Nuclear Proliferation and Safeguards:

Appendix Volume |1, Part Two
June 1977
OTA-BP-ENV-177

NTIS order #PB-275843
GPO stock #052-003-01360-6

Nuclear
Proliferation

and Safeguards

Appendix Volume Il
Part Two




TABLE OF CONTENTS

[ ntroduction .

Production of Nucl ear Weapons Materials .

Pl ut oni um Produci ng Reactors .

Recovery of Plutonium from Reactor Fuel

Urani um Enrichment by Gas Centrifuges .

Annexes

A, Plutonium Production Rates .

B. Paraneters of the BGRR .

¢. Foreign, Non-Communist Resources of Uranium.
D. Separative Wrk .

Sel ect ed References .

27

43

56
60
61
63

66



TABLE OF CONTENTS
VOLUME 11 - APPENDI XES

PART TWWO
VI. Dedicated Facilities
VII. Purchase and Theft

VIT11. Description of Safeguards Technol ogy and Procedures

IX. International Controls



Appendix VI. Dedicated Facilities



V.

Appendi x_ VI
Dedi cated Facilities

Tabl e of Contents

Dedi cated Facilities for the Production of Nuclear
Weapons in Small and/or Devel oping Nations .

Level Il Dedicated Facilities .
El ectromagnetic Separation of |sotopes .

Urani um Laser |sotope Separation and Nucl ear
weapons Proliferation (Unclassified Version)

Page

71
93

109



APPENDI X VI - A
DEDICATZD FACILITIES PFOR THE PRCDUCTION
OF NUCLEAR VEAPCNS IM SMALL AND/GR

DEVELOPING NATIONS

by

John R Lanmarsh
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I INTRODUCTION

Preventing the spread of nucl ear weapons to other
nations has been a-major policy objective of the United
States Government since the end of World War 1. This
obj ective has found expression in donestic |egislation
restricting the export of nuclear technology and materials,
and, on the international front, in the establishment of
the International Atom c Energy Agency (l1AEA) and in the
negotiation of the Treaty on Nonproliferation of Nuclear
Weapons (NPT).

Wth the increasing pace in the construction of
nucl ear power plants abroad, considerable attention has
been given to the problem of assuring that none of the
pl ut oni um produced in these plants is diverted for use
in weapons. Indeed, the NPT requires continuing |AEA
I nspection of nuclear power plants in signatory nations

that currently do not have nucl ear weapons.

However, the NPT al one cannot prevent the proliferation
of nuclear weapons if these weapons can be produced outside
the mai nstream of the nuclear industry in facilities
specifically dedicated to their nmanufacture. It appears

that this, in fact, is the case. As shown in this report,
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many nations in the world today, in particular, many small
and/ or devel oping nations, are capable of undertaking
nucl ear weapons prograns that can provide themwth a

smal | nunber of weapons in a period of five to ten years.

It is reasonable to assume that any nation which
enbarked on a program to procure nuclear weapons woul d

attenpt to keep this fact a secret as |long as possible.

A nation that can suddenly denon-
strate a nuclear capability has an obvious advantage over an
unsuspecting adversary. At the same time, a clandestine
weapons program avoids the recrimnations and international
political pressures that the nation mght encounter if it

pursued the program openly.

Throughout the present report, therefore, it wll be
assunmed that any nuclear weapons program nust be kept
secret. As will be seen, this severely restricts the kind

O weapons producing facilities that can be built, their

size, rate of production, and |ocation
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|1 PRODUCTI ON OF NUCLEAR WEAPONS MATERI ALS

The explosive material in an fission nuclear weapon
(as opposed to a hydrogen bomb) can be either plutonium 239
or uranium that has been enriched in the isotope uranium 235,
or uranium233. In order to make a nuclear weapon it is necessary,
therefore, to procure one or the other of these substances in
the necessary anpunts. About 5 to 10 kilograms are required
for a plutonium bonb; about 15 to 30 kilograms for a U235

expl osi ve.

Plutonium 239 is not a naturally-occurring substance.
It is manufactured from the isotope uranium238 in an
operating nuclear reactor. The new y-produced plutonium
239 is then separated chemically fromthe uranium  Vir-
tually all power reactors operating in the world today
contain large amounts of uranium 238, so that these

reactors are automatic producers of plutonium239. A
typical Anmerican light water reactor in a nuclear power
plant generating 1000 negawatts of electricity produces

about 250 kilograms of plutonium 239 per year.

Pl utoni um 239 was first obtained for use in nuclear
weapons in the United States during the Manhattan Project
of World War Il from specially-designed plutonium production
reactors. It appears entirely possible for many small and/or

devel oping nations to obtain plutoniumin a simlar way, by
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building a small plutonium producing reactor and associ ated
pl ut oni um recovery plant.

These

matters are covered in Sections 111 and IV.

The enriching of uranium by such a nation would seem
to be a nore difficult undertaking than the production
of plutoniumin a small reactor. There are several nethods
that mght be considered for enriching uranium To date,
t he nost successful nethod is the gaseous diffusion process,
whi ch masaksgeveloped by the Manhattan Project in Wrld War 11,
This has remained essentially the only source of enriched
uranium for mlitary and civilian nuclear prograns since
that tine, both in the United States and abroad. However,
gaseous diffusion plants are inherently large Structures
that utilize a relatively sophisticated technol ogy, nuch
of which remains classified, they require an enornous in-
vestment of capital, and consune |arge anmounts of electric
power. And, of course, they cannot be concealed. ‘She
gaseous diffusion route to nuclear explosives is sinply
out of the question for all but a handful of the |argest
and devel oped countries, and will not be considered

further in this report.

