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Abstract .

Al t hough nucl ear power and nucl ear weapons both exploit the physical phenonenon of
nucl ear fission in uraniumor plutonium a civil nuclear weapon program need not |ead
to or even be close to a nucl ear weapons program And a nucl ear weapon program need
not be acconpani ed by a program for the exploitation of nuclear power. The world

al ready possesses a useful framework under the Non-Proliferation Treaty and the

I nternational Atom c Energy Agency for providing assurance that a civil programis
not involved wth a counterpart nucl ear weapon program and these should be

strengt hened and expanded. A new approach gaining w de support is the "secure,"
"multilateral,” or "internationalized" fuel cycle, in which fresh fuel for nuclear
power plants is | eased and relatively soon after discharge the spent fuel fromthe
reactor is taken back or otherw se renoved fromthe using country under international
supervision and regul ation. The Nonproliferation Treaty needs to be strengthened by
addi tional agreenents on the m suse of nuclear energy naterials and facilities

acqui red for peaceful purposes.

| nt roducti on

The United States exploded the three first nucl ear weapons in 1945 and i mredi ately
began a programto explore the further mlitary uses and to amass a suitable
stockpile. At the sane tine, nmany of the scientists, engineers, and industries
active in the nuclear weapon programduring Wrld War Il in the United States turned
to nuclear power. This was first applied to the propul sion of naval vessels,

I ncl udi ng submari nes, and soon after that to the denonstration and depl oynent of
civil nuclear power plants.
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In order to maxim ze the probability of success in the acquisition of nuclear weapons
and to ensure that such weapons woul d be created as soon as possible for use in the
battl e of survival against Nazi Germany, the United States chose several approaches
to the acquisition of the nucl ear-weapon usable material-- highly enriched uranium or
plutonium On the uraniumside, of course the source material is natural uranium
containing 0.71% U-235. U235, the fissile isotope, readily breaks into two |lighter

nuclei with the addition of a neutron even of zero energy. |In contrast, U 238 has a
t hreshol d neutron energy of about 1.5 MeV, below which its fission probability is
very small. Hence if uraniumis to be used in the neutron chain reaction that is at

t he base of a nucl ear weapon, the uranium nust be enriched in U 235 and
correspondingly reduced in the fraction of U238 that is present.

The U. S. experinmented with various neans to separating the isotopes, enphasizing
physi cal approaches that depend only on the difference in mass of the uranium
conponent of sone nolecule or of the atomitself. Mst convenient, though, is the
fact that uranium has a stable (although chemcally reactive) gaseous conpound, UF6,
and fluorine is ideal for nolecular enrichnment processes because it has only a single
| sot ope and so does not blur the mass spectrumof UF6. Still, the U S. investigated
thermal diffusion and gas centrifuge before settling on the el ectronagnetic
("Calutron") process and then on gaseous diffusion as its production neans during the
war and ever since. Oher countries, nore recently, have used the gas centrifuge
process for enrichnent, and expend only about 2% as nmuch energy in the process as is
requi red for gaseous diffusion.

Most nucl ear power plants are now operated wwth ordinary ("light") water, which is
| ncapabl e of sustaining a chain reaction with natural uranium even if the uraniumis
divided optimally into pellets or rods, so that the fission neutron with an energy of

09/25/06 NUCLEAR POVNER NEED NOT LEAD TO THE ACQUI SI TI ON OF NUCLEAR WEAPON 3
Xi amenSlidesl.rtf



about 2 MeV escapes fromthe netal or uranium oxide material and sl ows down in water,
In order that it have a high probability of fission when it again encounters a U 235
nucl eus. But these light-water reactors (LWR) readily carry on a chain reaction wth
fuel enriched in the 3-5%range.

Heavy-wat er reactors are usually operated with natural uranium and they have

advant ages and di sadvant ages-- one advantage being that they do not require costly
enri chnment. Many HWRs are operating throughout the world-- nost of themsold by
Canada as the CANDU reactor. And pure graphite has been wdely used with natural or
very |l ow enriched uranium as in the case of the Soviet-produced RBW reactors,
notorious fromthe disaster at Chernobyl but a good perforner el sewhere.

Nucl ear power is not a necessary prelude to nucl ear weapons.

