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Ahstract:

We estimate that South Africa has on hand 731 + 24 kilograms of about 90%-enriched
uranium. This amount could be used to construct 12 Hiroshima type fission bombs. The South
Alfrican government maintains it constructed oaly six such devices, and never intended to
construct more than seven. There is an additional inventory difference equivalent to two bombs
worth of material. Implosion type devices were apparently being researched at the time the
" nuclear weapons program was dismantled. Had this effort been continued, eventually South Africa
would have been able to construct four times as many weapons from the same amount of fissile
material. ' ¢

Introduction:

South Africa formerly decided to build a nuclear deterrent capability in 1974. It
constructed the first of six gun assembly type nuclear weapons using South African produced high-
enriched uranium (HEU), before deciding in 1989 to dismantle its nuclear weapons program, and
to accede to the Treaty on the Non-Proliferation of Nuclear Weapons (NPT). South African
officials have since revealed to the International Atomic Energy Agency (IAEA) extensive data
related to its enrichment plant operations, but has maintained it is not in the interest of non-
proliferation to publicly reveal the amount of HEU produced or on-hand, since it is stored in a
single location. Since South Africa has revealed already that there is at least six bombs worth of
material in storage, it hardly makes sense to keep secret how much additional material is on hand.
From the standpoint of non-proliferation, a thorough understanding of the material accounting
discrepancies is more important. One should, therefore, know how much weapon material was
produced. Before making such an estimate, we review briefly the history of the South African
nuclear program.

Overview of South Africa’s Nuclear Program:'

South Africa's involvement in the nuclear ficld began shortly after World War IT as a
supplier of uranium to the nuclear weapons programs in the United States and Great Britain.?
With extensive uranium resources, by 1955 South Alfrica was operating nineteen mines and twelve
extraction plants.* In 1957 South Africa participated in the establishment of the IAEA and was
given a permanent seat on its board of governors, as the country with the “most advanced™

! For more thorough trestments of the history of South Africa's nuclear program, see: Leonard 8. Spector, with Jagqueline
R. Smith, Nuclesr Ambitors, (Boulder, OOk Westview Press, 19907 Leonard 5. Spector, Muclear Proliferation Today,
(Mew Yoric Vintage Books, A Division of Random House, 1984 NMeclesr Prodifermton Today, (New Yorlkc Vintage
Books, 1985); and David Albright, Frans Berkhout, and Willism Walker, World fnvervory of Plutoriem and Highly
Errched Uranipm J092, (Oxford: SIPRI and Cediord University Press, 1993),

* Spector, Nuclear Proliferarion Today, 1984, p. 279,
! Ibid., p. 280.
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nuclear program in the region.* The United States and South Africa signed a nuclear cooperation
agreement in the same year, and shortly thereafter South Africa embarked on a civil nuclear
research program, focusing initially on development of a locally designed power reactor and
development of a uranium enrichment capability. The power reactor project was terminated
after a short time because of a lack of resources.® Under the 1957 nuclear cooperative
agreement, the United States sold South Africa a five megawati-thermal (Mw,), HEU-fueled
research reactor called Safari-1. Located at the National Nuclear Research Center al Pelindaba,
construction commenced in 1961, and it began operating under IAEA safeguards in 1965.

In 1967 South Africa commissioned a second, smaller reactor, Pelunduna-Zero (Safari-II),
which used low-enriched uranium (LEU) and heavy water. Also under IAEA safeguards, the
United States supplied it with 606 kilograms (kg) of 2%-enriched uranium. The plant has since
been decommissioned.”

Desiring to add value to their uranium export product, the formal decision to start the
enrichment project was made in secret in 1967.* In the following year South Africa refused to
sign the just-completed NPT, voicing the common argument that the treaty did not obligate the
weapon-states to reduce their amsenals, and also « ing concern over the treaty’s impact on
the commercial aspects of nuclear energy in South Africa” In 1970 the state controlled Uranium
Enrichment Corporation (UCOR) was established to build the enrichment plant;" and in July of
the same year Prime Minister John Vorster announced to parliament that the South African
Atomic Energy Board had successfully developed a new process, “unique in its concept,” of
uranium earichment."

hMafchl??llhehﬂnih‘ynfL{inuapp:mﬂmunhmkmp&mMnm
explosives [or the mining industry. The South African Atomic Energy Corporation (AEC) took
responsibility for development and production.’?

