg gellet in ICF),
while fusion or fission materials (e.g., tritium or plutomycan be produced using
particle accelerators, or enriched using lasers. Singjlarits direct application to
military objectives, high-energy beam technology is imant for directed-energy
applications such anti-ballistic missile defense and-satellite beam weaponry,
while compact fission or fusion reactors are important favgang military ships,
submarines, spacecrafts, and directed energy weapons.

13The concept of “pure-fusion” refers to the idea of burningegploding fusion-fuel without
using fission-reactions or a fission-explosive as a primary.

Which is why the quest for “pure knowledge” is often used assdification for developing
technologies which enable the study of extreme states aénvathich only existin nuclear weapons
and stellar explosions.
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Moreover, many ancillary technologies associated withntfmauclear fusion
and high-energy beams are of great military importance: hiigwer radio-
frequency generation for radars and electromagnetic vearfuperconductivity
and cryogenics for outer-space military platforms, highgnetic field genera-
tion for magnetic compression and pure-fusion explospelsed-power technol-
ogy for flash x-ray radiography and electromagnetic gunatgreof and heavy-
irradiation-proof materials and electronic devices fonvantional and nuclear
explosives, micro- and nano-technology for mass-produéaurth-generation
nuclear weapons, etc.

In the following sections several of these military apptiicas will be described
in some details. They will generally come about as examd@mlications (or
“spin-offs”) of various schemes which have a theoreticakeptal to become a
source of thermonuclear energy if some intrinsic limitai@re overcome. Most
of the time, these spin-offs will not be directly connectedhticlear weapons or
proliferationper se However, in all cases, it will be seen that the military and
proliferation impacts are sufficiently important to be ofisas concern, especially
in non-nuclear-weapon States, because research on thbggians technologies
can be legitimized by their theoretical potential as futsmarces of energy.

To conclude this section, and before proceeding to a sysieaalysis of
fusion energy systems, it is important to remark that it iegitimate right for
all countries to pursue some exploratory research on afliplesscientific devel-
opments that might have a revolutionary impact on militaghinology. In this
respect, it is precisely in the area where fission, fusion ligt-energy beam
technologies overlap that the potential for new types ofpmea is the greatest.
Moreover, if this set of now relatively standard technoé&sgis extended to in-
clude more advanced atomic and nuclear processes (se€ljabkesee that there
is a relatively large number of physical processes availalhich all have the
potential to release large amount of energy on a short tirake sand which are
therefore amenable to the design of new types of militaryasipes. This can be
seen as a confirmation that atomic and nuclear physics ate/edy new sciences,
and an indication that many surprising discoveries aréissible, with many
implications for new types of nuclear explosives.
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2.4 Principles of magnetic and inertial confinement
fusion systems

Since fusion reactions happen only at extremely high teatpsss, the burning
fusion fuel is a plasma, i.e., a collections of electrons atainic nuclei from
which the electrons have been stripped away. Such a plasmatdae contained
by the wall of any vessel and must therefore be confined, reiipegravitation

as is the case in the stinor by electromagnetic fields if the reaction has to be
continuous, or else by its own inertia if the reaction is pdigas is the case in
nuclear weapons).

This defines the two main categoriesmégneticconfinement fusion (MCF)
andinertial confinement fusion (ICF) systems. To these two generic oatgjone
has to add manglternativefusion systems (AFS) which use the basic features of
MCF and ICF in various configurations and combinatiétes)d in association with
various technologies such as pulsed electromagnetic p@mnergy cumulation,
catalysis, etc. Even though they are often called “inneedti“emerging,” or
“new,” most of these alternative or unconventional fusiegstems have been
extensively studied in military laboratories starting Imet1950-1960s, just like
MCF and ICF systems.

Even though the details ahagnetic confinement fusigMCF) systems are
very complicated, the general concept is sufficiently sexgoid intuitive that we do
not need to go into these details: It is enough for our purpmsay that we have a
magnetically confined high-temperature plasma steadilyibg in a vessel which
is heated by the energy released by the fusion reactionscapded to a turbine to
make electricity. While different kind of thermonucleaefs could be considered
in theory, its is likely that MCF is only feasible using detitien-tritium as the fuel,
so that the main thermonuclear reactiois- 7" — “He +n + (2.8 x 107'2]) |

The concept ofnertial confinement fusioQICF) is that a sequence of tiny
fuel pellets containing deuterium and tritium are projddi@vards the center of
a reaction chamber where high-power laser or particle bealsep strike each
pellet, compressing and heating its fuel, and releasingrtbeuclear energy by
the reaction: D + T — “He + n + (2.8 x 107'2J) . This nuclear energy is
converted into thermal energy in an absorbing blanketdjtive inner surface of
the reaction chamber, and coupled to a turbine to make igiggtr

5The thermonuclear reactions which “power” the sun are tlaelfon-cycle” and “proton-set”
fusion reactions. They are extremely slow and have notlordptwith the “deuterium-tritium”
based fusion reactions used in nuclear weapons and in atigally feasible fusion reactors.
8Hence the sometimes used temmagnetic-inertiatonfinement (MIC) fusion.
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Since 1 g of DT produces about 340 GJ of energy, a nominal 1 GW (electric)

fusion power plant with a thermal efficient of 30% would com&10 mg ofDT
per second! If we assume that one pellet is detonated each second, thesasep
yield of each pellet would be 3.4 GJ, i.e., equivalent to al8d0 kg of TNT.

Figure 5 is a simplified diagram of an advanced indirectall@f target of the
kind that is extensively studied for future ICF reactorsclsa target consists of
a hohlraum containing a 1-10 migT fuel pellet. The concept ahdirect drive
refers to the fact that in this type of target the driver epésgnot directly deposited
onto an outer layer of the fuel but is first converted into mthalrx-rays confined
in a hohlraum. In the U.S., this concept was declassified "0 H the same time
as the Teller-Ulam principle (Fig.3), using a wording treaimost identical: “In
some ICF targets, radiation from the conversion of the fedienergy (e.g., laser
or particle beam) can be contained and used to compress mitel agphysically
separate component containing thermonuclear fuel” [203].

Itis therefore not surprising that Fig.3 and Fig.5 are vamylar, except for the
technique used to generate the soft x-rays filling the hahiran laser driven ICF,
the hohlraum is generally a cylinder with openings at botthsen allow the laser
beams to heat the inner surface of the hohlraum, causingemisf x-rays. In
heavy-ion driven ICF, the heavy-ions are stopped in coevel(i.e., small pieces
of high-Z materials placed within the hohlraum) which armesgly heated. With
other drivers, e.g., light-ion beams or antiprotons, thiteewould be different,
but the result the same: strong heating of the radiation casé the converters
leading to x-ray emission into the hohlraum. Hence, any tfpedirect drive ICF
system will enable the simulation of H-bomb physics in tHeolatory.

A major problem, as for hydrogen bombs, is to succeed in cessimg the
pellet to a very high density andniting the fuel. This is why the largest ICF
system under construction in the United States is called\i&gonal Ignition
Facility because its main objective (which is same as those of itschrand
Japanese competitors) is to achieve ignition. (See Tabbe a fist of the most
important laser ICF facilities in the world.)

The difficulty of this task is enormous, and it would be adegeius to find
a technique similar to Teller’s “sparkplug” concept whidnsiderably simplified
the design of H-bombs. Several such techniques are undestigation, and one
of the most promising is based on the invention of the “ssen,” which enabled
a factor of one million increase of the power of table-togefas

“Superlasers” are ultra-short ultra-intense pulsed &s@h pulselengths in the

This corresponds to a consumption of 0.5 kg of tritium per. day
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range ofl0~ > to 10?5, i.e., femtoseconds to picosecodtiand beam intensities
on the order ofl0?° W/cn?, i.e., sufficient to induce strong relativistic, multi-
photon, nonlinear, and direct nuclear effetd [31/32,'33]heir invention ended
a twenty years long period over which laser intensity platebat a maximum of
about10'* W/cne.

The potential military applications of superlasers aremspressive that their
principles have been implemented on existing large las#enys built for inertial
confinement fusion and weapons simulation, pushing thek power by three
orders of magnitude from 1 TW to 1 PW which is why superlaseesrore
commonly called “petawatt lasers.” As can be seen in Tabléhé&e are now
superlasers in operation or under construction in all maphustrial states.