The use of high-speed centrifuges to separate the
I sotopes of uranium a method that was explored during the

Manhattan Project but |ater abandoned, has re-enmerged in
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the last few years and appears to be nore economcal than
gaseous diffusion. This method is discussed in Section V

of this report.

Anot her method for enriching uraniumis the Becker

nozzle process. A variation of this method is

being used in the Union of South Africa.

However, this method requires a |arge nunber of stages
(see discussion of stages in Section V) and consunes two
and one-half tinmes as nuch electric power as gaseous
diffusion and about thirty times as nuch as centrifuges.
About the only attractive feature of the Becker method
is that it is totally unclassified. In any case, this
met hod does not appear to be a reasonable choice for a

smal | and/or devel opi ng nati on.

A nunber of other processes for separating
urani um are under devel opnent that promise to
reduce substantially the cost of enriching uranium
Since these have not been denonstrated in practice, they
are not available options for small and/or devel oping

nations in the near future.
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|11 PLUTONI UM PRODUCI NG REACTORS

As noted earlier, plutonium239 is produced in any
operating nuclear reactor containing uranium238. The
first problem therefore facing any nation enbarking upon
an illicit nuclear weapons program based on plutoniumis
to obtain the necessary nuclear reactor. |India received
a research reactor from Canada, and by introducing their
own uranium 238 into that reactor, the Indians were able
to produce enough plutoniumto make a bonb. The fact
that |ndian uranium was used to produce the plutonium
presumably circunvented in a legal way the safeguards
provi sions in the Canadian-Indian reactor agreement. In
nmuch the same way, Israel procured a small research
reactor from France, and according to some reports this
reactor has provided the Israelis over the years wth

enough plutonium for between 10 and 20 bonbs.

No doubt, the Indian and Israeli experience wll make
it nore difficult for other nations to obtain reactors
in the future, outside of the provisions of the NPT. The

question remains, then, how difficult would it be for a



V-

nation, lacking a major technological base, to construct

a plutonium producing reactor on its own.

The probl ens which nust be solved by such a nation
in building a production reactor closely parallel those
faced by the United States and her allies in the Manhattan
Project - with two inportant exceptions: (1) the
necessary reactor technology is highly devel oped and
readily accessible in the open literature, and (2) inport-
ant materials unavailable at the beginning of Wrld War |1

can now be purchased on the free market.

The first issue that the nation's |eaders would have
to settle is the nunber of bonbs that they felt the nation
must acquire and the time scale for getting them These
factors deternmine the size of the reactor - assumng for
the nonent that only a single reactor is under consideration.
It is shown in AWMex A that the rate of plutonium pro-
duction is proportional to the reactor power level. For
exanple, a reactor operating at 25 nmegawatts (MN w |
produce between 9 and 10 kilograms of plutonium per year,
enough for one or two bonbs. As outlined below, such a
reactor can be built and operated at nomnal cost, in a
relatively short time, with a small nunber of personnel
and there is at least a fair chance that its existence

coul d be conceal ed for several years.

A nore anbitious program one which would yield, say,
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between 10 and 20 bonbs per year would require a reactor
operating at 200 to 500 MW  The construction of a
reactor of this size would be a major undertaking. It
woul d necessitate a large investment iN capital, take
along time to conplete, and involve a large nunber O
engi neers and construction workers. There is no chance
that the project could be kept secret, either during
construction or in operation. \Wat is nore, while the

25 MW reactor could be built according to plans of a
reactor that was actually operated for nmany years, a

good deal of design and engi neering would have to be

done on the larger reactor, and there could be no guarantee
bef orehand that the reactor woul d operate successfully.
Finally, there is the question as to what a small and/or
devel opi ng nation could possibly do with so many bonbs.
After 10 years of operation the nation could have as nany
as 200 weapons, far nore than needed to obliterate any
other small and/or devel oping country. Yet, even then,

it would be difficult to abandon such an enornous

reactor and its associated plutonium recovery plant

into which the nation had poured so much wealth.

In short, it does not appear reasonable to assune

that the nation in question would attenpt to build a large
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reactor, and if they elected to do so there is little reason

to expect that they would achieve their objective.

One additional factor should be nentioned. I'f the
nation were successful in constructing: the smaller reactor
and required a higher plutonium production rate, there
is nothing to prevent it from building a second or third
reactor of ‘the same type. Having built one reactor, it

woul d be an easy matter to build carbon copies.

Since the nation in question would not have access
to enriched uranium if they were able to produce enriched
uraniumthe y would never “bother t0 rroduce plutonium -
the reactor would have to be fueled with natural uranium
This automatically places restrictions on the type of
reactor that can be built. | t either has to be noderated
with graphite or with heavy water- t hes e are the on 1y
practical noderators that can be used in a natural uranium

fuel ed reactor.