! Specior Nuclear Ambitions, p. 270, President Esenhower had launched the “Atoms for Peace™ program in his speech
befiore the United Mations on 8 December 1953,

'me&mum.wm'nmmrrm Determent Programme and the Dismantiing Thereof Prior to South
Africa's Accession to the Muclear Noo-Proliferation Treaty,” a presentation at the South African Embassy Annex,
Washington, DJC, 23 July 1993, Dy, Stumpd is Chiel Executive Officer of the Atomic Energy Corporation of Sowth
Afnca. A transcripl af his talk, but not copies of his slides, has been relessed by the Souih African Embassy.

* Thid.

" Spector, Nuclear Proliferation Today, 1984, p. 281

* Stumpf, “South Africa’s Limited Nuclear Deterrent Programme.”

* Spector, Nuclear Proliferarion Today, 1984, p. 263,

® Swumpf, “South A&i:n'i- Limited Nuclear Dederrent Programmie.”

" Specior, Nuclear Proliferation Today, 1984, p. 284,

I The Armz Control Reporter, May 1993, p. 455,881,
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Its security threatened by a declared policy of Warsaw Pact countries to expand their
influence in Southern Africa, and by a buildup of Cuban troops in Angola, the South Afnican
government in 1974 formally decided to seck a limited nuclear deterrent.”* Building 5000 at
Pelindaba was probably the site of early nuclear weapons manufacture." Approval was given for
a nuclear test site in the Kalahari desert, and the first stages of the Y-plant, a pilot scale uranium
enrichment plant at Valindaba based on the gas nozzle technology, were commissioned." South
Africa refused to place it under IAEA safeguards.

In response to South Africa’s acquisition of the Valindaba plant and strong congressional
the Ford Administration in early 1975 suspended Safani-1 fuel exports. The last export of

U.S. origin fuel was in November 1975. In the same year South African Atomic Energy Board
President AJ.A. Roux announced that his country would build a commercial-scale enrichment
plant with most of its product intended for export."® By 1978, however, the decision was made 1o
build a smaller facility, said to be capable of producing 75 metric tonnes (t) of LEU per year, still
50 percent more than needed to refuel the two Koeberg nuclear power plants that Pretoria
purchased from France in 1975." In 1977, in order 1o conserve fuel the Safari-I power level was
reduced from 20 Mw, to 5 Mw, "

Three shafis were drilled at the Kalahari test site to a depth of 180 to 200 meters, because
three devices were intended for demonstration. One shaft was abandoned due to peological
conditions. The other two were completed in 1977." On August 6, 1977 the Soviet Union
alerted the United States to the construction activities at the Kalahari test site. Extensive pressure
on the South African government by the superpowers, France Great Britain, and West Germany

1 Stumpl, “South Afriea’s Limited Nuclear Deterrent Programme.™ The program was code-named Kraal-an Afrikaans
word for the gone walls weed o fence in cattle; The Aras Congrol Reporter, May 1993, p. 455.B.77.

¥ The Arms Conirol Reporter, May 1993, p. 455 B.82

¥ Stumpd, “South Africa's Limited Muclear Deterrent Programme.”™ The Y-plant uses n Serodynamic scparation process
similar (o that developed by Becker in West Germany. It & described more fully in Mamson Benedicl, Thomas Figfond,
and Hans Levi, Muclear Chernical Engineering, (Hew York: McGraw-Hill Book Comparry, 1981), pp. 876-895. Coatrary
I0 SOME FEports, it docs not use the Helikon cascade technique that was incorporated into the Z-plant. Valindaba is &
Zuluy word meaning *we don't walk about this @ all;’ The Arms Control Reporter, May 1993, p. 455.B.77.

“Em,h&fnﬂﬂﬂhﬁmﬁﬂm 1984, p. 290, who ctes Robert 5. Jaster, “Politics and the "Afnkaner” Bomb,"
Cirbax, Winter 1984, p. 28, claims Roux “anpounced that his country would build a commercial-scale plant capable of
producing five thousand tons of low-enriched uranium per year,” To produce 5000 tonnes of 3.25% enriched LEU, at a
tails assay of 0.3%, would require 20 méllion SWU, oo the order of the total 1.5, enrchment capacity &t its peak. If, as
seems more likely, the intention was (o enrich annually the uranivm in $000 tons of Uy0y, then only 2 million SWLI
annually would be required—io produce 540 wanes of 3.25% eariched LEU annually, at 0.3% tails.