Superlasers enable a two step approach to ICF similar tosgreaKplug” igni-
tion of a cold compressed fuel in H-bombs|[34, 35]. The prepd$ast ignition”
scheme is as follows: first, a capsule is imploded as in theasdional approach
to inertial fusion to assemble a high-density fuel configjorg second, a hole is
bored by a superlaser through the capsule corona composddabéd material;
finally, the fuel is ignited by fast electrons, produced ie S$uperlaser-plasma
interactions, which then propagate to the center of thepelhis new scheme en-
ables a factor of 10—100 reduction in total driver energgtdb drastically reduces
the difficulty of the implosion, and thereby allows lower tyetarget fabrication,
and less stringent beam quality and symmetry requiremeoits fhe implosion
driver [34, p.1626].

The whole subject of superlaser research and developmprasgntly a do-
main of very intense activity. New institutes and specealilaboratories have been
created in several countries. For example Gkater for Ultrafast Optical Science
at the University of Michigan, th&lax-Born-Institut fur Nichtlineare Optik und
Kurzzeitspektroskopi@IBl) in Berlin, the Centre Etude Lasers Intenses et Appli-
cations(CELIA)in Bordeaux, or theAdvanced Photon Research CentaPRC)
of the Japan Atomic Research Institute (JAERI) Kensai distabent. As shown
in Table 3, all the most advanced industrialized countregeow superlasers
with powers of at least 10 TW, and 100-1000 TW superlaserpénation or under
construction.

At present, with the closing and dismantling of the large Aiga and French
lasers to allow for the construction of NIF and LMJ, the maswprful lasers and
superlasers in operation are in Japan and in England. Japafeict the current

18A femtosecond, i.e., 1 fs #)~1° s is on the order of the time taken by an electron to circle an
atom. This gives the order of magnitude of the minimum pelsgth of an optical laser pulse.

19They are calledupetasers in this review because their interactions with matequalitatively
very different from those of ordinary lasers.
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world leader, and was able to announce on March 28, 2003ABRC “succeeded
in the development of a compact laser system capable of g@mgthe world’s
highest laser output power of 850 trillion watts (0.85 peits)” [36]. Contrary
to previous “proof of principle” petawatt-class superiasghich were quite large,
this compact superlaser is based on solid-state Ti:Sapphiplifier technology.

Germany, however, is proceeding very fast and trying torcafrwith the rest
of the world [37]. This is done in collaboration with the Lamce Livermore
National Laboratory, with which Germany has passed “agesgsi which were
previously only available to England and France, two nuelesapon State$§ [37].
In the the foreword of th&SI Scientific report 20Q2one reads : "The highly
appreciated delivery of components from the NOVA laser ftomermore gave a
pushtothe PHELIX laser project(...) petawatt operatiorefal of 2004/beginning
of 2005" [38, p.ii].

Superlasers are an example of a breakthrough that is thik oégwre tech-
nological innovation. It was known since many years that dag a way would
be found to go from the(0'* W/cn? standard laser intensity to tH&2° W/cnm?
range because there is ndamentabbstacle until the laser intensity limit of
10%* W/cm? is approached’

However, there are other technologies (some of which listddble 1) which
have also the potential of facilitating the ignition of anH@ellets, and even to
be sufficiently compact to be able to turn an ICF pellet int@arth generation
nuclear weapon. One such technology is antimétter 39, ¥0ad several other
possibilities (e.g., nuclear isomers[42]) are discusaedferencel[22].

2.5 Common proliferation implications of all fusion
energy systems

There are seven main common sources of proliferation esgalwith all types of
fusion energy systems: neutron abundance, tritium abwegaew technological
routes to uranium enrichment, latent thermonuclear weapaiferation, induced
nuclear weapon proliferation, and links to emerging miiteechnologies.

20In contrast, technologies such as thermonuclear fusioelémtricity generation aralready
at their scientific limit. No technological breakthroughtdsbe expected for them. This is why,
assuming that all the details are worked out, whatever cemfant scheme is adopted, it is already
possible to compare these systems with other sources dfieigc
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2.5.1 Neutron abundance: Fusion-fission hybrids and pluto-
nium breeders

While fission produces about 200 MeV of energy and betweeratwdthree neu-
trons per split nuclei, whereas fusion Bfl’ generates only 17.6 MeV of energy
and a single neutron per fused nuclei, the fission reacti@alled “energy rich
— neutron poor” and the fusion reaction “neutron rich — epgrgor”. There-
fore, fission is most appropriate for producing energy, arsioh for producing
neutrons!

The consequence of this fundamental fact is that the masttefé technique
for producing nucleaenergyis to surround the reaction chamber of a fusion
reactor by a blanket in which the fusion neutrons producetiatdl neutrons
and breed plutonium, which is then burnt in ordinary fissieactors. This is the
concept of the “fusion-fission hybrid"[80], which takes advage of the factor
200/17.6 =~ 10 which favors fusion relative to fission as a supply of neusr@nd
fission relative to fusion as a source of enefgyy.

In the 1980s the main proliferation problem of these hybweds felt to be the
consequences of their exceptional potential as plutonigeders([43]. This was
because for a nominal power of 3000 MW (thermal) the bestyreater fission
reactor would breed “only” 500 kg/Pu per year, while a hygtital fusion-fission
hybrid of the same power would breed more than 5’000 kg/Pyear.

Today, because of the existing surpluses of (both militay @vilian) pluto-
nium and enriched uranium, the emphasis is different: aofublybrid is about
ten times more effective than a fission reactor to breed piuto or tritium. In
particular, for a given material output, its production efl, nuclear waste, and
traceable fission products such®@sr is at least ten times less than with a fission
reactor. This makes such a facility easier to hide from in8pe?® Moreover,
the sub-critical blanket of a hybrid reactor is more appiadprfor plutonium
production than a critical fission reactor. With an apprajgidesign, continuous
extraction of plutonium is easy. Even for long neutron iraéidn times in the blan-
ket, the quality of the plutonium produced in a fast hybridriiet is better than

21This is why the most powerful nuclear weapons, i.e., thogh thie highest yield-to-weight
ratio, use a “third stage” in which the fusion neutrons frdra second stage are used to fissiona
uranium or plutonium blanket surrounding it.

22This factor of ten assumes that in a critical reactor onerpetis needed to maintain the chain
reaction, and that the fate of the another fission neutrosisrisar to those from fusion once the
they are multiplied in a blanket.

23The only other systems which shows similar characteristiethe accelerator-breeders![43].
These hybrids are now promoted for the efficient productianitium for military purposes (see
end of Sec.2.5.3).
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that produced in a critical reactar |44]. A rather small kagie.g., 10 MW(th)
of fusion power, producing plutonium and tritium in a mixedaium/lithium
blanket, could be sufficient to maintain a minimal detertzaged on a few dozen
high quality boosted fission bombs.

Of course, one may object that any fusion facility would kg Bxpensive, and
very sophisticated. That is not necessarily the case. Abegeen in the section
on alternate fusion systems, some of them might be quitel smalrudimentary.
Moreover, if an easy route to ICF is found, small scale ICFhhimpcome feasible.

One may also object that thBD fusion reaction, and even more so the
“aneutronic” fusion reactions such &eD and!!Bp, will generate much less
neutrons. While thisistrue, itis also known since alonggtithat “theDT reaction
is the only one which can be used exothermically by the mageenfinement
method of the tokamak, as the other interesting reactiomsyme too high a loss
of energy by cyclotron radiation’_[45, p.331]. The same isetfor ICF: It is
unlikely that any fuel other tha®T will enable the construction of economically
attractive fusion power plants. In conclusion, thé’ fuel will always be the most
attractive, and it will be a serious nonproliferation cbatje that no hypothetical
future “aneutronic-fusion” reactor will switch to thBT" fuel cycle to produce
neutrons for various illegitimate purposes.