But nucl ear power was not in any way necessary and is in no way necessary now for a
nucl ear weapons program A state could, of course, buy nucl ear weapons from anot her
state or buy highly enriched uranium —-HEU-from which to make its nucl ear weapons. A
nucl ear weapon depends upon the assenbly of an anpbunt of material that is greater
than the "critical nmass,” a termapplied to the mnimum mass of material of a given
density and conposition that will carry on a self-sustaining chain reaction. That
critical mass is least for a sphere, and critical masses are usually given as "bare-
sphere critical nass" at nornal density.

As explained in nmy books with Georges Charpak! and Venance Journé? and, of course,

! RL. Garwin and G Charpak, "Megawatts and Megatons: the Future of Nucl ear Power and Nucl ear
Weapons" The University of Chicago Press, January 2003.
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el sewhere!), the critical mass is dependent on density and al so on the geonetri cal

formof the material. For instance, 60 kg of pure U-235 in the formof a thin shell
100 cmin dianeter is subcritical. But if that shell were gently squeezed so that it
became a solid ball at the normal density of netallic uranium- 19.05 g/cnt-- it woul d

be just critical and a neutron injected would produce with high probability on the
average 2.5 neutrons, about one of which would remain in the ball to cause anot her
generation of fissions.

In just the sane fashion, if that ball were now squeezed to double normal density, it
woul d be far nore than critical, and npst of the fissions would result in npre than
one neutron that remained in the material. |In fact, the critical nass is a factor 4
smal | er at doubl e density.

It is inportant for the existence of a fission weapon that the fission process be
“pronpt," that is, that it not take a second, a year, or even a mllisecond. It did
not have to be this way. For instance, if the capture of a neutron in uraniumled to
anot her isotope that itself was subject to spontaneous fission wth sone consi derable
lifetime, the neutrons could multiply gradually but there would be no explosion. |If
the core were sufficiently well insulated, it mght nelt but not expl ode.

In reality, fission takes place in a tinme that is not readily neasurable-- far bel ow
one picosecond, and the tinme between generations is the tine for the neutron to

2 G Charpak, R L. Garwin, and V. Journé, "De Tchernobyl en tchernobyls" (in French), Editions
di | e Jacob, Septenber 2005.
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travel in the solid nmaterial to have another collision-- the distance on the order of
7 cmin uranium Wth a neutron velocity of 20,000 knmis corresponding to its energy,
of 2 MV, this is about 3.5 nanoseconds.

I f one can sonehow achieve a nass that is substantially supercritical, then a few
neutrons injected at a given tinme (fromcosmc rays or the results of radioactivity
or so-called spontaneous fission) wll grow exponentially, doubling every 3.5
nanoseconds, approximately, and so grow ng to consune essentially the whole mass in a
time that is sinply the (natural) logarithm of the nunber of atons in the fissile
mass. This corresponds to about 60 "generations" (factors of e) or 87 doublings
(factors of 2).

The enornous energy density and pressure lead to the rapid expansion of the fissile
mass in the |ater stages, cutting short the neutron chain reaction before it has
consuned the entire nmass. Nevertheless, with a total fissile energy yield of 17,000
tons of high explosive equivalent per kilogramof fissile material (17 kt/kg), the
Hi roshi ma bonb that had about 60 kg of U235 and a yield of 13 kt thus had an
efficiency of about 1.3% Wth about 6.0 kg of Pu-239, and an explosive yield of 20
kt, the Nagasaki bonb (and the test at Al anbgordo, New Mexico in July 1945) had
efficiency of the order of 20%

Beyond the acquisition of the fissile material and its transformation into netal,
there is the question of the assenbly of the nuclear weapon, keeping it safe before
It Is supposed to go off, and detonating it reliably when it is to be used. The gun-
type assenbly consists typically of dividing the fissile mass into two sub-critical

pi eces, and projecting one down a gun barrel with the aid of normal snokel ess power
propellant so that it "assenbles" wth the other. That is what was done with the
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Hi roshima bonb. It is quite sinple in principle and can be practiced with inert
mat eri al such as natural uranium netal.