However, heavy water has drawbacks. It is expensive
and obtainable fromonly a handful of countries. Attenpts
to purchase it would imrediately reveal an intention to
undertake a nuclear program since the necessary anounts
of heavy water could have no other possible application.
The construction of a heavy water production plant requires

relatively sophisticated technology, and would be a
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difficult task for a small and/or devel oping nation. At
the sane time, the technical problens of designing,

buil ding, and operating a heavy water reactor are some-
what nore formdable than for a graphite reactor with
the same plutonium production capacity. For one thing,
the reactor vessel, with its many piping connections

and instrumentation and control penetrations, nust be
leak tight to prevent the |oss of heavy water. This
requi res high-(grade manufacturing skills presumably

not present in the nation in question. \Wile the Indian
and Israeli reactors are O the heavy water type, both
were obtained from nations having |ong experience in
fabricating heavy water reactor systenms. It may be
concl uded, therefore, that the plutonium producing

reactor would be graphite noderated.

It nust be next decided how the reactor would be
cooled. Amens several possibilities, only air and water
are practical choices for the reactor coolant. O her
coolants, such as CO or heliumrequire closed cycle
operation, an unnecessary conplication for a reactor
operating at |ow power levels. \ater-cooled reactors
are capable of higher plutonium production rates than
air-cool ed reactors of the sane size, because water has
better cooling properties than air. However, a water-

cool ed reactor is nore difficult to design, construct,
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and maintain. Water is nore corrosive than air so the
fuel elements nust be carefully fabricated. The safety
anal ysis of such a reactor is also nore involved than
for a conparable air-cooled reactor. Both the United
States and the U.S.S. R use water cooling in their pro-
duction reactors, but these are, after all, mgjor techno-
|l ogical nations. On the other hand, Geat Britain and
France used air, at least initially, in their reactors.
It seens reasonable, therefore, to assume that a snal
and/ or devel oping nation would base its plutonium pro-
duction program on the construction of at |east one
natural wuranium fuel ed, graphite-noderated, air-cooled
reactor. Another factor favoring this choice of reactor
Is that the design paraneters for successful reactors of

this type are freely available in the open literature.

The first natural uranium graphite reactor was the

- 11

so-called CP-1 pile, built by Enrico Fermi and his associates

in Chicago in 1942. This was also the world's first
reactor.* The CP-1 was dismantled after only 4 nonths of
operation and reconstructed as the CP-2 reactor, another
experinental system of Ferm design. The first reactor
to operate at a significant power |evel - about 2 MV -
was the X-10 reactor at Oak R dge. The purpose of this
reactor was to provide plutonium for the startup phase

of the plutonium chem cal separation plant at Hanford,

*Except for the naturally occuring Okl 0o Reactor
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Vshington,  prior to the operation of the Hanford production

reactors .

The X-10 reactor also served as the basis for the
design of the original Brookhaven G aphite Research Reactor
(BGRR), which operated at Brookhaven National Laboratory
from 1948 until 1957, when its natural uranium fuel was
repl aced by enriched uranium  The reactor was shut down
in 1969 and deconmissioned shortly thereafter. \Wile
the BGRR was used prinarily for research, about 9 kil ograns
O plutonium 239 were produced per year in the reactor -
sufficient for the fabrication of one or tw bonbs per

year, when process |osses are taken into consideration.

The construction of either an enlarged X-10 reactor
or a sinplified version of the BGRR would appear to be
the nmost logical way for a small and/or devel opi ng nation
to initiate the production OF plutonium  Since the
BGRR has been nore wi dely discussed in the open literature,

only this reactor will be considered in the present report.

Before doing so, however, it should be pointed out
that the plutonium produced in a BGRR in the first few
years O operation is alnost entirely pure plutonium 239.
Very little of the plutonium239 is converted into the
heavi er isotope plutonium?240. After one year of operation

for exanple, less than one-half of one percent of the
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plutoniumin the BGRR is plutonium?240. This is in
mar ked contrast to the plutonium produced in power
reactors. Because these reactors operate at nuch

hi gher neutron fluxes, a substantial anount of the
plutonium 239 is converted to plutonium240. The
plutonium in the fuel discharged from a power reactor
following a year of operation is typically 10 to 20

percent pl utoni um 240.

The plutonium 240 content is an inportant consideration

when plutoniumis to be used for the manufacturing of

nucl ear weapons. This is because the spontaneous fission
rate of plutonium 240 is so high. The neutrons enmitted
in spontaneous fissions can lead to the preinitiation of

t he expl osi on. In short, the plutonium produced in the
BGRR is excellent bonb material; the plutonium produced
in an ordinary power reactor is not as good. (See Chapter
VI of Vol. | “Nuclear Fission Explosive Wapons".)

Years ago, when the BGRR was in operation at Brookhaven
the AEC was always pleased to learn that one of the
reactor’s fuel elenments had sprung a leak, for this was
the only time that the BGRR fuel was removed fromthe

reactor for reprocessing. Leaking fuel nmeant high grade

plutonium for the AEC S weapons program
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The Brookhaven G aphite Research Reactor

The BGRR consisted of a 25 foot cube of graphite,
penetrated by a square, 37 x 37 array of 1368 three inch
di ameter air channels that contained the fuel assenbles.*
For efficiency in cooling the fuel, the graphite cube was
split in the mddle, and the two halves were separated
by a 7 cmair gap. Cool air entered the reactor via this
gap, passed through the air channels in both directions
to the opposite surfaces of the reactor, and was then
exhausted via fans to a 320 foot stack. By introducing
the air at the center of the reactor, the punping power
required to nove the air was reduced by a factor of eight.
This feature of the BGRR was one of the principal design

I mprovenents over the X-10 reactor

The air left the reactor at a tenperature of up to
220°C, depending on the reactor power level. Since it
Is difficult to punp heated, |low density air, the air
| eaving the reactor was passed through a cooler, where
Its tenperature was reduced about a hundred centigrade
degrees and its density increased. This saved on the

size and operating costs of the fans.