2.5.2 Tritium abundance: Boosted-fission and pure-fusion
nuclear weapons

Whatever confinement-method used, a nominal 1 GW (eledusipn power
plant with a thermal efficient of 30% would consume 10 mglaf per second.
If we assume a tritium burn efficiency of 30% (either in slowltiasecond pulses
as in MCF, or in fast pellet-explosions as in ICF), the amaoimtritium to be
processed and fed into the reaction chamber every day isdl.7Tkis tritium
has to be regenerated and the idea is to breed this tritiumlithiam-blanket
surrounding the reaction chami3érAssuming that at least one tritium atom is
bred for every neutron incident on the blanket, and that abae tenth of the
blanket is reprocessed every day to extract the tritium, minrmim of 5 kg of
tritium will be constantly held in the blankét. With a ten-day supply of tritium
bottled to allow for reasonable down times, the total ineeyts aboutl 7+ 5 = 22

kg.
Thesex 20 kilograms of tritium in every nominal 1 GW fusion power plant

24The tritium breeding reaction is + Li — T + “He.
25This is ten times the daily consumption of 0.5 kg of tritium.

34



have to be compared to the amount of tritium in a military meey, which in the

case of the United States, is currently of about 100 kg. Snitaem has a half-life

of 12.3 years, about 5 kg of tritium has to be produced evesy y@ maintain

this inventory. Hence, from a vertical proliferation poeftview, a single 1 GW
fusion plant (which can easily breed more than the 0.5 kgitoditn needed every
day for its own consumption) is more than sufficient to sgtibe tritium needs
of a large nuclear arsenal, and even to envisage supplyingeafpsion weapons
arsenal which may require a significantly larger tritiumeantory.

From a horizontal proliferation point of view, there are tmajor problems:

e Whereas to make one crude fission weapon about 3—6 kg of plutdrave
to be diverted from a fission power-plant (i.e., about 1-2 %tofissile
material inventory), to make a tritium-booster for one fissiweapon only
2 g of tritium have to be diverted from a fusion power-plané.(i about
0.01 % of its tritium inventory). Considering the existingfidulties with
plutonium accounting, such a level of tritium control seampossible to
achieve in practice.

e Future nuclear arsenals will most probably be based on samdeok pure-
fusion weapons. Sudiourth generation nuclear weapomsll require only
small amounts of tritium per warhead. Assuming a relatiyeapr tritium
burn-efficiency of 20 % in these weapons, every milligranrisiim would
be worth the equivalent of about 100 kilograms of TRi'Hence, assuming
a modest breeding ratio of 1.1, a single 1 GW fusion plant adnd able
to supply 0.05 kg of tritium daily, enough to fabricate evelgy 5000
warheads with a yield equivalent to 1 ton TNT each.

2.5.3 Dedicated nuclear weapons materials production faci
ties

Priorities in the present fusion programs worldwide em#eathe development
of MCF systems for electricity production and ICF systenrsrfioclear weapons
simulation. However, there have been publications (4%, 46,/47]), and cer-
tainly a number of classified studies, suggesting that systesis could also be
used to breed large quantities of nuclear materials sudtitiasnt and plutonium
for military purposes.

26\We will come back later on the military value of highly compa@apons with yields in the
hundreds to a few thousands of kg TNT.
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In the nuclear-weapon States, the arguments put forwaralvior fof the con-
struction of such facilities are (1) the need to replace gdatilities’” and (2)
the increased importance of tritium relative to fissile mate in modern nuclear
weapong?

As was emphasized in the two previous subsections, a fusamtar can breed
up to ten times as much tritium or plutonium than a fission taaof the same
power. Since disposal of heat is a major cost driver in ang tfjnuclear reactor,
a major advantage of fusion-based systems is that theynodiyze much less heat
for a given nuclear material output. This advantage becqaegularly important
if a fusion machine is specifically designed to maximize reauproduction for
nuclear material breeding instead of heat production &utakity generation. This
kind of optimization requires the development of a neutranitiplying blanket
that poses fewers technical issues than a blanket for ielectwer generatiof?

One approach, which minimizes heat production in the blam&éo multiply
neutrons by thén, 2n) reaction in beryllium embedded in the blanketin this
way, the blanket can be designed to breed 1.6 useful neyterfasion reaction.
These neutrons can breed 1.6 tritons, and hence, an exde$stofon per fusion
reaction for a total energy release of about 25 MeV (see TablAs is shown in
this table, fission can also yield a net 0.6 triton per fissgaction, but with an
energy release of 200 MeV. Therefore, fusion produces d¢igiats less heat than
fission relatively to breeding capacity.

In small MCF tritium breeders this large cost advantage nmeagftset by the
cost of plasmatechnology (magnets, vacuum, etc.) reqtoreahfine the plasma.
However, since plasma technology costs do not scale direth fusion power,
the capital cost of a magnetic confinement fusion breedelasively insensitive
to thermal power and breeding capacity over a wide rahge $48.2]. This
leads proponents of this technology to conclude that “beedlie fusion driver

2"In the U.S.A, for example, tritium was produced only at thesBmah River complex. The
reactors at Savannah River are now over 50 years old and wit probably never be restarted.

28The nation will have a continued need for an assured supptyittum as long as nuclear
weapons exits. [...] Moreover, certain changes in the makéthe stockpile, underway or being
considered, could actually increase the need for tritiuendl/the number of weapons declines.
Steps toward ‘modernization’ of weapons, such as ‘safgh leixplosives, or new missions calling
for tailored effects, may lead to weapons with substanttatjher than typical amounts of tritium.
Long-range nuclear materials planning requires assutintgmium production as well'[146, p.2].

2°This is also the case for the design of the blanket of an exyarial fusion reactor such as
ITER: In a research facility heat is an unwanted byprodudtiefon complicating the design of
the reactor and interfering with experiments such as thaystéitritium breeding or of the effects
of neutrons on structural materials.

30This concept is included in most ITER blanket designs, fatance the Japanese mass-
production technology for ceramic tritium breeder pebhbieder development at JAERIL[13].
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for a nuclear materials production facility would be smatlean a fusion power
reactor, the present status of magnetic fusion reseanatasively speaking, more
advanced for the purpose of breeding tritium than for enexgplications [[45,
p.6]."%t

Similar arguments are used by proponents of inertial confare fusion who
stress that “defense money will be unavailable [for a fut@®€ machine] unless
it has a specific defense function such as tritium produciroie destruction of
plutonium” |[47].

In fact, while eventual future fusion reactors will pose @@gs proliferation
problem because of the possibility to divert tritium towamilitary ends, the
declared nuclear powers will always prefer to rely on dadiddacilities to satisfy
their military needs. In this case, the main competitionusidn for supplying
tritium in the future comes from accelerator based systemsch in addition
to many advantages similar to those of fusion, have theastdo be a feasible
extrapolation of existing proven technology. In the evéattsuch accelerator
breeders are built in the near term, e.g., in the U.S.[[4B.04%rance([50, 51],
or possibly Japan [52, 53] or South Koreal[54], fusion willhan an attractive
option for a more distant future.

2.5.4 New or renewed enrichment technologies

Natural uranium is a quite widely available commodity. Hoew® to make a
fission-explosive, the difficulty is that natural uraniumstheither be burnt (e.g., in
a heavy water reactor) to produce plutonium, or enrichedpasate the fissik*U
fraction from the more abundant non-fissitlU component. Many technologies
are available for uranium enrichment and some of the mostiesfti ones make
use of lasers of various kinds.

While the large high-energy lasers used as drivers for |@&nat directly
applicable to laser-enrichment, the underlying technpieghe same. Moreover,
superlasers may open new proliferation paths to laseclement because they
can be used to pump isomeric nuclear states for gamma-enga&nergy storage,
and new military explosive$ [42]. When used to excite the fggmeric state of
50, superlasers may lead to a very effective and compact tgearfor 100%
uranium enrichment in one stage [55].

Concerning other enrichment technologies, the ones tbdiased on separa-

31This means that the blanket design for an experimentaloeaath as ITER is better suited
for breeding tritium than for producing energy.
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tion in an electromagnetic field, i.e., the “calutron” medj6€] and the “plasma
separation” process, are the ones that will most directhebefrom the devel-
opment of high-current ion beams and superconducting mageehnologies for
ICF and MCF [4B[56, 57].

2.5.5 Latent thermonuclear proliferation

Thermonuclear fusion is being promoted by the nuclear-wedftates as a po-
tential source of energy and therefore a legitimate subjestuidy in non-nuclear-

weapon States. This leads to a growing situation of laterttbnuclear prolifer-

ation that will be examined in section 9.

