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I nt roducti on

I[f, for mlitary or political reasons, a nation
enbarking on a nuclear weapons program via dedicated
pl utonium production facilities nust keep the existence

of the program secret, then the individual conponents

of the program - the reactor, the plutonium recovery
plant, and so on - nust be restricted in size and
capacity. This effectively limts the reactor power

level to the order of 25 negawatts (MW. Wiile such
a small reactor night be concealed, a nmuch |arger
reactor could not. A small 25 MW reactor producing
about 10 kg of plutonium annually is called a |evel

| facility.

On the other hand, if the nation openly undertakes
a nucl ear weapons program there are no such restrictions.
Like any other mlitary program it is limted only by

the availability of funds, personnel, and critica
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materials. Facilities capable of producing about 100 kg
of plutonium per year, enough for between 10 and 20

nucl ear weapons, are terned level Il facilities. In this
report, sone of the nore reasonable options are considered

for the construction of these types of facilities.

Magni t ude of Program - Plutonium Production Rate

It is safe to assune that any dedicated plutonium
production reactor would be fueled with natural uranium
since if facilities for the enriching of uranium were avail-
able, it would be nore logical to base a weapons program
entirely on enriched uranium rather than reactor-produced
plutonium  The conversion ratios of nost practica
natural -uranium fuel ed reactors are approxinately the
same, nanely, about O.8. Wth this conversion ratio,

Pu-239 is produced at a rate of 0.368 kg per year per

megawatt of operating power.

Some of this Pu-239 is consumed within the reactor,
either in fission or by conversion to Pu-240 and Pu-241
at a rate that depends on the thermal flux in the reactor.
At a flux of 1012 2

neutrons/cm“-see the exponential tine

constant (nean life) for the depletion of the Pu-239 is

3

35.3 years; at a flux of 101 it is 3.53 years. Except

for reactors operating at a flux nuch in excess of 10"
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2

neutrons/cm®-see the net production rate of Pu-239 can

therefore be taken to be roughly 0.37 kg/ MMyear.

In order to produce 100 kg of Pu-239 per year would
require a reactor operating at a power of about 100/0.37 =
270 MN provided that the reactor operated continuously
t hroughout the year. \Wile small reactors can, in fact,
be operated continuously over long periods of time, it
has been found by experience that larger reactors are
ordinarily shut down the order of 30 percent of the tine.
This nmeans that in order to produce 100 kg of Pu-239 per
year, the reactor nust actually operate at a power of
almst 400 MN  This is the power level that will be

assunmed for level Il facilities in the present report.

Reactor Options

The distinguishing features of a plutonium production
reactor, once the type of fuel has been determ ned, are
its noderator and coolant. Several different choices are
possible. For a natural -uranium fueled reactor, the
moderator can be either heavy water or graphite. No other
practical noderating material wll provide a critical
system with natural uranium as fuel. The cool ant, however
can be either ordinary or heavy water, or any one of a

nunber of gases. Presumably a nation would opt to construct



V- 76

that type of reactor which is the cheapest and easiest
to build. As shown below, this would nost likely be a

gr aphi t e- noder at ed, water-cool ed reactor

Heavy wat er noderated reactors. As a noderat or,

heavy water is far superior to graphite. Fission neutrons
slow down nore rapidly in heavy water than in graphite
because of its |ower atom c/nolecular weight, and once
thermalized, the neutrons are not as readily absorbed

in heavy water as in graphite because of its |ower
absorption cross section. A heavy water noderated reactor
therefore has a higher multiplication factor than a com
parabl e graphite noderated reactor, and, as a result, a
heavy water reactor nore easily goes critical - that is,

a smaller anount of fuel and noderator is required than

for a simlarly fueled graphite reactor.

These facts notw thstanding, it does not appear
likely that any small and/or devel oping nation would be
successful, <certainly at an early date, in producing
plutoniumin” a heavy water noderated reactor. The reason
Is sinply that heavy water would be exceedingly difficult
to obtain. There are only two major producers of heavy
water in the world today - the United States and Canada,
and both of these countries control its export. Under

current regul ations, heavy water is not exported except to
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signatories to the Nonproliferation Treaty, and presunably

only for the use in recogni zed power reactors.