" Ibid. and Spector Nuclear Ambitions, p. 277,
® Swmpl, "South Africa’s Limited Noclear Deterrent Programme.”

™ The .Arms Conirol Reporter, May 1993, p. 455.B.80,
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forced South Africa to abandon the test site. The shafts at Kalahari were inspected once again in
1987 in response to Cuban successes in Angola®

Also in 1977, the Y-plant o ted as a cascade for the first time:™ and commenced
HEU production in January 1978.* Toward the end of 1978, the Y-plant first began producing
HEU, which in turn was converted into metal, molded and machined into weapon parts, and fitted
into the first nuclear weapon.™ The uranium was relatively impure and enriched only to about
B0% in the isolope U-235, The uranium was later removed and recycled through the enrichment
plant to clean it up and upgrade the enrichment.™ In 1979 a decision was made by the head of
government that Armscor should produce the nuclear devices, and that the role of the AEC
would be limited to uranium enrichment and some neutron physics calculations.™ The second
nuclear weapon was provided with HEU in the same year.® Advena, the secret Armscor facility
at Kentron Circle, 25 kilometers west of Pretoria, where most of the subsequent weapons work
took place here, was commissioned in 1980 and completed the following year.” In 1985 the
government decided to limit the size of its nuclear arsenal to seven nuclear weapons.™

An accident in 1979, caused by a catalytic reaction of the two gases used in the
enrichment process—uranium hexafluoride (UF,) and hydrogen—forced the Y-plant to shut down
for 18-23 months ® HEU production resumed in 1981. In this same year, South Africa
announced the successful development of 45%-enriched fuel for the Safari-1 reactor. From that
point onward South Africa supplied its own fuel for Safari-1L™

All South African HEU was produced in the Y-plant. Construction of the second
enrichment plani—-the semi-commercial Z-plant--was begun in 1979. It was commissioned in 1984,

® Swmpl, “South Africa’s Limited Nuciear Deterrent Programme.™

M Tbid.

= Albright, Berkhout, and Walker, World fmversory of Phaonium and Highly Enriched Uranium 1992, p. 186,

2 Stumpl, “South Africa’s Limited Nuclear Deterrent Programme.,™

¥ Ihid

5 Ibid.

® Thid.

9 Stumpd, “South Africa’s Limited Nuclear Deterrent Programme.”

# Thid.

® Stumpd, “South Africa’s Limited Muclear Deterrent Programme, “said the plant was down for about 18 months.
Adbrigh, Berkhout, and ‘Waller, World Frveniory of Plutonien and Highly Enriched Uraniiem 1902, po 186, report that
prochection halted from August 1979 untl July 1981, a wotal of 33 months,

* Swumpf, “Soath Africes Limited Nuclear Deterrent Programme.”
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and produced its first LEU in August 1988 The Z-plant, with 56 modules each containing
about 500,000 se ing elements, has been configured such that the enrichment level is limited
to less than 5% U-235." As of the end of 1991, the plant could operate at its optimum

ion of 300,000 kg SWU per year. It has been used solely for the production of LEU,
providing fuel for the two Koeberg power reactors that staried up in July 1984 and November

1985, respectively.

Needing some 3.25%-cariched uranjum for the first four test assemblies of Koeberg
reactor fuel produced by UCOR, the Y-plant was reconfigured in 1986 to produce LEU. It
operated in this mode for about cleven months.™ :

In September 1989, barely one or two weeks in office, President Frederik W. de Klerk
ordered the nuclear weapons program to be terminated. Plans were drawn up, and on
26, 1990, President de Klerk provided written instructions to start the dismantlement process.
Instructions were given the following day to dismantle the six completed nuclear weapons--to
destroy the non-nuclear hardware, destroy the technical documentation, recast the HEU and
return it to the Atomic Energy Corporation (AEC), and neutralize the Armscor facility before
sceeding to the NPT.™ The Y-plant stopped producing HEU in 1989, and ceased operations on
February 1, 1990.% In carly July 1991, the last weapon, the sixth device, was dismantled. The
seventh nuclear weapon that was commissioned, was never built.™ The Armscor facility was
decontaminated and returned back to the AEC, and switched to making medical equipment.™
South Africa acceded to the NPT on 10 July 1991.