2.5.6 Induced nuclear proliferation

Since thermonuclear fusion research and developmentesréta scientific and
technical basis for actual or latent thermonuclear weagwakferation, in ei-
ther nuclear or non-nuclear-weapon States, it is legitnfiat the less advanced
countries to be concerned by this situation. This may indbem to acquire the
knowledge and skills for making first-generation nucleaapens, which in turn
become a justifications for the nuclear-weapon States tdys@more advanced
and usable nuclear weapons to effectively deter or coumitetype of proliferation,
and so on...

2.5.7 Links to emerging military technologies

As was already explained in section 3, all technologiewvagleto thermonuclear
energy have important military applications in nuclear and-nuclear weapons.
Lasers, accelerators, superconductive devices, etckegreomponents of new
kinds of non-nuclear weapons: Laser and particle beam-ovegglectromagnetic
guns, etc.

A clear example of the ambivalence of thermonuclear rekeaith high-
energy lasers is the project to use the technology develigpekde U.S. National
Ignition Facility (NIF) to build an Earth-based laser to alenear-Earth space
debris [58, p.15]: Such a device would also be an effectitesatellite weapon.
Several other example will be cited in the following section
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2.6 Specific proliferation implications of inertial
confinement fusion (ICF)

The most direct proliferation contributions of ICF are atnsly in the domains
of thermonuclear weapons’s physics and effects. Thesadatns have been
expounded in a number of publications (see, €.gl,143, 22}aferences therein).
Since the nuclear-weapon States are not shy at recognizadGF is essential
to their nuclear deterrent, it is interesting to comparehtbadlines of two formal
assessments of the relevance of ICF to the nuclear weapogspr of the United
States:

First, in 1977, fourteen years after the signing of the Bhafitiest Ban Treaty
(PTBT), the main nuclear weapons'’s applications of ICF vpeesented as follows
[59, Chart 6]:

e Provides support for underground tests

e Potential for large-scale weapon effects simulation

¢ Allows modeling of atmospheric nuclear explosions

e Provides unique capability for modeling of nuclear weaponsphysics
including:

1. Normalization of design codes
2. Studies of implosion physics
3. Measurements of critical materials properties

Second, in 1997, one year after the conclusion of the Conepse¥ie Test ban
Treaty (CTBT), in a review of the ICF program, the sectionwlibe “relevance
of the National Ignition Facility (NIF) to Science Based &tpile Stewardship
(SBSS)” is highlighting the following item$ [60]:

e People

o Certification of the weapons stewards

e Code validation and materials properties

e Ignition:
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1. The study of burn in the presence of mix

2. The diagnosis of ICF plasma

3. High-energy-density phenomena

4. Proof-of-principle for inertial fusion energy (IFE)

Therefore, in both evaluations, the main emphasis is on sigohow ICF is
compensating for the perceived losses due to a major arntsatagreement, and
the second on underlining the potential benefits of ICF ferftiture of nuclear
weapons development.

In 1977, ICF was at its beginning. It was important to show thaould be a
powerful substitute foatmospheridests and an effective simulator for weapons
effects studies. This substitution has progressively loeee over the past twenty
years (with the help of ICF and a number of pulsed-power teldwies) and will
be complete when large ICF facilities such as NIF will yidid tery intense bursts
of neutrons that only underground nuclear explosions cprdslide?

In 1997, SBSS is at its beginning. The age of building andritgshulti-kiloton
to multi-megaton hydrogen bombs is gone, and a new generafipeople is
needed: People to take care of the existing arsenal withmlgrgroundests, and
people to design and possibly build the next generation oleain weapons using
computer simulations and laboratory tests. Before conoré implications of
ICF for this fourth generation of nuclear weapons, let uses@the more trivial
military applications of ICF:

2.6.1 Nuclear weapon-effects research

ICF systems enable both nuclear and non-nuclear effects stuiolied. The latter
consists of the effects of low and high altitude single andtitmurst detonation in
the atmosphere. Such studies enable (a) prediction of thetefof subsequent
bursts in a multiburst environment; evaluation of the spagxtent and duration
of satellite communication interference; and (c) evalatof radar shielding
effects which hinder detection of secondary missions [@@ihce 1964, because
of the PTBT, such problems cannot be studied with real nuebgalosions in the
atmosphere.

32In the meantime, the most intense neutron simulators haee hecelerator-based systems
such as the LANSCE at Los Alamos, where the weapons neutseameh (WNR) facility uses a
spallation neutron sources driven by a storage ring to remthntaneous fluxes af)?? n/cn¥/s
[43].
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The total radiation field of a nuclear explosion is compodsedi@ay, gamma-
ray, neutron and electromagnetic pulse (EMP) componentse ifitensity of
each of these is strongly dependent upon the specific desigrihe yield of
the weapon. Also, the presence or absence of some of thastioas depend
on the environment in which the nuclear detonation occurs. eikample, in an
underground explosion some of the radiation (e.g., EMR)bgibbsent compared
to an atmospheric or high altitude explosibni[61].

Until the conclusion of the CTBT, synergistic testing wasieldhrough un-
derground explosions, but ICF provides now an alternatie¢hd for carrying
out such tests in the laboratory; an ICF exposure is expéotedst less than one
percent of an underground experiméhtEurthermore, experiments with an ICF
facility are much more convenient and reproducible. Fomgpla, meter-sized
costly equipments such as reentry vehicles, missiledisggecan be exposed to
neutron fluxes ofi0'3 to 10'* n/cn?/s, or 3 to 30 cal/crhx-rays, without com-
pletely destroying them. ICF systems can also be used fariéau hardening,”
and to “burn in” ready-to-field equipments by exposing thenmradiations and
replacing the weakest components that may have failed.

2.6.2 Nuclear weapons-physics research

After the discovery of the Teller-Ulam principle, and somajon improvements
during the 1960s, progress on thermonuclear weapons sldoved dramatically.
In fact, despite more than 50 years of research and develuparal after almost
two thousand test explosions, the scientific understarwfitite details of the sec-
ondary system is still incomple#é.If the CTBT would not have been concluded,
the continuation of full-scale testing would probably nelrave changed this sit-
uation, given the great number of complex phenomena thatr@aultaneously
within the fraction of a microsecond of the explosion of amétnb.

A major problem with full-scale testing is that the secodzran actual bomb
is buried deep inside the weapon, surrounded by a thickatdaid the radiation
case. Therefore, most experimental data on the thermaamypzet of the explosion
is indirect. In comparison, an ICF pellet is an almost nalembedary, and many
configurations can be tested at will, with much better diagjieacapabilities than

33However, for countries such as India, because of the coritplemd huge investment cost of
large ICF facilities, underground tests are potentialslexpensive than ICF simulations.

34We do not completely understand the physical processesdied in the operation of a nuclear
weapon” [62, p.24]. “We do not understand nuclear weaporgs®ses well enough to calculate
precisely the transfer of energy within a weapdn’| [62, p.3&jr a more detailed development of
the subject of this subsection see, in particulad, [22, Giap
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with underground nuclear tests. The promise of ICF is a ceteplescription of
thermonuclear weapons physics from first principles.

Laser and particle beams are capable of concentratingdangents of energy
onto small targets. These targets may consist of non-nuotegerials, fissile
materials, or fusion materials. The very high pressuressaodk strengths possi-
ble with the kind of beams necessary to drive ICF systemdylemeydrodynamic
behavior and material equations of state to be studied imanpeter range com-
parable to that existing within exploding nuclear weapaee(Fig.6). The large
megajoule-scale ICF facilities currently under consiarc{e.g., NIF, LMJ, see
Table 3) will be particularly well suited for this purpos$e3|6

But proton beams from high-power generators, such as, famele, the
Karlsruhe Light lon Beam Facility (KALIF)see Table 4) in Germany enable
similar measurement with power densities of up to 200 TW(hearergies densities
of several MJ/gl[64]. As can be seen on Fig.6, such energiesittes, equivalent
to 2 x 10~* kt/kg, are only a factor of 100 less than NIF without ignitionth€r
pulsed-power beam generators, such as the Saturn electrele@tor([65] in the
U.S.A,, are also providing important nuclear weapons daten though they are
primarily advocated as fusion energy research t&olBhis is also case of PBFA
(or “Z Machine”) at Sandia National Laboratory (see Tablevih)ch in 2003 was
able to produce a significant amount of DD fusion neutronsdbald previously
only be generated with laser beam facilities! [66].