*Th,central channel contained a renovable plug for experi-
mental purposes. The number of channels was therefore 13268,
not 1369.
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The fuel for the BGRR was in the formof cylindrica
uranium slugs 1.1 inches in dianeter and 4 inches I|ong.
These slugs were |oaded into hollow alum num cartridges,
33 to a cartridge, to meke the fuel assenblies. The
cartridges had six alumnum fins running their full
l ength that supported the fuel in the center of the
air channels and increased the heat transfer area from
the fuel to the air. One fuel assenbly was used per

air channel on either side O the central air gap

It was not necessary, however, to load all 1368 fuel

channels in order to operate the reactor. The BGRR

actually went critical with only about 870 |oaded channels.

The other channels were available to provide additional
reactivity when neutron-absorbing experinments were

introduced into the core.

Control of the BGRR was acconplished by the notion
of horizontal control rods that entered the reactor from
two adj acent corners. Suppl enentary energency shutdown
control could be obtained by the mechani cal dunping of
boron shot into holes provided for this purpose at the
top of the reactor. The BGRR was equi pped with an array
of radiation detectors and system nonitoring devices that

provi ded operating data to a central control room

The BGRR was housed in a large and attractive brick

- 15
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building that also contained a number of offices,

| aboratories and sem nar roons. Since the BGRR was
built primarily for research, heavy platfornms were
erected at several levels a cross the face of the reactor
to supper t experinment a J. equipnment. The overall cost of
the BGRR facility was $25.5 nillion when it was built

in 1948. O that total, only $16.7 nmllion was attri-

buted to the reactor and reactor-related equi pnent.

A tabulation of the principal characteristics of the

BGRR is given in Annex B.

i Simplified BGIR for Plutonium Production

It is not necessary to duplicate the BGRR in detail
in order to produce plutoniumat the sane rate as it was

produced in that reactor. Sinplifications in the BGRR

design would permt the building of a plutonium production

reactor that would be cheap and reasonably reliable, and
a reactor whose engineering would require the talents

of only a snmall cadre of conventionally trained engineers.
The procurenment or fabrication of certain key conponents
woul d be the nost difficult problens that a small and/or
devel opi ng nation would have to solve. These conponents

are as follows:

Fuel. The order of 75 tons of natural uranium neta

woul d be needed to fuel the reactor. The actual anmount

- 16
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of fuel would depend on the design of the reactor and the
nature of the materials used to build it. Refined uranium
directly suitable for reactor fuel apparently is avail-
able only from highly industrialized nations, where it

Is a controlled substance and not easily obtained on

the open market. It cannot be exported from the United
States, for exanple, without a license from the nuclear

Regul at ory Conmi ssi on.

Neverthel ess, a great many nations in the world
possess indi genous sources of uranium ore. A table of

1975 estimates of non-U S. uranium resources is given

in Annex C As seen in the table, nations such as
Algeria and Argentina have estimted resources in excess
of 30,000 tons of UQO,recoverable at up to $30 per
pound. Only the order of 100 tons of UQ,is needed

to obtain 75 tons of urani um netal.

The processing of uraniumore and its reduction to
metallic uraniumis not a difficult undertaking for a
trained netallurgist. The necessary directions are in
the open literature. It would require |earning experience
for a netallurgist who was a novice in uranium netallurgy.
The problem would be much sinplified if the nation in
question were already a producer of ujog. In any event,

a well-trained metallurgist should be capable of design-

ing and setting up a small uraniummll in 12 to
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18 nont hs which would produce 75 tons of satisfactory
uranium netal in another year. The required equipnment

and supplies are generally available on the world narket.

The cost of producing 75 tons of uraniumnetal is
difficult to estimate, since labor, raw material, and
capital costs vary so widely fromnation to nation
There is no market in natural uraniumin the United
States at the present tine. The Federal Register price
of natural uranium hexafluoride is $25.39 per kil ogram
The cost of uranium netal in this country is therefore
about $25 per kilogram which is not a free nmarket
price. UQO,for future delivery is now being quoted as
hi gh as $40 per pound, which would give the uranium a
val ue of over $100 per kil ogram excluding processing
costs. Using the nominal value of $25 per kilogram the
total cost of 75 tons of wuranium comes to about $1.7

mllion.