M Ibid.

nlm!h_&ﬁn[ﬂuumm:m,mjﬁmhmwmiulmmm cascade techmigue
permitling several separation stages 1o be incorporated in & single module. See Benedict, Pigiord, and Levi, Nuclear
Chemical Engineering, pp. BO3.895, for details.

Y Albright, Berkhout, and Walker, World Imveniory of Plutention and Highly Enriched Uranium 1992, p. 157,

¥ Stumpd, “South Africa’s Limited Nuclear Deterrent Programme.”

¥ Tbid.

* Db,

¥ Ibid.



BOX:
Key Milestones in the Operation of the Y-plant

1974 first stages of the plant were commissioned

1977 first operation of enrichment cascades

1978 first production of HEU toward the end of the year

1979 production stopped for 18-23 months due to process failure

1981 HEU production resumes

1986 Y-plant reconfigured and used for about 11 months to produce
LEU (3.25%-cariched fuel for the Koeberg reactors)

1989 in September a decision was made to stop HEU production

1990 plant ceased production on 1 February

Estimating HEU Produ. thoa:

As noted previously, South African officials have publicly revealed some additional data
related to enrichment operations, but not the amount of HEU produced for weapons. We can
estimate the latter using equations that relate the amount of enrichment plant feed material,
enriched product, depleted uranium tails, and separative work.*

During its 14-15 year history," the Y-plant was shut down for 18-23 months, produced
LEU for about 11 months, and produced HEU for about 101-106 months (8.4 to 8.8 years).“
The South African AEC has publicly revealed the average U-235 assay of the natural uranium
feed (Xg), which is the same as that of most uranium deposits throughout the world; the average
assay of the depleted uranium tails (X;); the uncertainty (one standard deviation) in the tails

® In what foliows, one mus! differentiate between (&) the dectared smount of HEU on band—presumably reported by
South Africa 1o the IAEA, and subjest 1o conformatioa by direct messurement; and (b) South Africa's estimaie of the
amount of HELU produced, shen calculsted wsing material balsnce equations and measured values of product and iadls
inventonies and 1-235 asisa. Allcrnatively, the declaration (a) and estimate (b) can be given in terms of the amount of
U-235 in the HEU, labeled (¢} and (d), respectively. Since South Africa has not revealed (a)-(d) publicty, except for the
uncertainty in (d); we will be making our own estimates, (e)-{h), of the South Afrta's measuremenis and best estimales,
(a}{d}. Each of our best estimales has 8 cormesponding upcertsinty.

“ From 1975 to 1 February 1990.

2 From late-1978 10 | February 1990, ks 158-23 months, during 1979-1981, when the plant was down, and 11 moaths,
1986 to 1987, when the plant was producing LELL
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assay (5X;), and the calculated two standard deviation uncertainty in the estimate of the amount
of U-235 in the HEU (25[XH]):®

; = 0.00711 (ie., 0.711% U-235).
Xr+8X; = 0.00456 + 0.00071
25[XH] = 526 kg.

The South African AEC made precise measurements of the amount of HEU and LELU,
and the U-235 assays of each. Little attention, however, was paid to the depleted uranium taile. Tt
was not weighed or assayed accurately. The tails are stored as UF; in some 600 cylinders, flled in
layers, typically five of six layers per cylinder. Over the operating history of the plant the tails
assay varied from 0.2% to 0.6% U-235. The uncertainty in the tails assay, therefore, dominates
the uncertainty in the calculated inventory of HEU.