Wth heavy water not generally avail able on the
world market, a nation would be forced to produce it on
its own. Approxinmately 300 kg of heavy water noderator
are required per MNof reactor power. A 400 MNreactor
woul d therefore require a total of about 120 Te of heavy
wat er . The production of this amount of heavy water
presents a form dable problem The production of heavy
water is not a sinple undertaking. WIle in principle it
can be made in a nunber of different ways, the presently
uni versal ly adopted process for produci ng heavy water
i nvol ves chem cal exchange reactions between hydrogen
sul fide (HZS) and wat er. A gas, HS is both corrosive
and |ethal. Successful heavy water plants therefore
require a high level of technical sophistication in
t heir design and operation. I ndeed, one plant built
in Canada of American design sinply did not work. In
t he opinion of experts in heavy water technology, only
a nation with a major chemcal industry and high-trained
personnel could possibly produce the heavy water required

for a level Il plutonium production reactor.
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For the above reasons, heavy water noderated reactors
for level Il plutonium production can be largely ruled

out .

G aphite noderated reactors. These types of reactors

were the first to be built, and they do not require a

hi gh | evel of technology for their design or construction
Wile graphite is not as good a noderator as heavy water

it is relatively cheap and readily available on the world
markets.  Shoul d graphite ever becone a nationally con-
trolled substance, it can readily be produced donestically.
Graphite is easily machined and structurally sound, it

can be stacked to necessary heights, it maintains its
dimensions, and it is essentially inert at nornmal tenpera-

tures.

Wiile a small level | graphite reactor can be cool ed
with air in a once-through system at the nore elevated

power levels of a level Il reactor air is not the advisable
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coolant. in order to conpensate for the poorer heat
transfer properties of a gas, gas-cooled reactors are
normal Iy opera ted at high tenperatures, and at high
tenperatures air reacts with graphite. A nmore chemcally
inert gas, such as helium or Q0,5 nust therefore be used
to cool graphite reactors, but these coolants create
other problens. For one thing, for obvious reasons,

the y can only be used in closed | oops, which neans that
heat exchangers and secondary coolants nust be used to
renove the reactor heat. This is an entirely reasonable
procedure for a reactor used to produce electrical power,
since steam can be Qgenerated in the secondary |oop, but

it introduces needless conplications in a plutonium
production reactor. A closed primary |oop requires that
either the entire core & large structure when the fuel
is natural uranium - must be enclosed in a gas-tight
pressure vessel or the individual coolant channels nust

be enclosed in gas-tight tubes.

Anot her negative feature of gas-cool ed reactors of
the natural uraniumtype is that again because of the
poor heat transfer properties of gases, a significant
fraction, upwards of 10 percent, of the reactor power is
required to provide the necessary flow of coolant through

the reactor to cool the core. Finally, with regard to
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helium as a coolant, this gas has only limted availability
in the market places of the world, and its use poses unique
t echnol ogi cal problens of its own. It should also be
nmentioned that any closed cycle cooling system introduces
serious difficulties in the |oading and unl oading of fuel -
difficulties that should be avoided if possible, especially

in a production reactor.

In contrast to closed cycle gas cooling, once- through
water cooling is sinplicity itself. \Water, obtained from a
suitable natural source such as a river, is passed
along the fuel rods, collected at the far end, and
returned to the source. However, water does absorb thernal
neutrons, so that the introduction of water into a thernal
reactor tends to reduce the nultiplication of the system
| ndeed, during the Manhattan Project when the Hanford
pl ut oni um production reactors were being designed, it
was not clear that a natural-uranium fueled, graphite -
moderated reactor containing the anount of water necessary
for cooling and constructed with graphite of uncertain
purity would ever go critical. Until early in 1943, in
fact, it was generally assumed that the plutonium pro-
duction reactors would have to be helium cooled. \Water
al so has other problens, especially the fact that it is

highly corrosive. Special care nust be taken to assure
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that the proper materials are used throughout a water-

cooled reactor in order to reduce corrosion to a m ni mum

Snmal | Hanford- Type Reactors

In view of the foregoing discussion, it would appear that a
| ogi cal choice for a level Il production facility would be a once-
through, water-cool ed, graphite-noderated, natural-uranium
fueled reactor. Such a reactor would be simlar to the
first reactors built at Hanford, Wshington in the Man-
hattan Project. A total of nine such reactors were built
at Hanford during and subsequent to World War II. The
first reactors operated at a power |evel of between 1800
and 2500 MV later reactors operated at 4000 to 4400 MN
The total power of all the Hanford reactors taken together
was about 21,000 MN At this power level, and with an
average plant availability factor of 70 percent, the
Hanford facility was capable of producing the order of
5000 kg O plutonium per year. One by one, the Hanford
reactors were shut down during the 1950's and 1960's
as the nation's need for additional plutonium di mnished,
and production shifted to the nore nodern heavy water
reactors at Savannah River, South Carolina. Only one