Moreover, lower-energy kilojoule-scale laser facilitexguipped with a super-
laser for fast ignition — such as the 60 beams 50 kilojoul@adape laser FIREX-II
(see Table 3f combined with a 4 beams 10 kilojoule petawatt superlaser e— ar
also expected to achieve ignition, and therefore to endig@ertonuclear burn
studies comparable to those feasible with NIF or LMJ (se&blrig

The complexity of ICF target experiments requires that theyanalysed by
simulating the experiment with two- and three-dimensidmadrocodes. Thus
verification and improvement of weapon design code is amsitr part of ICF
experiments. Since ICF research is done in non-nucleapeve&tates, very
sophisticated computer codes have been developed andgipedblby scientists
in such States. For instance, the two-dimensional hyd@dddLTI2D [67]
developed at th&lax-Planck-Institut fir Quantenoptikn Garching, Germany, is

35Laser facilities, however, provide a much “cleaner” workienvironment, especially with
respect to electromagnetic interferences from the puteeder equipment, and much better energy
deposition profiles because of the greater flexibility ofdighaping the laser pulses.

3FIREX stands for “Fast Ignition Realization Experiment. r Bodescription and planning
of the FIREX project, see th&nnual progress report2001 and 2002 of the Institute of Laser
Engineering, Osaka University.
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considered to be in several respects better and faster hR8NEX, the currently
standard (and partially classified) U.S. two-dimensioryalrbcode. These codes
allow, in particular, the simulation of the dynamics andsity of implosion (of
either passive or nuclear materials) driven by x-rays, f@gargy beams, or other
types of drivers: Chemical high-explosives, magnetic §ieddectromagnetic guns,
etc.

Considerable scientific data necessary for the design @frfisystems is also
crucial for thermonuclear weapons. For example, the teatpes- and pressure-
dependent opacity functions for high atomic-number eleéswere classified until
1993 because this information is needed to make such weafeckniques for
measuring these opacities are improving because of thiabi\y of high-energy
lasers. These can be used to measure opacities directlgeatftaquencies, or
indirectly by converting the laser radiation to x-radiatiand measuring opacities
in the x-ray region which is the most relevant to nuclear voesp

A last aspect of ICF which is of importance in weapons physcthat of
rate-dependent processes. An ICF system can easily expeseerable target
to neutron and x-ray fluxes comparable to those of a full sizdaar explosion.

2.6.3 Ignition: Fourth generation nuclear weapons and inetial
fusion energy (IFE)

“Ignition,” the last item stressed in the 1997 assessmenC8f refers to the
fact that macroscopic processes like thermonuclear plagnigon are still not
well understood. Special ICF targets which absorb the dewergy and convert
it to x-rays enable H-bomb ignition physics to be studiececlly. Moreover,
ignition techniques different from the Teller-Ulam contepn also be studied, or
discovered, using ICF. “Fast ignition” using a superlaserthe replacement of
the “sparkplug” by a minute amount of antimatterl[40], arareples of such new
concepts.

The important conclusion is that, whatever the details¢casgful ignition of
thermonuclear micro-explosions in the laboratory will oplee way to two types
of applications which will most certainly remain in the rtaliy domain, i.e., new
types of nuclear weapons, and inertial fusion energy (IFE):

e Fourth generation nuclear weaponisiertial confinement fusion is basically
a continuous salvo of contained thermonuclear explosidnsa nominal
1 GW fusion power plant, the yield of these explosions willdogiivalent
to about 100 or 1000 kg of TNT, assuming a rate of 10 or 1 deimomsiper
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second, or else to about 10 tons of TNT, assuming a rate of etoaation
every 10 seconds. The military significance of these yietts/ds from the
fact that the amount of conventional high-explosives (Hit)ied by typical
warheads or bombs is limited to a range of a few 100 kg to a few*0
Since an ICF pellet weighs only a fraction of a gram, ICF basddary
explosives would revolutionize warfare. Combined withgisen guidance,
earth and concrete penetration, and other existing teakajgsmall and
lightweight ICF based warheads would destroy virtuallyaksible targets,
and render existing types of high-yield nuclear weaponolels. The
challenge, of course, is to replace the large laser- orgbedtieam driver by
some sufficiently miniaturized device. This problem willtie discussed
here3® However, it will be recalled that a single-use device is llgua
much more compact and simple than a multi-purpose re-usapkrimental
facility, and that very-high energy-density technologsegh as antimatter
and superlasers are ripe to meet the challehge*2ah particular, in a
review of the use of antiprotons as a compact ICF driver [40s been
found that the number of antiprotons required for the fasitign of ICF
pellets is several orders of magnitude smaller than washattd by the
authors of the present review ten years earler [39].

Inertial fusion energy.Success with ignition, and a sufficient reduction of
scale of the driver, would provide a very attractive subgtitor the numerous
nuclear reactors used by the militdfyAs for the possibleivilian use of
IFE, the prospect is bleak. Considering the bad image thaeauenergy
has in general, it is unlikely that IFE will be found accepéalyy the public
in democratic countries. For one thing, development of IREa@me in
parallel with fourth generation nuclear weapons which wélé ICF pellets
as their main explosive charge. A daily load of ICF pelletsdanedium
or full scale fusion power plant will consist of thousandpeflets, each of
them equivalent to one or several tons of high explosiveshd$e pellets
are not fabricated at the power plant, their shipment willehi be heavily
guarded. Moreover, because fusion pellets contain onlklyeadioactive
materials, e.qg., tritium, diversion will be difficult to chett.

3"The Scud ballistic missile warhead contains roughly 200 k¢iB and the Patriot anti-
missile warhead roughly 40 kg. A Tomahawk long-range cruisgsile carries a conventional
or thermonuclear warhead weighting about 120 kg, and aaypig air-dropped bomb weighs
between 500 and 2000 kg.

38For a development of this question sgél[22, Chap.4].

39These considerations about radically new types of nucleapens should not minimize the
potential of using ICF facilities for improving existingggs of nuclear weaporis 168].

49There are in the world more military nuclear reactors at seaer the sea, and in various
military facilities, than nuclear power reactors prodyp@lectricity for civilian purposes.
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2.6.4 People

As Ted Taylof! likes to say: “The most important things to make a bomb are
dedicated people and a good library.” This is made clear byethphasis put on
“people” and “weapons stewards” by the U.S. National Acagl@hScience in
their 1997 assessment of the relevance of ICF to SBSS [603. tfDuble is that
this is also true for the non-nuclear-weapon States. Woitte thermonuclear
energy research is creating a basis which allows the muck rapid development

of quite advanced thermonuclear weapons than would otkera@ possible.

2.7 Specific proliferation implications of magnetic
confinement fusion (MCF)

Much of what has been said about ICF in the previous sectiplesto MCF, with
the obvious differences which derive from the fact that tperation of a MCF
device is characterized by a much smaller plasma density gacorrespondly
much longer burn time) than in an ICF device or a thermonu@gplosion. For
this reason, MCF physics and technology is less closelyagkm thermonuclear
weapons than is the case for ICF. However, there are sevees e which MCF is
providing specific direct or indirect contributions to ne&t weapons proliferation.
Let us briefly mention two of them:

2.7.1 Nuclear weapons effects

Tokamak test reactors have been proposed for nuclear weHfemts research
[69]. The main advantage is the very large volume with umifarradiation flux
of 10! n/cn?/s offered. However, because of the very long pulselengtipesed
with ICF, tokamak test reactors are best suited for detangithe permanent
damage due to neutron (and x-ray) radiation to total-degeeddent rather than
dose-rate-dependent devices and subsystems. In 1982sihewed that the
Princeton tokamak fusion test reactor could be used to hefipaelan optimized
tokamak radiation effects facility that could have beenlenpented by the early
1990s in a suitable location [69].

41To whom we dedicated our report on fourth generation nucieaponsi[22].
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2.7.2 Military spin-offs of MCF technology

Ina compilation of several surveys, it was found that thetmomerous technology
transfers from magnetic fusion research to other areas@fice and technology
were in the domains of magnet technology, power supplieteniags technology,
particle beams, power supplies and vacuum technolbgy [7/0jese types of
spin-offs are similar to those found for high-energy péetiaccelerator physics
research, a domain which like MCF produces relatively fem-gifs of direct
importance to industrial development.