We start with the mass balance equations for total uranfum and for U-235:

F=H+L+T (1)
XF = X, H + X,L + X,T, (2)

where F, H, L, and T are the feed, HEU product, LEU product, and tails, respectively, and X are
the respective U-235 assays. Substituting (1) into (2), and solving for X,;H gives

and

XH = Xyl (X - XT - (X, - XpLY(Xs i) @)
In passing, we also note that if there were only one enriched product, H, equation (3) would read:
XH = Ny[(Xp - Xp)(Xy -Xp)] Ty (4)

The uncertainty in X,,H, 8[X;H], is approximated by applying to equation (3) the general
relationship™

S[XuH]" =[%¢ﬂ}z B[XI" + [ﬁmﬂl)z X + - (3)
T

© Swmpl, "South ;‘hﬁ'ﬁ'l Limited Nuclear Deterrent Programme.” 8{M,H] is caleulated from measured product, other
than HEL, and wails astns: and amounts. Here, it 5 oot measured directhy,

“ See, for exampie, Philip R. Bevington, Data Reduction and Error Analysis for the Physical Sciences, (New York: Me
Graw-Hill Book Co., 1969), p. 60.



Since the uncertainty in the tails assay, Xy, dominates the uncertainty due to the other
parameters, then equation (5) reduces to:

8[XuH] = (Xj"}:i!:_ * 8[XAI (6)
Dividing the square root of (6) by (4) yields

S[XuHY(XgH) = (5[XJ(Xg -Xr)H T/ Ty (")
which can be rewritten

XgH = (S[XuHVSXA WXy -XHTw'T)- (8)

An wpper limit on the amount of U-235 in the HEU product can be found by sctting Ty = T;
giving X,H < 945 kg. Later we will be able to show that Tyy/T = 0.792, in which case X H =
T48 + 256 kg.

Responding to press reports concerning LAEA and U.S. government efforts to reconcile
the inventory data, the South African AEC revealed publicly that the calculated two standard
deviation uncertainty in the U-235 in the HEU product, i.e., 25[,;H] = 526 kg, was over [ive times
the “actual discrepancy.”™ This would not be an issue unless the amount of HEU the South
Africa reported o the IAEA as being on hand was less than that estimated from the tails and
other inventories using the mass balance equations. In other words, we know the sign of the
discrepe:nﬂl; and its magnitude is less than 105 kg (=526/5), and probably greater than BB kg
(=526/6)." Therefore, by this estimate, the amount of U-235 in the HEU product that South
Africa presumably reported to the IAEA as being on hand is between 643 and 660 kg.

We do not know the average value of Xy, and in fact all of the HEU may not be of the
same U-235 assay. Nevertheless, we can convert the results into 90% U-235 equivalence, in which
casc we can say that South Africa enriched HEU equivalent to the production of 714 1o 733 kg of
9% -enriched uranium.

Although not publicly revealed, we know from other sources the South African estimate
of the amount of depleted uranium tails from Y-plant operations, namely, 370,643 kg; and we will
use this in subsequent calculations. This figure also provides a useful check on the validity of our
assumption that the uncertainty in the tails assay dominated other uncertaintics, i.c., the validity of
equation (6). Rewriting equation (6), we estimate that

T = (S[XHIN1 - (XX M(EXs) (%)

“ Stumpf, “South Africa’s Limited Nuchear Deterrent Programme.” We infer that “actual discrepancy” is the difference
between the amount of 1-235 in the HEU, as calculated from the measured inventories and assinys of Lails, sorap, and
enrichment products, ofher than the weapons HEL, and the amount of U-X35 in the HEU on hand as measured

directhy,

* We infer this, since the 526 kg figure was pot reporied as being more than six times the “actual discrepancy.” The
“apiual discrepancy,” of course, could be even less than B8 kg



= 367,000 kg,
which agrees well with the 370,643 kg South African estimate.

The amount of HEU production also can be estimated directly from the tails inventory,
and the feed, product and tails assays. To do so we must first subtract the amount of tails
associated with start-up of the plant, i.e., bring the plant up to equilibrium condition, and
production of fuel for Safari-1 and the two Koeberg reactors.

Tails Withdrawal During Start-ups During start-up, tails are withdrawn prior to product
withdrawal. Consequently, some tails are produced with no associated product. The equilibrium,
or start-up, time for product withdrawal, ty, is defined as the number of days of equivalent
production lost during the approach to steady state.” The equilibrium time for tails withdrawal,
iy, is similarly defined. The difference in these two times, (Ip - t;), times the rate of tails
production at equilibrium, gives the amount of tails produced for which there is no associated
product. Benedict, Pigford, and Levi give approximate equations for the start-up times.* Their
approximation for tp is:

tp= _8h  f(XpXs), (10)
(1-a)