reactor, the so-called N Reactor, is still in operation
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at Hanford, having been converted into a dual plutonium

produci ng and el ectricity-producing (860 M¥ ) system

Th e first Hanford reactors, of necessity, were
fueled with natural uranium However, the excess
reactivity of these reactors was inconveniently small.
Early in the Hanford program therefore, about 15 per-
cent of the fuel was replaced with slightly enriched
uranium (0.947 weight percent). Mst of the excess
reactivity of the Hanford reactors was required to
conpensate for equilibrium Xenon. The high power |evels
of these reactors requires a high thermal neutron fl ux,
and this, in turn, leads to xenon reactivity levels on
the order of two percent. A sonmewhat smaller anount of
reactivity was needed because of the negative tenperature
coefficient. Al nmost no reactivity was included for
burnup, since one-fifth of the fuel was removed for

reprocessing every 5 to 6 weeks.

Wiile a nomnal 400 MNlevel Il reactor would
operate at only about one-fifth the power of an early
Hanford reactor, the nuclear designs of the tw systens
woul d be very simlar. In particular, it would be
reasonable to construct the new reactor with the sane
fuel -cool ant-noderator lattice as a Hanford reactor

The overall dinensions of the | ower-power reactor would



be smaller, however, because the reactor, operating at
| ower neutron flux and tenperature, would require |ess

excess reactivity.

Rough cal cul ati ons given in the Appendix indicate
that a 400 MN Hanford-type reactor would be a cubica
pile, the core of which would be about 33 ft on a side.
The total amount of natural uraniumin the reactor would
be 387 netric tons. At a nominal cost of $25 per kil ogram
this would cost about $10 million. The total anount of
graphite, including the reflectors would be 2250 netric
tons , and at $2 a pound the graphite would al so be about $10

million.

Beyond the costs of the fuel and noderator, it is
very difficult to nmake meaningfuel estimtes of the cost
of a Hanford-type reactor. Cooling water nust be brought
to the face of the reactor, punped through the 2200
channels, collected, an dreturned tot h e source. This
obviously involves costly problens of a plunbing nature.
Mechani sms nust b e provided for the | oading and unl oad-
ing of fuel - mechanisns that nust work snmoothly in view
of the short intervals between fuel changes. Massi ve
shiel ding nust be erected around the reactor which does
not interfere with either the coolant piping or the

fuel handling equipnent. The structural franmework and
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foundation supporting the reactor nust be designed wth
some care in view of the large floor |oadings and the
need to maintain the system notion free. Finally, the

reactor nust be instrunented and controll ed.

It is clear that the construction of a 400 MV
production reactor would be a difficult under-
taking for nost nations. Most nations woul d
be far better advised to construct a number of smaller
air-cooled reactors, which can be built one by one, tested
and operated to prove their design. In view of the tine

and effort required and the risks involved to realize
significant anmounts of plutonium from a |arger reactor

project, the gradual buildup of plutonium production
capacity with small reactors would seemto be a nuch nore

reasonabl e strategy.
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ANNEX

Cal cul ations of Snml| Hanford-Type Reactors

Reactor calculations can be divided into two parts:
those concerned with reactor physics and those pertaining

to the engineering of the system In the actual design

of a reactor there is considerable interplay between these

two areas, especially in connection with any effort to
optimze the design. No such optimzation is attenpted
in the calculations which follow. They are intended
merely to indicate the types of calculations which would

be involved in the design of a small Hanford-type reactor

1. The Hanford lattice.

The fuel for the early Hanford reactors was in the
form O natural uranium slugs 1.359 in. in dianmeter and
about 8 in. long (their exact length is uninportant for
present purposes), which were clad in alumnum 0.0405 in
thick. These clad slugs were loaded into an al um num
tube 0.072 in. thick that had two supporting ribs as
shown schematically in Figure 1. These fuel elenents
were placed in alumnum process tubes (later replaced
with zircaloy) also approximately 0.072 in. thick, which
passed through the horizontal holes in the graphite.