Fuel Assenblies. The fabrication of fuel cartridges

simlar to those used in the BGRR, with their six alumnum
fins running the length of each cartridge, mght well

pose a serious manufacturing problemto a small and/or
devel oping nation. However, the fins are not entirely
necessary for the operation of the reactor. A satis-
factory and far sinpler fuel assenbly could be made

by nerely inserting uranium nmetal slugs into a hollow
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al um num tube seal ed at both ends. These tubes could
then sinply be placed along the bottomof the air
channels in direct contact with the graphite, a pro-
cedure followed in the x-10 reactor, or supported in

the center of the channels on suitably machi ned pieces
of graphite (which is easily machined), as was done in
the British Wndscale plutonium production reactor. The
use of this type of fuel assenbly would require nodifi-
cations in the rate O air flow through the reactor, the
operating tenperature of the fuel, or the reactor power

| evel fromthe values of these paranmeters in the BGRR
The necessary adjustnments could easily be determ ned
however. The fabrication of the fuel assenblies would

require about 6 nonths, starting with raw uranium netal

G aphite. The graphite used in nuclear reactors nust
be of high purity. In particular, the concentration of
the impurity boron must be as |ow as possible. The
procurenment of reactor-grade graphite was one of the
first problens that had to be solved in the Manhattan
Project. Although graphite occurs abundantly in nature,
all comercial graphite is manufactured artificially from

petrol eum coke or coal tar pitch

G aphite of the type used in the BGRR is currently
avail able from a nunmber of conpanies here and abroad,

al though the Departnent of Commerce |icenses the export
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of reactor grade graphite fromthe United States.
One U.S. manufacturer recently entertained i nquiries

fromArgentina, Brazil, andthe U S. S R

The Uni on Carbide Corporation sells reactor grade
graphite for approximately $2 per pound. If the ful
700 tons of graphite required to duplicate the BGRR
were purchased from this conpany, the total cost woul d

be $2.8 mlli on.

However, as a already noted, a production reactor
does not have to be as large as the BGRR | nst ead of
building a 25 ft cube, a sonmewhat snmaller cube, say
21 ft on a side, would probably do just as well. The
total anount of graphite required in this case could

be as little as 415 tons and cost $1.7 mllion.

It should be nentioned that the processes for nmanu-
facturing reactor-grade graphite and el ectrode graphite
are essentially the sane. Facilities used for producing
el ectrode graphite can easily be converted to the
production of reactor-grade graphite. To obtain reactor-
grade graphite it is nost inportant to start with clean
raw materials and to use sonewhat higher tenperatures.

El ectrode graphite nmanufacturing plants are |ocated

t hroughout the world. Union Carbide Corporation, to

name but one organization, has subsidiaries mnufacturing

-20
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el ectrode graphite in Brazil, Canada, ltaly, Japan,
Mexi co, Puerto Rico, South Africa, Spain, and Sweden.

G aphite is easily machined. |Its sizing and

fabrication for use in a reactor presents no problens.

Air-Mving Equipnent. ©“lowers of a conventional

type are suitable for noving the air through a BGRR
system This equipnent is readily available throughout
the world. If purchased from Anerican manufacturers,

the fans and notors required to provide a flow of 300,000
cubic feet per mnute would cost about $180,000 at today’s
prices. The associated ducting, and intake and exhaust
structures woul d present problems. However, all necessary
materials are available and could be fitted or fabricated

with patience and skill.

Controls. The control of a natural uraniumgraphite
reactor is extremely sinple. There is very little excess
reactivity in such a reactor so that whatever transients
do occur in the reactor have long periods and are easily
controlled. The control rods and their drives need not
have the short response tines required O other types of
reactors, e.g., water-cooled power reactors. The rods
and drives could be fabricated from materials on

the open market.

-21
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[ nstrunent ati on. The el aborate instrunentation found

In American reactors would not be necessary for a small
production reactor. A few neutron and y-ray detectors,
a large variety of which can be purchased in nany
different countries, would suffice for the
reactor. Monitors for air, graphite, and fuel tenpera-

tures are equally avail abl e.

Bal ance of Plant. As noted earlier, the BGRR

reactor building was a well-built and attractive
structure. The building for a production reactor need
not be so anbitious. A sinple industrial structure,

steel -franed wth corrugated siding could be built at

no nore than $3 per ft 3 A nodest cubical buil di ng

55 ft on a side would then cost about $0.5 mllion.

This is the cost if built in the United States. Overseas

costs could well be much |ess.

The floor of the building would have to support

about 5000 tons over an area of 2000 ft2, for a |oading

on the order of 2 tons per ft 2 This is not an especially
| arge floor |oading and could be satisfied with a slab

of reinforced concrete between 2 and 3 feet thick. At
$100 per cubic yard, a square slab 55 ft on a side could
be built for less than $35,000, U S. prices. Presumably
a deep water pool would have to be added al ong one side

of the reactor to receive and store spent fuel until it

could be processed for plutoniumrecovery.

- 22
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Overal|l Costs. Estimated costs of the principal

materials and structures required for a small production

react or are given in the following table. TNeseé costs

ar e based. on current US. prices, and as such they ma y

have only the roughest applicability to another nation

Table 1

Costs of Production Reactor Conponents

1 tern Approxi mate Cost ($ million )
urani um 1.7
graphite 2.8
air equi pnent and ducts 0.5
control 0.2
i nstrunent ati on a2
bui |l ding and foundation 0.6
Total 6.0

Table 1 does not include the |abor costs associated
with fabricating the fuel assenblies from the raw uranium
metal, Constructing the reactor within the building, con-

necting the ducts and air-noving equi pment, and introducing

the control and nonitoring systems. Such costs are difficult
to estimate since the cost of |abor varies so wdely from

country to country. If 100 workers (not producing uranium
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or erecting the building - this labor is included in the
conmponents costs) worked for 3 years at $10,000 per vyear,
their total wages would amount to $3 nillion. Using this
as a rough estimate, the reactor could be built for about

$10 million - probably correct within a factor of 2.