The i npl osi on weapon that can be built wth 6 kg of Pu or about 20 kg of U-235 is
much nore conplicated and invol ves | arge anounts of high explosive, multiple

preci sion detonators, and the like. |In any case, a nuclear explosion is inpossible
W t hout the adequate anmount of fissile material-- typically U235 fromenrichnent,
Pu-239 fromreprocessing of fuel that has been in a reactor, or sone other isotopes
such as neptunium that are | esser conponents of the spent nuclear fuel.

In contrast, a nuclear power reactor is nmuch nore conplicated in principle and in
design than is a gun-type nucl ear weapon. That is because a major problemin nuclear
reactors (especially for the production of comercial electric power) is the safe
operation at a constant power |evel and the renoval of heat to be used to drive a
steamturbine or other "heat engine" in turn to drive generators or alternators to
produce the electrical power. A bit nore heat is available per fission in a nuclear
reactor than in the explosion of a nuclear weapon because the short-termradi oactive
decays that contribute only to the radioactive fallout or imediate radiation froma
nucl ear expl osion cloud contribute also their heat to the heat transfer fluid
("coolant") in a nuclear reactor. Furthernore, the sub-picosecond tine for fission
and the few nanosecond tine between generations in a netal chain reacting systemare
no friends to the reactor designer. |In fact, of crucial inportance in alnost all
reactor designs is the fact that wth U 235 about 0.6% of the neutrons fromfission
are "del ayed" by an average of ten seconds (ranging fromone second to about 100
seconds) because the neutrons are not emtted in the fission process itself, but from
the very highly excited fission products. Most of the neutrons are emtted from
fission products in the fraction of a nanosecond before they cone to rest, but the
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0.6% that are nmuch | onger del ayed are crucial to the ease of control of the chain
reaction in produci ng useful heat and el ectrical power.

Furt hernore, although one can have a chain reaction wwth as little as 0.5 kg of U 235
di ssolved in water and surrounded by a reflector of graphite or beryllium not nuch
power can be extracted fromsuch a small reactor. And the fuel would not |ast very

| ong, since a typical reactor of 1000 negawatts electric (1000 MM) operating at an
efficiency of 1/3 has a thermal power of 3000 M. Each MA -day corresponds to the
fission of about one gramof U 235 or other fissile material, so a typical power
reactor destroys 3 kg of U 235 per day converting into just about that much fission
products. Hence the power reactor has to have a lot of fuel and typically contains
on the order of 100,000 kg of fuel, at an enrichnment of approximtely 4%

If the fuel remains in the core on the average for four years, wth 25% of the fuel
repl aced each year, this neans that the typical reactor is fed 25 tons of |ow
enriched urani um—tEU - per year containing about one ton of U 235.

The spent fuel as it is renoved fromthe reactor (25 t per year) would glow red hot
and even nelt if it were not immersed in water, and refueling of the reactor is
typically done without exposing the fuel to the atnosphere. The background of

radi ati on fromthe continuing ganma and beta radi oactivity of the fission products is
fierce, and so refueling is done renotely behind heavy reactor shields and with the
use of transfer casks and ot her appropriate shielding.

The spent fuel is typically transferred to so-called pool storage ("sw mm ng pool")
at the reactor site, where the fuel elenents, thenselves 500 cmlong, are stored
vertically in a grid pattern, with another 500 cm of water covering themto provide a
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"bi ol ogi cal shield" so that people can work near the storage facility. After sone
nont hs or years or decades in pool storage, the spent fuel is normally shipped in

shi ppi ng casks for entonbnent in a m ned geologic repository or to be reprocessed and
to have the fission products and so-called m nor actinides (the heavy netal s ot her

t han urani um and plutonium sent to such a repository.

Proliferation hazard fromreprocessing, enrichnment, or spent fuel

The routine civil reprocessing operation either separates plutonium or separates
pl ut oni um acconpani ed by a nodest anmount of other material) so that the product could
readily be processed chemcally to obtain pure plutoniumusable in nuclear weapons.

Spent fuel itself is a potential source of plutoniumfor nuclear weapons, but it
contains only about 1% plutonium and is nmuch nore radioactive than is the product of
reprocessi ng that contains plutonium

Hence both the front end of the nuclear fuel cycle (enrichnent) and the back end of

t he nucl ear fuel cycle (spent fuel and reprocessing) can be sources of fissile
material for nuclear weaponry, and since the 1950s there has been an intense effort
anong nations to prevent the non-state and to di scourage the state acquisition of

nucl ear weapons. Chief anong the tools are the 1970 Non-Proliferation Treaty and the
U. N. agency, the International Atom c Energy Agency.