Superconductive magnet are of great importance for sicatetjtary devel-
opments in outer space and ballistic missile defense, dsawdbr tactical de-
velopments such as electromagnetic-pulse generatorslecidoenagnetic guns.
The use of cryogenic and superconductive magnets in spaeersinvestigated
for pulsed-power generation, power conditioning and enetgrage, and was
expected to play a major role in the Strategic Defense tiiggSDI) program
[71]).

Superconductive magnets are also of great interest forplasrha separation
process” [[57] which is potentially the most attractive teicjue for very-high
throughputisotope separation[72] 73]. Large scale isoémpichmentis important
for the production of**U as well as for the enrichment of various types of medium
weight nuclear species if “isotopic tailoring” becomes iaaportant feature of new
materials. Such materials are expected to be necessarafongthe first wall of
MCF fusion vessels (in order to minimize their erosion ardioactivation due to
the intense neutron bombardment from the burning plasmagtdor a number
of military applications where similar or related propestare important.

2.7.3 Examples of spin-off technologies expected for ITER

To conclude this section, we qudteextensahe examples given in section 5.13
devoted to the spin-off benefits of fusion technologies exthmmary of the report
of the Special Committee on the ITER Project of the Japanese AtEmecgy
Commission This is not to imply that the examples given by the Committex
necessarily relevant to the proliferation of nuclear weepbdut an illustration that
they are indeed mostly dual-purpose technologies of gréaaim significance:

“Examples of spin-off technologies include the developtétarge
superconducting coils for ITER, which reduced the cost by %5
niobium/tin superconducting wire material necessary efdenera-
tion of the high-magnetic fields. This has allowed the higagmetic
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field MRI used for medical diagnostics to become relativeljnanon-
place. At the same time, the AC loss has been reduced by 80% of
that for conventional superconductors, even at the stroagnetic
field of 13 tesla. This makes it feasible to increase the dteresrgy
in a superconducting power storage system by a factor of Graehw
compared with a system designed with conventional teclyycdmd
operating at 56 tesla. In addition, vacuum pumps for hignrttal
efficiency refrigerating machines, which operate below Ad¢e been
developed and have been adopted at the Fermi National Aatale
Laboratory in the US and CERN in Europe. This also demorestrat
the enormous contribution of fusion research to the frost# sci-
ence. The technology of producing large positive-ion-beaments,
originally developed for the heating of fusion plasmas, alasady
pervaded into the technologies for products used in d&#y Buch
the semiconductors used in the home electric appliancesldition,
the large negative-ion-beam current technology develdpetlTER
is expected to give birth to completely new research fielash sis the
creation of previously unknown materials. The negativeteam,
which has monochromatic energy, is also suitable for manturfa of
intricate semiconductor devices. This allows the reabzraof low-
cost, mass-produced single crystal silicon thin films fdasaells.
Furthermore, high-power radio-frequency sources usedglasma
heating are already applied to the manufacture of highepeidnce
ceramics. Potential applications of these sources extendgolving
environmental problems to the radar used in outer spaceinidgra-
tion of component technology for the fusion reactor alscaades the
systematic development of technologies addressing @tiegr; such
as system engineering, control engineering, and safetyneagng.
Additionally, an exploratory investigation related to thecessing
of radioactive waste by utilizing a fusion reactor itselfaasintense
neutron source is also being carried out and seems prorhiging
p.274-275].

2.8 Proliferation implications of alternative fusion
systems (AFS)

Besides the two main contemporary contenders to fusionpaee MCF and ICF,
a number of more or less attractive alternative schemesheareproposed: pinch
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devices, magnetized fuels and magnetic compression dewleemical explosive
driven systems, plasma focus, impact fusion, etc.

Like MCF and ICF, these concepts have generally been firdtestuat nuclear
weapons laboratories because it was important to carefulliuate their military
potential before letting the scientific community at largerking on them.

A particularly interesting example from the point of view ludrizontal ther-
monuclear weapons proliferation is the so-calfgdsma focusvhich has been
independently discovered in Russia in 1962 and the UnitateS§in 19642 Es-
sentially, this is a fast dynamic Z-pinch in which the storedgnetic energy is
rapidly converted into plasma energy and then compressets loyvn magnetic
field. It consists of two cylindrical electrodes between etha powerful electric
discharge is initiated with a capacitor bank irDd) or DT atmosphere, and is
therefore the simplest high-flux fusion neutrons and x-iggmserator that exists
[43, p.172].

In the United States, plasma focus development culminatek®v4 with a
device called “DPF 6 1/2” which produced 10?° DT-fusion neutrons at a
repetition rate of about four pulses per hour. If such disgbsicould be generated
at a higher rate and over long periods of time, a hybrid systeaid be built,
producing tens of kilograms of plutonium (or hundreds ofngseof tritium) per
year [75]76]. While this possibility seems to be relativedynote at present, and
will almost certainly never be cost effective, it should betexcluded as a simple
path to a nuclear weapon capability, similar in kind to thalti¢ron” enrichment
route taken by Iraqg in the 1980s.

Because of its simple construction, and its richness innpdaphysics phe-
nomena, dense plasma focus devices have been construatehynadvanced
(e.g., [7T]) and developing countries. Looking at the rédgerature, the latter
include, for example, India 78], Egypt[79], Malaysia[86jc. The construction
and the operation of these devices, as well as the analy#ie afata provided by
them, allow to train physicists specializing in experinadmr theoretical plasma
physics, and give the possibility to travel abroad to atyiparticipate in interna-
tional conferences. They may also provide some indigenxpergse in a number
of technical aspects connected with the physics of simgleribnuclear weapons,
including deuterium and tritium handling technology.

42The dense plasma focus is also known under the name of “Mgther from the name of its
American inventor, Joseph W. Mather, who recently passeaaiwn his obituaryl[74], theD D
neutron yield of the most powerful DPF device known to havendauilt is mistyped 0'2 instead
of 1018.
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2.9 (De)classification and latent proliferation

History of the past 50 years shows that most scientific anlgnieal knowledge
pertinent to nuclear or thermonuclear weapons and redtasrseen kept secret as
long as possible by all countries which had a lead in thesesai®@imilarly, history
shows that many (and possibly all) other countries wergested by nuclear and
thermonuclear energgrimarily because of theimilitary applications, and only
secondarily because of their potential applications asceswof energy.

The process of declassification of information by the nuele@apon States is
therefore guided by political considerations in which iy and foreign policy
reasons play the most important role. For example, as is sgwhe analysis
of President Eisenhower “Atoms for Peace” initiative of 39&nd of the Western
Europe reaction to it, the atoms-for-peace policy of theéthStates was a foreign
policy concept — neither an energy policy nor a trade or enuo@olicy [81,82].
Its main rationale was to demonstrate ‘world leadershimnder to bind neutral
or politically indifferent countries to the West. As a rdaatto this sensational
turn in Washington’s nuclear attitude, Moscow began shdhereafter to join
the proliferation of basic nuclear know-how and equipmentalthough only
within its own hemisphere, for instance China and Easterofigi Consequently,
most countries with sufficient resources launched a nugeaer development
program which gave them a politically correct justificatimnachieve datent
nuclear weapon capabilityvhich could become an actual capability if needed at
some point.

In the area of thermonuclear fusion, the secrecy that had inggosed on its
development was lifted in the mid-1950s when an outstanBimgsian scientists,
I.V. Kurchatov, presented in England results obtained & Sloviet Union with
the magnetic pinch device. This led the United Kingdom tolakssfy part of
its controlled thermonuclear fusion research with the jgaktibn, in 1957, of a
series of six articles in th@roceedings of the Physical Societymprising the
fundamental paper of J.D. Lawson defining the “Lawson ddtérfor break-
even in thermonuclear fusion [83]. This in turn helped tespade the American
authorities to declassify the whole magnetic confinemept@ach to fusion. At
the second Atoms for Peace Conference in 1958, a complefeslise was made
by the United States and was fully reciprocated by the Rossia

This sequence of events illustrates that the Soviets déd¢aease their lead-
ership in MCF research as part of their answer to Eisenheve¢oms-for-peace
initiative. They did that because they felt that while tHeokamak” device was
far better than anything in the West, forcing declassiforain that area would not
reduce their advance in the field.
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From then on, more and more information was declassified{lynfeiowing
the publication of a growing number of sensitive resultshe scientific and
technical literature by an increasing number of reseasclfrem all over the
world. While possibly many of these results have been pobétdecause of non-
existent or ineffective classification policies in somemoies, most of them have
been deliberately published (or not classified) for varimasons. In particular,
many significant research results have been published leptsts simply in
order for them or their country to get credit for being thetficshave discovered
something. Similarly, as an element of their deterrencepahreshold nuclear
States (especially India and Israel) and latent nucleaep&#itend to display their
level of understanding of the physics of nuclear weaponaiyighing results that
have not already been published by others.