where h, the stage holdup time, is defined as the time it takes material to flow through one stage;
a is the stage separation factor; and [{XpX;) is a function of the product and feed assays. The
value of (1 - a) for Y-plant is 0.027, or greater-- an order of magnitude greater than that for
gaseous diffusion, (1 - a) = 0.003.* Unfortunately, we do not know h, the stage holdup time,

for the Y-plant. We have been told by U.S. enrichment experts that it could be quite large--larger
than that of a gaseous diffusion plant. We therefore assume that the start-up time for the Y-plant
is less than that of a gaseous diffusion plant producing HEU, but it may not be much less. It has
been reporied that Y-plant started up in Januvary 1978, and began producing HEU toward the end
of that year. But we do not know what fraction of this period was associated with gelling the bugs
oul of the system, and what fraction was bringing the plant up to equilibrium. Lacking better
information we assume the start-up period was 3 = 2 months.

Following the 1979 accident, the start-up process would have been repeated. We do not
know what fraction of the in-plant inventory was recovered and recycled. The accident has been
described as “catastrophic,” suggesting a large fraction of the in-plant inventory was not recycled.
We assume 1.5 £ 1.5 months of additional tails were produced during this second start-up. Taken
into account both start-up periods, we therefore assume 4 = 2 percent, or 15,000 = 7500 kg of

o Buwh,l'lp‘urd,and Lewi, Nuclegr Chemical Enginsering, pp. 67B-679.
* Ibid,, equation 12.204 on p. 681, and equation 12.209 on p. 682

* Ibid., p. 89S,
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tails were associated with production of in-plant inventory during which there was no product
produced ®

Had the Y-plant been devoted entirely to HEU production, after start-up it could have
produced about 1000 kg of 90%-enriched uranium.”

Fueling Safari-1 and the Koeberg Reactors: As noted above, in 1981 South Africa began
supplying 45%-enriched fuel for its Safari-I research reactor; and for an 11 month period
beginning in 1986 the Y-plant also produced 3.25%-enriched fuel for the Koeberg reactors.

Safari-I is a HEU fueled, light water-cooled, beryllium reflected, swimming pool type
rescarch reactor, which achieved first criticality in March 1965. Originally, its design capacity was
6.67 Mw,; however, the test reactor normally operates at 5 Mw,. In 1969 it was upgraded so that
the power could be increased to 20 Mw, for specific requirements. The core, composed of 22-28
fuel elements,™ has a critical mass of 1.521 kg U-235, and is loaded with 3.604 kg U-235 for 6.67
Mw, operations, and 3.357 kg for operating at 20 Mw, (fully Be reflected). The United States
supplied it with 87.8 kg of 93%-enriched uranium equivalent (81.6 kg U-235) between 1965 and
November 19752 As noted above, Safari-I's power level was cut back to 5 Mw, in 1977, and in
1981 South Africa announced it was producing 45%-enriched material for Safari-1, and it supplied
all of Safari-I's fuel requirements thereafter.

For operating at 5 Mw,, we estimate the annual fuel requirements are about one core, or
3.6 kg U-235/;™ while operating at 20 Mw, would require about 11 kg U-235/4.** This suggests
that berween 1969 and 1981, Safari-1 could have operated at 20 Mw,, or there about, for about
four years, cumulatively, without running out of United States supplied fuel. Assuming 80 kg of
45%-enriched fuel--an additional ten years supply for 5 Mw, operation of Safari-I-were produced
by the Y-plant after 1981, 6113 kg SWU and 13,975 kg of natural vranium feed would have been

¥ Afer start-up, the plant operated 114.5 * 2.5 mo. Therefore, the o star-up periods represent (4.5
+25)100{114.5£25)+(4.5225)] = 4+2 percent of the time. Four percent of the tails, ({370,643 kg)(0.04)=14,826
kg), rounds 1o 15,000 kg.

1 The production of 1016 kg of 0% -eariched product from natural uranium feed, leaves 355,643 I:]nfﬂ.-lﬁ'-‘?ﬁ-:u'hhnd
tails = 370,642 kg total - 15,000 kg assockated with star-ups.