The Nonproliferation Treaty —NPT—initially admtted five states as Nucl ear Wapon
States (NW5) that had detonated a nucl ear expl osion before 1964, and was open to
adherence by other states as Non- Nucl ear Weapons States (NNW5) that conm tted

t hensel ves not to obtain nuclear weaponry and were thereby granted, in principle,
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favored treatnent with the provision of information training for the peaceful uses of
nucl ear energy.

The NPT allows a state operating as an NNW5 to acquire and operate reactors and to
ensure that they are used for peaceful purposes, but three nonths after giving
notice, those sane facilities (if unrestricted in their acquisition) could, wthout

| egal hindrance, be turned to the production and extraction of Pu-239 for weapons.
Simlarly, an enrichnment plant of gas centrifuge or other design could after three
nont hs be turned to nmaking HEU i nstead of LEU. Since these enrichnent techniques for
the nost part produce only a tiny increase in concentration of U-235 in the material,
many stages are required. The sinple gaseous diffusion plant operating with a nmass
ratio different fromunity by only 0.86% can have at nost an enrichnment per stage
hal f of that, or 0.43%- i.e., a stage concentration ratio 1.0043.

The situation is nore conplicated in a gas centrifuge that is usually operated in a
regenerative node, and in which the heavier nolecules equilibrate toward the outside
of the rapidly spinning cylindrical shell. A production centrifuge such as that used
I n Paki stan can have a stage concentration ratio 1.2-1.4. To be definite, we take
1.2, for which about 90 successive stages are required to go fromthe 0.7% U235 of
natural uraniumto the 90% U-235 in highly enriched uranium- HEU - used for nucl ear
weapons. For LEU of 4% U -235 content, about 30 successive stages are required.

O course, the "cascade" of centrifuges is tapered, so that there are many nore at
the feed point of 0.7% U235, where UF6 is introduced, and far fewer at the takeoff
point for the enriched product. An internediate nunber is present at the | ower end
of the cascade, where the "tails" are renoved, typically at a U235 content of O0.2-
0. 3%
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Terrorists mght acquire either HEU or weapon-usable Pu fromthe mlitary stocks of
the former Soviet Union-- FSU. It would be nuch easier for themto fashion the HEU
I nto a nucl ear weapon by gun assenbly. |nplosion assenbly as is required for Pu is
much nore difficult. Terrorists or non-state actors m ght also acquire HEU from
Paki stan and Pu fromthe vast stores of so-called civil Pu that has been separated
fromspent fuel in France or Great Britain and has been returned to Japan or other
countries and not yet incorporated into fresh m xed-oxide-- MOX-- fuel for LWRs.

Nevert hel ess, the subject of this paper is state actors that wsh to have a nucl ear
power sector and wi sh not to have nucl ear weapon prograns. A clandestine nucl ear
weapon programis always a possibility, and that could enploy enrichnent-- probably
centrifuge enrichnent-- starting either fromnatural uraniumor fromLEU as supplied
for their nuclear plants. There could also be clandestine "production reactors" or
di version of spent fuel fromthe civil reactors, and a clandestine reprocessing

pl ant .

Nei t her enrichnent nor reprocessing is at the cutting edge of technol ogy, and
although it is the "inalienable right" of nations to practice such technol ogy-- even
under the NPT as an NNWS-- there is no reason for themto do so on bal ance.

Thus our interest is in devising a systemof supply of fuel or fuel materials so that
nati ons could have assured access to nuclear power while clearly not having a nuclear
weapon program

The secure fuel cycle as a basis for non-proliferative use of nuclear power
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In principle this can be sinply stated. States could be supplied either with ready-
to-use fuel elenents for their reactors (fabricated into fuel rods and assenbled into
“bundl es" ready for installation in the reactor) or they could be provided wth the
fuel pellets and could, if they wi shed, package theminto fuel rods and el enents

t hensel ves. The question for the using nation is assured supply fromnultiple
sources, in view of the fact that the United States, for instance, has pl aced

| npedi nents to the acquisition of nuclear technology that sone argue are unacceptabl e
under the NPT.