In the last twenty years, however, the main push towards ¢lctadsification
of thermonuclear weapons physics has come from the sd®pfithe two major
non-nuclear-weapon industrial powers: Japan and Gerndapan, in particular,
has been so vigorously pursuing its very ambitious ICF @ogthat it has found
itself in the position of the world leader at several occasidn 1986, for example,
a thermonuclear neutron yield o6'2 was achieved with the Gekko XII laser —
a record that the U.S. and French nuclear scientists toak&eyears to surpass.
Today, Japan is still leading the world with a pellet compi@s of 600 times its
initial solid density, a record achieved in 1989-90. Sintylan 1998, Germany
has been the first country in the world to publish unambiguesslts showing
that thermonuclear reactions can be induced by a tableitepssiperlasel [85],
something that military laboratories in nuclear-weapaated had most probably
already done before, but not published for obvious reademgher progress in that
direction was than made by Japan, which was first to repof@22 considerable
neutron yield enhancement with fast heating a compresdegéliet by means of
a petawatt superlaser beaml[86].

On the theoretical side, where both Japan and Germany ateshing ev-
erything, important results have been disclosed starttograd 1982, when Jur-
gen Meyer-ter-Vehn published his now famous energy gainaheoiifusion tar-
gets [87]. For instance, many detailed analytical and nigakesimulation$* of
indirect-drive ICF, which use methods that are directlylmaible to x-ray driven

43In the late 1970s and early 1980s Swiss scientists publstwee of the most detailed simula-
tions of the dynamics of fission explosions that have even peélished. This was at a time when
Switzerland was still “defending” its status of a thresholatlear-weapon State [84, p.70]. Later,
in 1985, the German Ministry of defense approached the Sgassrnment to obtain copies of
several technical reports on nuclear and thermonuclegoevesathat had been produced by Swiss
scientists[[84, p.81-82].

44Using very advanced two-dimensional hydrodynamic sintatodes, e.g.[ 167].
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thermonuclear weapons secondaries, have been publishémpbyese and Ger-
man scientists, years before the corresponding calcaktiad been declassified
in the United States or France.

Consequently, when the United States Government decidd®98 to de-
classify formerly secret material concerning the indieéGve approach to ICF,
only a small part of what was declassified was really new tooten scientific
community. On the other hand, many European researcheng iiretd expected
that theU.S. Government declassification act of 19@3uld increase the priority
given to ICF by their authorities. For example, in justifyills recommendation to
increase the European Union funding of ICF, a European Seiand Technology
Assembly (ESTA) committee appointed in 1995 referred te deiclassification
act as if the mere fact of declassifying something would remadsaenilitary po-
tential [88]. Since this recommendation was not followedhs European Union
(possibly because of the opposition of France and the Umdiaddom) some
scientists were led to qualify their governments as beirmg$ponsible” (see, e.g.,

[89])).

The problem is that latenbhermonucleaproliferation, the fact that countries
such as Germany and Japan are able to build thermonuclepong@n short
notice, and even to eventually equip themselves directti ¥aurth generation
nuclear weapons, bypassing the acquisition of previougrgéions of nuclear
weapons, is not a trivial situation at all. In particularisitnot the result of any
recent short-term political decision. It is neither sonmgghthat can be changed
by trivial political action.

Latent thermonuclear proliferation is the result of poliidecision made in
the 1940s and 1950s which gave to (thermo)-nuclear scienttélzermo)-nuclear
energy the privileged status they still have today. Becaas@nced thermonu-
clear research is now part of the normal scientific activitalblarge industrial
countries, their emergence as latent thermonuclear pomeegsunavoidable. In
other words, latent thermonuclear proliferation and thesgulity of fourth gen-
eration nuclear weapons in non-nuclear-weapon Stateg ietiult of apolitical
and technological dynamiashich is today to a large extent out of the control of
both the scientific and political communities. In particutaiis dynamics ham-
stitutionalizedhermonuclear energy research in such a way that it is véfrgudt
to stop it, even though it is more and more overlapping withrtost advanced
thermonuclear weapons related research done in the nwedsgoon States.

An aggravating circumstance is the increasing relianceinal capabilities
by both nuclear-weapon and non-nuclear-weapon States.idthie direct conse-
guence of the unwillingness of the nuclear-weapon Statgs/éoup their nuclear
weapons, and of their decision to replace actual tests bhydisition” and “science
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based stockpile stewardship” programs. Instead of haviagnibiguously kept or
rejected the nuclear option, the nuclear-weapons-steggberefore lead to foster
“visible technical deterrence.” In the words of the direaibthe nuclear weapons
technology program at the Los Alamos National Laboratory:

“As | seeit, atthe end of the Cold War the nuclear weapongbades
took a new mission. Not only must we maintain the stockpile vize

must do so inamanner visible to the world, a manner that dstrates
our technical competence in scientific and engineeringditidt are
obviously related to nuclear weapons”|[20, p.2].

This is precisely what Japan and Germany (and to a lessertexme smaller
countries such as South Korea) are also able to do withouhdpae spend
any resource on the maintenance of an expensive stockpiliglofyield nuclear
weapons, which is why the continuing expansion of theirrtt@ruclear research
programs, and specific issues such as the possible sitinigsdt In Japan, have
such important political and strategic implications.

2.10 Conclusions

In this review, we attempted a systematical analysis of theehand latent nuclear
weapons proliferation implications of thermonuclear ggesystems.

The first conclusion is that the main findings confirm thoseasfier reviews
of the subject (e.g., [43]). For instance, the developmétitermonuclear energy
systems (especially those based on ICF) enhances the ldgsvid thermonu-
clear weapon physics, provides an impetus for the develapofea number of
technologies which have mostly military applications, émbs to new methods
for producing large quantities of military useful nucleaels such as tritium.

The second conclusion is that the successful developmemydtind of ther-
monuclear fusion power plant would pose very serious ndifieration problems
because very large amounts of tritium (which are on the oofi&ilograms per
day) would be produced in these plants. Moreover, if thetplaould be based on
inertial confinement fusion, operation would require thiodation of many thou-
sands of “micro hydrogen bombs” every day, each of them witield measured
in tons equivalent of high explosives. Similarly to tritiuthese pellets would have
to be safeguarded because they could possibly be used asorapact military
explosives which would revolutionize conventional andlaacwarfare.
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The third conclusion is that the widespread availabilitg@bercomputers, and
numerous scientific/technical advances such as the digco¥ehe superlaser,
tend to decrease the scientific and technological gap battheenuclear-weapon
and non-nuclear-weapon States. The result is that theroleamenergy research
enhances the competence of the most advanced non-nudeaow States to the
point where their status of latent thermonuclear powersipes more and more
equivalent to one of actual thermonuclear powers.
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Laser beam driven ICF facilities
Country System name | Location Energy No. | Wave
[kJ]/[ns] beams length
Glass lasers
USA Omega LLE 3/0.6 24 | 0.35
Omega-UG LLE 40/3 60 | 0.35 | C
Nova LLNL 50/1 10| 035 | T
NIF LLNL 1800/5 192 | 0.35 | C
Japan Gekko-Xll Osaka 30/1 12 | 1.06
FIREX-II Osaka 50/3 60~96 | 0.35 | D
Koyo Osaka 4000/6 400 | 0.35 | D
France LULI Palaiseau 0.5/0.6 6 | 1.06
Octal Limeil 0.9/1 8 | 1.06
Phébus Limeil 14/2.5 21053 |T
Mégajoule Bordeaux| 1800/15 288 | 0.35 | C
China Shen-Guang-l | Shanghai| 1.8/1 2| 1.06
Shen-Guang-ll | Shanghai| 6.4/1 8 | 1.06
Shen-Guang-lll | Shanghai| 60/1 60 | 0.35 | D
UK Helen AWE 1/1 3| 053
Vulcan RAL 3/1 6 | 0.53
Russia Delfin Moscow 3/1 108 | 1.06
India Indore 0.4/3 4 | 1.06
Italy ABC Frascati 0.2/2 2| 053
Israel ALADIN Soreq 0.1/3 1| 1.06
Continuum Soreq 0.07/7 1| 1.06
Germany GSl 0.1/15 1
PHELIX booster| GSI 4/10 1 C
South Korea| Sinmyung-I Taejon 0.08/0.5 1| 1.06
KrF lasers
USA Mercury LANL 1/5 1| 0.25
Nike NRL 5/4 56 | 0.25 | C
Japan Ashura Ibaraki 0.7/15 6 | 0.25
Super-Ashura | Ibaraki 7122 12 | 0.25 | C
UK Sprite RAL 0.09/60 6 | 0.25
Titania RAL 0.85/0.5 1| 0.27
China Tin-Guang Shanghai| 0.4/ 1
lodine lasers
Russia Iskra-5 VNIIEP 15/0.25 12 | 1.30
Germany Asterix IV Garching 2/5 1| 1.30
Asterix IV Garching 1/0.3 1| 1.30