Personnel Requirenents. As pointed out repeatedly

in this report, it is not necessary to design the reactor
from scratch. Al of the essential design paranmeters

are in the open literature. Hgh-level research and
devel opnent personnel are not required. Onlyy a handful
of professional e ngineers would suffice to design and
oversee the construction of the facility. The follow ng

Is alist of mninum professional personnel requirenents.

Table 2

Professional [Engineering Recuirenents

Type O Engineer Nunber Utilization

civil-structural 1 structures, reactor building

el ectrical 1 control ,instrunentation
circuitry

mechanical 2 heat transfer, mechanica
devi ces

met al | ur gi st 1 urani um production

nucl ear 3 design theory, nuclear neasure-

ments, reactor heat transfer
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Ti me Schedul e. In any maj or project, the proper

schedul i ng of design, procurenent, and construction
activities pernmits the simultaneous acconplishnent of
the required tasHKs. the case of the reactor under
di scussion, the reactor plant paraneters coul d be
finalized and purchase orders placed while the uranium
mll is being prepared. The reactor could then be
erected at the sane tine as the fuel assenblies are
being fabricated. This phase of the project would
probably take about 2 or 3 years, depending on the
availability and skill of the work force. The reactor

could be r e ad y for production operation 4 years from
t he begi nning of the project.

This is probably an overestimate of the tine
required for the project. The X-10 reactor in Oak
Ri dge went into operation in Novenber 1943, |ess than
one year after the world' s first reactor went critica
in Decenber 1942, and it was opera ted a t alnmost 2 MV
in nay 1944. The entire BGRR project, which was not a

mlitary project, took only about 3 years.

In any case, sufficient plutonium for at |east one
bonb woul d be present in the reactor fuel one year later.

A sinplified scheduling diagramis shown on the next

page.
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reactor _ _
,__design reactor construction reactor operation
uranium mll uran prod
v ¥

\\fuel assem
0 1 3N 3 4 5
time- years
Figure 1. Schedule for design, construction, and

operation of sinplified BGRR
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IV RECOVERY OF PLUTONIUM FROM REACTOR FUEL

If it is desired to fabricate weapons as quickly
as possible, then the fuel from the production reactor
woul d probably be renoved for reprocessing after it had
been in the reactor for a period O approxinmately one year
The concentration of plutonium would then be about 9 kil o-
grams in 75 tons of fuel or about 120 grams per ton. The
probl ens associated with extracting this plutonium from
the fuel and preparing it for fabrication in a weapon are

t he subject of the present section.

These problens are not insurnountable, even for a small
and/ or devel oping nation. Indeed, such a nation could
build a small reprocessing plant and recover essen-
tially all of the plutonium239 produced in a BGRR-type
reactor. The final step of preparing this material for a
weapon can also be readily acconplished, as has been

anply discussed in the literature.

Sone Problens in Fuel Reprocessing

In any case, a plutonium recovery plant nust be
designed and operated with sonme care. The raw fuel, when
it is first discharged fromthe reactor, is highly radio-
active, largely due to the activity of the fission products.
Even if the fuel is allowed to cool for a nomnal period of
120 days, during which tinme the activity decays by a factor
of 100 or nore, the total radioactivity is still about 45,000

curies per ton or 0.05 curies per gramof fuel. This neans
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that the chemcal processing of the fuel nust be carried

out remotely, in a shielded cell, at least up to the point

where the fission products are renoved.

It should be noted, however, that the radioactivity of
the BGRR fuel is much smaller than that O a typical power
reactor. The activity of power reactor fuel after a cooling-
of f period of 120 days runs between 2 and 3 mllion curies per
ton, a factor of about 50 tinmes higher than BGRR fuel. Con-
siderably nore precautions nust therefore be taken in repro-

cessing power reactor fuel than fuel froma BGRR

Nevert hel ess, the chenical nethods described bel ow pro-
vide al nost conplete separation of the fission product activity
from the plutonium and the uranium remaining in the fuel. It
is a remarkable fact that where these nethods are used to re-
cover the uraniumas well as the plutonium the activity of
the recovered uraniumis no greater than that of ordinary,

natural uranium which can safely be held in the bare hands.

The separated plutoniumis also free of fission products
and it is only mldly radioactive itself, so that it too
could be handled like uranium were it not for the possibility
of inhaling plutoniumbearing particles. Such ai rborne
particles are extrenely dangerous. It is approved practi ce,
therefore, at least in the United States, for all manipul ations
of plutoniumto” be carried out in a protected atnosphere. \Wile

such an el aborate precaution is not entirely necessary, as
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indicated below, it is not difficult to arrange.

Finally, there is the danger of an accidental criti-
cality, that is, the possibility that a critical mass of
pl utonium may accidentally be assenbled. Only a few hundred
grans of plutonium can becone critical in the proper liquid
envi ronment. However, the nmethods for calculating critica
concentrations are given in all nuclear engineering text-
books and these concentrations are widely tabulated (see
especially Wck in the References). Procedures for avoid-

ing accidental criticalities can easily be adopted.