Mul ti pl e sources of supply of fresh fuel would help, as would the ability to buy fuel
several years in advance-- sufficiently far in advance so that a nation, if the fuel

supply were cut off, would have tine to build the native capacity for enrichnent and
fabrication to continue to operate its nuclear power sector.

It is instructive to estimate the cost of an enrichnent facility, and what it m ght
do for either producing nuclear weapons material or for feeding a civil nuclear power
sector. Take for exanple the 50,000 centrifuges that are planned for installation at

Nat anz, Iran. |f these are Pl-type centrifuges as used in Pakistan, the estinated
enri chnment capacity of each centrifuge operating for a year is 2 separative work
units (2 SWJyr). It takes a bit of arithnetic to determ ne the nunber of SWJs

necessary in an optimal enrichnent capacity (approached by a proper array of
centrifuges) to produce 1 kg of U-235 contained in HEU or, alternatively, contained
in 4% LEW. (3)

® “Managenent and Disposition of Excess Weapons Pl utonium Reactor-Related Options (1995)” Cl SAC,
pp. 288-289), National Academ es Press, available at
http://darw n. nap. edu/ books/ 0309051452/ ht m / 289. ht m
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Suffice it to say that to go fromO.7% NU to 95% HEU requires 232 SWJ kg of U 235
contained in the product, whereas to go fromO.7%to 4.4%requires 151 SWJ kg U 235
contained in the product. The follow ng table provides sone useful SWJ content

val ues, which depend on the U 235 content of “feed’” and “tails” (waste).

SWU per kg for various enrichment parameters.

R.L. Garwin, 04/25/05 SWU_Calculations (version 2).xIs
Xp Xw Xf P W/P F/P Vp Vw Vi ASWU/kg P ASWU/kg of
U-235in
(product) (waste_ (feed) kg of product product
1 0.95 0.0025 0.00711 1 204.53 20553 265 5.96 4.87 220.75 232.37
2 0.95 0.0025 0.044 1 21.83 2283 265 5.96 2.81 68.64 72.25
3 0.95 0.0025 0.199 1 3.82 482 265 5.96 0.84 21.38 22.51
4 0.95 0.04 0.044 1 226.50 22750 265 2.92 2.81 26.15 27.53
5 0.95 0.04 0.199 1 4.72 5,72 2.65 292 0.84 11.66 12.28
6 0.95 0.15 0.199 1 15.33 16.33 265 1.21 0.84 7.57 7.97
7 0.95 0.18 0.199 1 39.53 4053 265 0.97 0.84 7.03 7.41
8 0.044 0.0025 0.00711 1 8.00 9.00 281 5.96 4.87 6.66 151.41
9 0.95 0.005 0.00711 1 446.87 44787 265 5.24 4.87 163.79 172.41
10 0.95 0.044 0.199 1 4.85 585 265 281 0.84 11.35 11.95
11 0.199 0.00711 0.044 1 4.20 520 0.84 487 2.81 6.69 33.62
Table 1. Separative work content per kg of contained U-235 at various enrichments
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We al ready know that a nomnal 1 GA civil power plant consunes about 1000
kg/yr of U235 as LEU, so that the SWJ requirenents for feeding that reactor
are about 151, 000 SWJ yr.

Nat anz woul d provide only about 2/3 of the continuing fuel needs of a single
reactor such as that al nost ready for operation at Bushehr. But that plant
could readily be reconfigured by changes in the snmall-dianeter tubing into a
cascade optimal for producing HEU, and for that it could produce 50,000 x

2/ 232 = 430 kg of 95% HEU per year. At 20 kg of HEU per inplosion bonb, this
woul d be on the order of 22 bonbs per year. At 60 kg of HEU per Hiroshi ma-
type bonmb, this would be on the order of seven bonbs per year.

The point is that even such a large facility as Natanz would be only
marginally useful in the civil nuclear power sector, but it would provide a
very substantial bonb-nmaki ng capacity.