% The core i in the form of a 98 grid. In 1963 jis design was reported as having 22 fuel clements, 5 control rods, 22
beryllium refiectors and 23 aluminum filler pieces; “Research Reactors,” International Atomic Energy Agency, date of
information o Safar-1: 1963, In 1990 i wes reported as having 28 fuel elements and six control rods; *One-Siop
Irradiation Services from the Saferi Material Test Reactor, Pelindaba, South Africa™ Atomic Epergy Corporation of
South Africa, Limined, 15490,

# Leonard 5. Specior, Muclear Proliferation Today, (New York: Vintage Books, A Division of Random House, 1984,
p2E1.

“w;ammea:aﬁﬁq'mdﬂ.&i,amﬂ burnap of #0 percent, and 1.23 g U-235 consumed/Mwd, thus, (365
dAD6SHS Mwi(1.23 gMwd)](3.604 gicore)(0.4)] = 1.0 coresly = 3.6 kghy.

“W:mmlblﬂmptﬂyﬁﬂﬂ'ﬂfﬂ.ﬁm to the additional refuelings, thus, (365 dy 0520 Mw){1.23
EMed)[(3357 ploore(0.4)] = 334 coresdy = 11.2 kgh.
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required, leaving 13,895 kg of 0.456%-enriched tails.* Attaching a 30% uncertainty to this
estimate, we assume 14,000 = 4200 kg of tails are associated with the production of Safari-1 fuel.

Subtracting the 15,000 = 7500 kg of tails associated with in-plant inventory production,
and 14,000 = 4200 kg associated with production of Safari-1 fuel, from the 370,643 kg total leave
341,643 % 8600 kg of tails that are assumed to have been generated by the production of HEU
for weapons and LEU for the Koeberg reactors.

Koeberg units 1 and 2, light water power reactors each with a design capacity of 922 Mw,,
started up in 1984 and November 1985, respectively. The core inventory or each reactor is 72 t of
LEU, enriched to 3.25% U-235. An annual fuel reload for each reactor is 24 L To [uel these
reactors, South Africa purchased 130 t of 3.25%-cariched LEU from Belgium, and another 130 t
from Switzerland. The Belgium and Swiss origin fuel would have been sufficient for the two initial
mrmnnddugannual reloads. An additional 60 t of LEU may have been purchased subsequently
from China.

Each tonne of 3.25%-enriched LEU requires 10,957 kg of natural uranium feed, 2962 kg
SWU, and leave 9957 ky of 0.456% tails.™ Alternatively, one tonne of 3.25%-enriched fuel
could be produced by blending 28.4 kg of %W%-enriched material with natural uranium, or 31.2 kg
of 90%-enriched material with depleted uranium (0.456% U-235). In either case, it is clear that in
the 11 months the Y-plant produced LEU for the Koeberg reactor fuel, it did not produce
anything close to one annual fuel reload.

In Table 1, we estimate the amount of %% -enriched HEU product as a function of [, the
fraction of the total Y-plant separative work devoted to the production of 3.25%-enriched fuel for
the Koeberg reactors. Since the Y-plant produced HEU only for about 101-106 months and
produced LEU for about 11 months, about 9.6 £ 0.2 percent of the separative work expended for
the two products appears to have been devoied to LEU production. Thus, from Table 1, about
838 = 22 kg of HEU (755 = 20 kg U-235) is estimated to have been produced.”™ As before, if
the U-235 inventory discrepancy is 88 to 105 kg, equivalent to 97 to 117 kg of 90%-enriched
HEU, then the quantity of HEU the South Africans presumably reported to the IAEA as being
on hand is estimated to be 731 = 24 kg (659 = 22 kg U-235).

* If Safari-1 had operated with 0% -enriched fuel, oaly one-hall the amoant of produet, 55 kg, would have been
required. This would have reguired approsimmately the same SWUE, feed, and taili--8839 kg SWLI, 19,296 kg of feed, and
19,256 kg of 0.456%-cariched talls, and therefore doss not &lfecl our calculations, Some of the Y-plant's W¥%-corched
procuct may have been produced to supply future Safari-l fuel requirements. Sinos it would be fungible with the HEU
allocated for weapons, we draw po distincibon. Some of the HEU from the now dismaniled weapons also may be
reserved for Safar fuel,

1 Mark Hibbs, Nuclear Fuel, July 25, 1988 reporied thal 8 West German middieman arranged for the export from China
t0 South Africa of 30  of 3%-coriched uranium and 30  of 27%-enriched urandum in the form of UF; Albright,
Berkhout, and Walker, World Imveriory of Ploominm and Highly Emrched Unoniion 1992, p. 189,

¥ For X, = 0325, X, = 000711, and X, = 000456, the ratio of feed 1o product (F/P) = 10.96, and the ratio of
scparainve work 1o produc (SWLLF) = 296

* The uncertainty adso takes into account the 2.5% uncertainty in the quantity of tails associated with production of the
HEL! for weapons and LEL fuel fior the Koeberg reactors.