Table 4.1: Major operating, planned, or dismantled lassedrICF facilities. In
the last column C means that the facility is under constongtD that it is in the
design stage, and T that is has been taken to pieces. The evayté s inum.



Superlasers
Name Location Energy| Duration Power| Intensity
[J] [ps] [TW] | [Wicm?]
USA
Petawatt | LLNL(dismantled)| 1000.00 | 20-0.500| (1000.0)| > 10%*
JanUSP | LLNL 15.00 0.085 200.0| 2 10*
UM, Ann Arbor 3.00 0.400 40| 4 10
Trident LANL 1.50 0.300 50| >10%
UC, San Diego 1.00 0.020 50.0
LABS I LANL 0.25 0.300 ~1.0| 1 10%¥
UM, Ann Arbor 0.07 0.025 3.0
WSU, Pullman 0.06 0.026 2.0
Japan
PW ILE 500.00 0.500| 1000.0| > 10%
Petawatt | APRC (JAERI) 30.00 0.030 850.0/ > 10%
PW-M ILE 60.00 0.500 100.0| > 10"
RIKEN 0.05 0.500 ~0.1| 1 10Y7
UK
Vulcan RAL 360.00 0.700 500.0/ 5 10%
Astra RAL 1.00 0.100 ~ 10.0
Titania RAL 1.00 0.400 ~ 2.5
Sprite RAL 0.25 0.380 ~ 0.7 4 107
France
Petawatt | CESTA, Bordeaux| 1000.00 1.000 1000.0| Constr.
P-102 CEL-V, Limeil 50.00 0.500 80.0| > 10%
LOA, Palaiseau 0.80 0.030 30.0| 5 10%
LOA, Palaiseau 0.03 0.100 ~ 03| 110
ELIA U. of Bordeaux 0.01 0.010 1.0 1 108
Germany
PHELIX GSI, Darmstadt 1300.00 0.420| ~ 1000.0 | Constr.
Ti-Nd MBI, Berlin 10.00 0.100| ~ 100.0 | Constr.
ATLAS MPQ, Garching 5.00 0.100| ~ 100.0 | Constr.
Ti MBI, Berlin 0.30 0.032| ~10.0| <10Y
ATLAS MPQ, Garching 0.80 0.130 ~5.0| <108
10Q, Jena 0.22 0.110 ~22| <10
Russia
Progress-RB St. Petersburg 55.00 1500 ~30.0| 1 10¥
China
BM ~ 3.0

Table 4.2: Major operating or planned superlaser facditi#he interactions of
supetasers with matter are qualitatively very different fronosle of ordinary
lasers because they have sufficient power (i.e., petawadl) [® induce strong
relativistic, multi-photon, nonlinear, and direct nuaide.g., fission or fusion)
effects.



Particle beam driven ICF facilities

Country | System name Location | Energy No.
[kJ]/[ns] | beams
USA Saturn SNL 400/5 36
PBFA-Z SNL 1500/20 36
ILSE LBL 6400/10 16 | D
Germany | KALIF Karlsruhe| 40/40 1
HIBALL 5000/20 20 | D
Europe | HIDIF 3000/6 48 | D

Table 4.3: Major operating or planned particle-beam driNgfn facilities. In the
last column D means that the facility is in the design stage.



Reactions — Products
— absorption plus leakage
— consumption

+ heat
Fusion | D+ T — n+17.6MeV
breeder | n + Be — 2.3n—0.Tn
1.6n+Li — 16T —1T+7.7MeV
Total: 0.67 + 25MeV

Fission | n + 250U

—  2.5n—0.9n — 1n + 200MeV
breeder| 0.6n+Li — 0.67 + 3MeV
Total: 0.67" + 200MeV

Table 4.4: Fusion and fission tritium breeding reactions edicated produc-
tion facilities. Adapted from W.A. Lokke and T.K. Fowler, Report UCRL-94003,
Lawrence Livermore National Laboratory (1986)
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Nagasaki
6 kg Pu
120 kg U
130 cm
120 kg Al
2500 kg HE
> 3000 kg
complicated, UNSAFE, heavy
Boosted
4kg Pu
A o 235
yr
<100 kg 2 g tritium
simple, SAFE, deliverable

Figure 1 Provided a few grams of tritium are available, an unsophisticated "boosted
fission explosive will weigh less than 100 kg. With present-day technology,
making and weaponizing such a weapon can be easier than a Nagasaki-type bor



Boosting

4kg Pu239y 235
X=25
{ R=2.7cm
229gDT
X =30
R=0.4cm
1dm3DT
at 10 atm
X=3
R =3.9cm
4 kg steel
uncompressed pit compressed pit
R=6cm R=0.4cm
5cm
P

Figure 2 Fissile material pit containing 2.2 g of deuterium tritium fusion fuel shown
before and after compression by the shock waves generated by about 10 kg
of high explosives.




Teller-Ulam-Sakharov-Zel'dovich principle
A-bomb
primary
radiation case
hohlraum X-rays
sparkplug
secondary
pusher/tamper
fusion fuel
5cm
- P

Figure 3  "In thermonuclear weapons, radiation from a fission explosive can be contained
and used to transfer energy to compress and ignite a physically separate
component containing thermonuclear fuel. (February 1979)"

Reference: U.S. Department of Energy, Office of Declassificdtiznawing back
the curtain of secrecy - Restricted data declassification policy, 1946 to present"
RDD-1, (June 1, 1994) page 94.



Modern 150 - 300 kt yield reentry vehicule

chemical explosives
plutonium pit

DT booster

150 cm

radiation case
polyurethane filling
DT fuze

Li®D fuel

U or Pu pusher/tamper

-4+— 40cm —»

Weight: less than 200 kg

Figure 4 Spherical symmetry of the secondary enables to reach the highest
thermonuclear burn efficiency. A reentry vehicle weight of 200 kg for a 150 -
300 kt yield is almost the engineering limit. The lower yield is obtained with
a U-238 pusher, while U-235 or plutonium (of any grade) gives the higher yield.



Advanced indirect-drive ICF target (5 mg DT fuel)

Heavy ions Antiprotons

Laser beam

lcm

Figure 5

"In some ICF targets, radiation from the conversion of the focussed energy
(e.g laser or particle beam) can be contained and used to transfer energy
to compress and ignite a physically separate component containing
thermonuclear fuel. (February 1979)"

Reference: U.S. Department of Energy, Office of Declassification,
"Drawing back the curtain of secrecy - Restricted data declassification
policy, 1946 to presentRDD-1, (June 1, 1994) page 103.



Total energy versus energy density
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Figure 6 Total energy versus energy density for primary hydrodynamic tests (DARHT),
pulsed power facilities (Saturn, Pegasus, Atlas and Jupiter), inertial confinement
fusion facilities (NOVA and NIF), and weapons tests. The French LMJ, and the

Japanese laser FIREX-II with fast ignition, will have characteristics similar to NIF.
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