Pl ut oni um Recovery prgcesses

Several processes have been devel oped over the
years to renove the fission products and recover the
pl utonium and uranium fromirradi ated fuel. These pro-
cesses are thoroughly described in journals, textbooks,
and in other open literature. The first to be perfected
was the so-called bisnuth phosphate process, which was
the source of plutonium at the beginning of the u s. nuclear
weapons program This process was |ater replaced by a
solvent extraction process, first using the chemca
met hyl isobutyl ketone as solvent - this was the so-
call ed Redox process - and sonmewhat later with the sol vent
n-tributyl phosphate (TBP), which is the basis of the
Purex process. So far as is known, virtually all re-

processing plants that have been built in the world



sin c e the 1950's are based on the Purex process

Sol vent extraction processes rely on the follow ng
experinmental facts. Uranium and plutonium can exist in
a number of valence (oxidation) states, and because of
differences in their oxidation and reduction potentials
it is possible to oxidize or reduce one of these
el enents without disturbing the other. Furthernore,
conpounds of these elenments in different states have
different solubilities in organic solvents. FOr
instance, in their 4" and 6" states the nitrates of
both uranium and plutonium are soluble in certain sol-
vents, While in the 3" state these conpounds are

virtually insoluble in these same sol vents.

Sol vent extraction therefore involves three critical
st eps: (1) separating the uranium and plutonium from
the fission products by extracting the first two into the
appropriate solvent, leaving the latter in aqueous sol ution;

(2) reducing the oxidation state of the plutoniumto 3’

so that it is no longer soluble in the solvent; and (3)

back-extracting the plutonium into agueous sol ution

A sinplified flow diagram for the Purex process is
shown in Figure 2. The batch of fuel to be processed is
first dissolved in a concentrated solution of nitric

aci d. The fission product gases, especially the noble
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gases, that had been trapped in the fuel, come out of
solution at this point. The release of these gases

Is the major source of radioactive effluent froma
reprocessing plant. The aqueous solution of uranium
plutonium and fission products, after passing through
a filter to renove undi ssolved remants of the fue
assenblies, then enters at the mddle of the first
extraction columm. As the organic solvent, TBP diluted
in kerosene, flows up the colum, it absorbs the
urani um and plutonium out of the solution. At the

same time, nore nitric acid enters fromthe top of the
colum to scrub the rising solvent of any fission
products it may have picked up. The organic solution
whi ch | eaves the top of the colum contains essentially
all of the uranium and plutonium and a trace of fission
products, whereas the aqueous sol ution at the
bottom has nost of the fission products and very little

urani um and pl utoni um

The organic sol uti on passes next into a second
colum where it counterflows against a dilute solution
of chem cal reducing agent (a ferrous conpound is often
used) which reduces the plutoniumto the 3'state, while
| eaving the uraniumin the 6 state. Since the plutonium
I's now no longer soluble in the TBP, it passes into the

aqueous solution before it |eaves the col um.
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The uraniumis stripped from the organic solvent in
a third columm, where the uranium passes into a counter-
flowng streamof dilute nitric acid. The sol vent
| eaving the top of the colum, from which nost of the
plutonium wuranium and fission products have now been
renoved, is piped to a recovery plant for purification
and reuse. The uranium exits the colum in aqueous

sol uti on.

At this point, the designs of fuel reprocessing
plants tend to diverge. If the uraniumis enriched in
uranium?235, as it is in all Anmerican power reactor fuel
then the uranium solution is passed through additional
cycles of the Purex process for the purpose of reclainng
the uraniumin a highly purified state. Wth the
natural uranium fuel of the BGRR, it is questionable
whet her recovery of the uranium nakes sense, because
the spent fuel is sonewhat depleted in urani um 235.

Whet her or not the uranium would be recovered woul d
depend on how long the fuel had been in the reactor
and the extent and reliability of the uranium supplies
avai |l abl e.

The plutonium solution can either be put through
further Purex cycles or, what is preferable, the plutonium
can be purified and concentrated through the use of
the process of ion exchange. This process involves

passing the solution into an ion exchange resin and then
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eluting the plutoniumwith dilute nitric acid. The
concentration of the purified Plutonium can then be
Increased by partially evaporating the solution, care
being taken not to approach criticality conditions.
This is the usual formof the plutoniumoutput froma

fuel reprocessing plant - a highly purified solution of

plutonium nitrate.

| t is not a difficult problemto reduce the plutonium

nitrate solution to a form for maki ng nucl ear weapons

Both nmetallic plutonium and plutonium oxide can be used

in a weapon, although the netal is preferable. To

obtain the oxide, sodium oxalate, a comon chemcal, is
added to the nitrate solution. This forns plutonium
oxalate which is insoluble and precipitates from the
solution. The plutonium oxal ate, separated from the

solution by filtration, is then heated in an oven which

yi el ds the oxi de PuO,.

To produce nmetallic plutonium the oxide is heated
in the presence of hydrogen fluoride and oxygen which
gives plutonium tetrafluoride. This is then reduced by
calciumto yield the netal. The procedures for producing
the netal and fabricating i t into desired forns are

fully described in the references (see especially Wck)
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A Smal | Pl ut oni um Recovery Plant

It is clear fromthe foregoing remarks that the
chemical engineering required for the recovery of plu-
toni um from spent uranium fuel is relatively sinple.
The facts, mentioned earlier, that the fuel is radio-
active, that plutoniumis sonme forns is highly toxic
and capable of going critical |eads to sone, but not

i nsurmount abl e problens in the design of a recovery plant.