This provided an 0.086 in. thick annulus for cooling

- 85
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Fig. 1. Cross section of fuel, cladding, and cool ant.

channel of Hanford reactor.
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Fig. 2. Dinensions in cm of Hanford process

channel .
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water around the fuel. The fuel rods were arranged in a
square lattice with a spacing O 8.375 in. between the
axes of nearest rods. The relevant dinmensions are shown

in Figure 2.

2. Infinite nmultiplication factor.

The infinite multiplication factor of the lattice is

given by the usual four factor fornula:*

P 7Tfp£. (1)

The value of 7T is 1.32; f can te computed from the

equation
Z V., + 32 \Y + 2 .V
1 art M aAl Al alWw w - .
F=— S F(fga) + E(Kc, ¥,.0)3 (2)
aF F
p is 3ziven by
N.V_I
F'F
= exp ( - - ) 3
P P FrswVw * sV’ S
wher e
I =24 +C/\/a§. (4)

*The meanings of the symbols in the equations are all

standard and given in the references.
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The fornula for ¢ is conplicated, but £ was conputed
during the design of the Brookhaven G aphite Research Reactor

for a lattice of the Hanford type and is reported in

BNL - 152. Its value is 1.035.

Using the follow ng val ues:

] 3

2 = 0.0003851 cm V,, = 434.097 cm My = 0.0203
A = { = 028 L=
ZaAl = 0.01386 VAl 6.028 My 0.645
Zaw = 0.0222 Vw = 2.905
= ( 3 = 0.3¢

ZaF 0.3668 V‘F 59

- - -1 P
a = 1.726 cm §;°sw = 1.46 cm L= 2.8
b = 12.0 Sulgy = 0-0608 C = 38.3
c = 2.413 f = 18.6 g/cm3
in Lgs. (2,3, and 4) gives f = 1.8826 and p = :'.8685, Then

from Eq. (4) it folliows that kg = 1.3472.

3. Excess reactivity.

The negative reactivity introduced into a reactor due

to equilibrium xenon-135 is given by the formula

_Yx "Y1 Ay
§ = o we ®)

wher e ¢T‘s t he average thermal flux and ﬁk is the constant

0.77 x 10”. If it is assuned (this can be checked and
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iterated upon later) that ¢, =@, then with Ty * YD =
U. 0663, 3 = 2.42, p = 0.8685, and ¢ = 1.035, it is found

t hat y = 0.0152 or about 1.5 percent.

The reactivity al so decreases as the tenperature
I ncreases due to the negative tenperature coefficient.
A reasonable value of reactivity to conpensate for this

tenperature defect is about 1 percent.

A nom nal excess reactivity is therefore about 2.5
percent. For conservatism it is probably a good idea
to add about 0.5 percent, perhaps |ess, for mscellaneous
Ot her negative reactivity effects - control rod sheaths,
fuel and noderator inpurities, instrunentation, and so
on. Wth a total of 3 percent required excess reactivity,
the corresponding value of the multiplication constant

for the reactor is then

1 _
k = =553 = 1.0309. (6)

4, React or di nensi ons.

The reactor buckling is

2 (kw/k) -1

B® = 7
2 ’ (7)

wher e

89
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2 2
w2 = o+ (- HLZ. (8)

wimthe Values o, = 368 cm f = 0.8826, and Ly, = 49.3 cm
2

M = 653 cm” Introducing this value of Mand the earlier

obt ai ned val ues of ke and k into Eq. (7) yields 82 = 2.421 X

10° cnt.

For a bare cubical reactor of side y
B2 - 3(}’-)‘. (9)

I nserting the above value of B’and solving for ¢ gives
£ = 1106 cm = 36.3 ft.

By surrounding the core of the reactor with a reflector

the size of the core can be reduced. The reflected length

of the core becones

X L. pe = 29, (10)

ref ~ are

where § is the reflector savings. For the present reactor,
§~ 49.3 cmsothat £ _ = 1007 cm = 33 ft. This vas

the actual dinmension of sone of the smaller Hanford reactors.

5. Fuel and noderator nmsses.

Wth the reactor 33 f t on a side, there would be
33 x 12/8. 375 = 47 fuel channels per side or a total of

(47)* = 2209 channels altogether. The total mass of wuranium
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IS then 387 Te. The mass of U235 is 0.00711 x 387 = 2.75 Te.

The noderator nass, assuming a reflector 2.5 ft thick
around the entire reactor except the bottom is then
2.25 x 18 kg.
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