If instead of feeding 0. 7% U 235, the cascade were fed froma stock of 4.4%
LEU, only 72 SWJ need be added per kg of U-235 in the HEU product. Natanz
woul d therefore be able to produce on the order of 100,000/ 70 = 1384 kg of
HEU per year or about 70 inplosion-type nucl ear weapons. Hence the need to
account for and to have international intervention to prevent diversion of
the stockpile of LEU that m ght be supplied under an internationalized secure
fuel cycle.

The protection of the spent fuel fromthe reactor is less critical,
especially in the absence of a reprocessing plant in the using nation.
Furthernore, the using nation would be | ess concerned about the international
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community’s pronptly fulfilling its obligations under a secure fuel cycle
arrangenent to transfer the spent fuel fromthe using nation. So far as the
conti nued operation of the nuclear power plants is concerned, the using

nati on coul d i nexpensively provide additional spent-fuel storage, as needed.

A comment about the d obal Nucl ear Energy Partnershi p—GNEP*

Launched in February 2006 with a statenent by President George W Bush, GNEP
has the stated goals of reducing proliferation hazards and encouragi ng the
grow h of safe nuclear power worldw de. The secure fuel cycle aspects of
GNEP—easi ng of LEU fuel and its take-back for disposition—deserves priority
support and woul d be hel pful for non-proliferation, but the enornous
initiative to reprocess spent fuel fromthe fleet of 103 US power reactors
surely is not hel pful in nonproliferation efforts. Wether through ignorance
or deception, the argunent that a reprocessing techni que such as CCEX,
proposed by AREVA, is significantly |less vulnerable to diversion or theft of
the plutoniumcontaining material is wong. The proposed m xture of 1 kg of
Puwith 2 kg of U provides no further radiation barrier than does Pu itself,
and the Pu and U are readily separated in a glove box, on the way to the
conversion to Pu netal, which is needed for the bonb. And a recent report® by

“R L. Garwin, Testinony of April 6, 2006 to the Energy Subconmittee of the House Science
Comm ttee, available at ww.fas.org/RLG

> “Econom ¢ Assessment of Used Nucl ear Fuel Managerment in the United States,” Boston

Consul ting Group, July 25, 2006
http://ww. bcg. coml publications/files/2116202Econom cAssessnent Report 24Jul OSR. pdf
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t he Boston Consulting G oup, supported by AREVA, ignores a My, 2006, report
by the industry-sponsored organization, EPRI ® that concludes that the
techni cal capacity of the US spent fuel repository at Yucca Muntain, Nevada,
Is at least 4 tinmes larger than the |imt now mandated, and probably 9 tines
| ar ger.

Action required by the international community

In order to inplenent rapidly the secure fuel cycle in a confident fashion,
there nust be an initiative to allow conpetitive, comercial, mned geol ogic
repositories and to establish international regulation of those repositories
to ensure security and environnental acceptability. Simlar regulations are
needed to define and enforce acceptable fornms and packages of spent fuel and
reprocessed high | evel waste so that commercial deals can be nade on a | evel
playing field. Simlarly, regulations are needed to provide the basis for

I nternational intervention to prevent or respond to the m suse of materials
provided in the secure fuel cycle.

Qut side the secure fuel cycle, states should be strongly urged to adopt a
further Additional Protocol to the NPT that would commit themto returning to

®"Program on Technol ogy I nnovation: Room at the Muntain — Analysis of the Maxi mum
Di sposal Capacity for Conmercial Spent Nuclear Fuel in a Yucca Mouuntain Repository,”
EPRI, Palo Alto, CA 2006. 1013523 (at www. epri.com.
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the supplier any material or facilities obtained by the state as a NNW5

menber of the NPT. Thus it would no | onger be possible for a state such as

North Korea to reject its NPT nenbership and to continue to use facilities or

materials supplied or built while a NNWs6 nenber of the NPT. Naturally, to
encourage NNWS states to adopt such an additional protocol, the NWS,
particularly the United States, nust take nore seriously their obligations
under the NPT and the commtnents they have nade at the various 5-year NPT
revi ew conf erences.

Al t hough this paper has not addressed non-state acquisition of nuclear

weapons, | hope that it has nmade the point that even a | arge nucl ear power
sector such need not lead to the acquisition of nuclear weapons.

RLG j ah: 6249NPNW 090606 NPNW
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