In any event, designs of such plants can be found
in the open literature. For exanple, the plans and
specifications for the Allied General Nuclear Services
(AGNS) plant in Barnwell, South Carolina, have been
widely distributed to the public in connection with the
l'icensing of this plant and are available in NRC Public

Docunent Roons.* Furthernore, they can al so be purchased

*Al'l the plans and specifications for the AGNS plant have
been made public except for the details of three devices:

the el ectrochem cal plutonium purifiers, the fuel dissolvers,
and the mechanical shear. These plans were retained by the
AGNS designers as conpany confidential and provided to the
NRC as black box submttals. Nothing about this plant has

been classified on the grounds of national security.
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from the National Technical Information Service.

AGNS is a large plant with a through capacity of 5 tons
of fuel per day. Considerable scaling down of this plant
woul d be necessary for the purpose of reprocessing BGRR

fuel.

The Phillips Plant. Plans and specifications for

a nore appropriate, snaller plant are also avail able,
however . In the late 1950's the Phillips Petrol eum
Conmpany undertook a feasibility study of a small repro-
cessing plant designed to handle spent fuel from Conmmon-
weal th Edison's Dresden-1 plant, then scheduled for
operation in 1960. Phillips issued a report on this
study in 1961 (see References), and it was later dis-
cussed in an article appearing in Nucleonics Magazine.

Al t hough sonme chem cal /nucl ear engineers have expressed
skepticism about the workability of the Phillips plant,
because of its conmpact design and high degree of auto-
mation, it nevertheless can be viewed as an excellent
starting point for the design of a reprocessing facility

in a small and/or devel opi ng nati on.

The Phillips report contains detailed draw ngs of
every conponent of this plant. One of the striking
features of the plant is its small size. Wth the
exception of storage areas for raw materials and radio-
active wastes, the whole plant is enclosed by a 65 ft x

65 ft building of standard construction. The nmain process
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equi pnent is so small - for instance, the first extraction
colum is a pipe only 2 1/2 inches in dianmeter and 12 feet
long - that all this equipnent can be fitted into a single
underground cell 12 ft square. The tail end of the pluto-
niumrecovery is carried out in a sinply-constructed hood
3 1/2 ft wide, 12 ft long, and 12 ft high which contains

three ion exchange colums, several small holding tanks,

and an area for |oading and weighing the product.

The plutonium output fromthis plant is in the form
of plutonium nitrate solution. No provision is made
for converting the nitrate to netallic plutonium since
this was not the purpose of the Phillips plant. The
plant was designed primarily to recover enriched uranium
fromthe fuel and separate out the fission products for
di sposal .  Equi pment to produce the netal would have to
be added.

Simplifying the Phillips Plant. A number of sinpli-

fications in the Phillips plant are possible when the
plant is designed for the sole purpose of recovering

pl utonium from BGRR fuel. In particular, the so-called
head end of the plant, that portion of the plant where
the fuel is dissolved into solution, need not be as
conplicated as in the Phillips plant. Head-end problens,
according to the Phillips report, were the nost form-

dable in designing that plant. This is because the
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Dresden fuel consists of bundles O fuel rods, each rod
being a hollow zircaloy tube filled with uranium dioxide
pellets. The pellets fit so tightly in the tubes that
they do not fall out on their own when the tube is

opened and turned upside down. It was necessary, there-
fore, to design an elaborate mechanical/chem cal procedure
for dissolving the uranium - a procedure, incidentally,

that is simlar to that used in the AGNS plant.

Head- end preparation of BGRR fuel is nuch |ess
conplicated. Since the fuel will be remved so nuch
sooner, in terms of fuel burnup, fromthe BGRR than
it is fromDresden, the uraniumw Il not have had an
opportunity to swell within its alum num cl addi ng. The
urani um slugs can sinply be dunped (renotely) into the

di ssol ving tank.

As noted earlier, when the fuel dissolves in nitric
acid, radioactive fission product gases which had been
trapped in the fuel are released and bubble to the top
of the dissolving tank. In the Phillips plant, it was
proposed to separate out the rare gases and store these
per manent |y under ground. Wth the BGRR fuel, however,
the activity of these gases is so snall that they can be
exhausted directly to the atnosphere - a practice followed
in all currently operating reprocessing plants.  For

exanple, the total activity of krypton-85 in a full |oad
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of BGRR fuel which has been in the reactor for one year
is only 4000 curies, which in the course of reprocessing
the fuel would be released fromthe dissolving tank over
a period of a year. This is not an excessively high

rel ease rate for this isotope.

There are other sinplifications to the Phillips
plant. For one thing, as already nentioned, the BGRR
fuel is less radioactive by a factor of 50 than typical
(e.g., Dresden) power reactor fuel. This neans that
the concrete shielding wherever it is called for in the
Phillips plans can be reduced in thickness. Provision
for the storage of fission products need not be as
el aborate, since their activity is so nmuch smaller.
Finally, all of the process equipnent for purifying the
uranium can be omtted if the uraniumis not recovered

and recycl ed.

Availability of Materials. Al of the equipnent and

supplies required to build and operate a plutonium recovery
plant are generally available on world markets. There

I's no single conponent which is so exotic that it can

only be obtained froma single source. The solvent extrac-
tion colums can either be purchased on the open market

or fabricated from standard piping. So can the ion ex-
changers. The resins used in these colums are standard
Dow Chem cal type resins that are used for water treatnment

and other purposes. Automatic valves, ventilation equipnent,