The Inventory Difference:

The South African AEC estimated of the relative uncertainty (one standard deviation) in
the tails assay is 15.6 percent.® This, already large error in the tails assay, produces a
corresponding relative uncertainty in the calculated inventory of HEU product that is aboul twice
as large—-about 35 percent® The 95 percent confidence limits (two standard deviations) in the
calculated HEU product inventory is double again, + 70 percent. In other words, in calculating
the inventory of HEU that should be on hand, in order to compare it with what is actually on
hand, at best we can only say that there should be about 755 £ 526 kg of U-235 in the HEU. The
uncertainty is more than two-thirds the best estimate.

Presumably the South African government reported to the JAEA the amount of U-235 in
the HEU product that they had on hand. We estimate that this was was about 659 kg of U-235.
Clearly, a more accurale measurement of the tails assay would reduce the 526 kg uncertainty in
the calculated amount, and therefore would provide additional useful information to assess South
African AEC's claims that what they have is all that was produced; and that the difference
between the two figures, 755 kg and 659 kg, is “in the tails.” The South African AEC is implying,
of course, that a more careful analysis of the tails will lead to a higher tails assay and a best
estimate of the HEU inventory closer to what is reported to be on-hand, with a smaller
' uncertainty in the estimate. But from a purely statistical standpoint, reducing the 15.6%
uncertainty in the average tails assay, and therefore the 526 kg uncertainty in the calculated U-
235 inventory, could result in an average tails assay that is higher, or lower, and a U-235 inventory
that is lower, or higher; and therefore the “actual discrepancy” in the U-235 inventory could just
as readily increase, as decrease. To date, only South Africa knows for sure whether the U-235
inventory difference is “in the tails,”" or whether additional HEU was hidden away.

Conclusion:

Had the Y-plant produced only HEU for weapons, it could have produced about 1000 kg
of 90%-enriched wranium (900 kg of U-235). We estimate that some 6000 SWUs were used to
produce HEU fuel for the Safari-1 reactor--about 80 kg of 45%-enriched fuel, or perhaps about
half that amount of 90%-enriched material; another 13,700 to 15,000 SWUs were used to produce
4.6 t to 5.0 t of 3.25%-enriched fuel for the Koeberg reactors. The remaining separative work,
131,000 to 139,000 SWUs, was devoled to HEU production, We estimate that South Africa has
on hand 731 = 24 kg of 90%--enriched uranium. There is an additional inventory discrepancy of
B8 to 105 kg U-235 that the South #frican government claims is actually in the tails.

Lintle Bay, the gun assembly device dropped on Hiroshima by the United States, was
constructed with using about 50 kg of HEU eariched to about B0% U-235 (about 2.5 eritical

* 00007 1000456 = 0.1557, where 0.0071 & the one standard deviation uncertainty (the square rood of the variance),
and 0.00456 i the best estimate of the tails assay,

“ Found by plugging data from Table 1, into equation (7).
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masses), and had yield estimated from 12 to 15 k™ The estimated yield range of the South
Alffrican weapons is reported to have been 10 to 18 kt® We do not know the relative
effectiveness of the neutron reflector in the South African design compared to that used in Little
Boy. Consequently, we assume as much as 60 kg of 90%-coriched uranium may have been
required for each of the six gun assembly type weapons South Africa built, and the seventh that
was never completed. There was sufficient HEU production for an additional five weapons of
similar design. In addition, the inventory difference, or material unaccounted for, represents

" another two nuclear weapons worth. This inventory difference could be “in the tails,” as claimed

mmmmmummmmmmumu
somewhere else.

At the time the nuclear weapons program was dismantled, Armscor experts were
apparently working on more sophisticated implosion type weapons.® Assuming they could have
achieved 2-fold compression of the fissile material with a moderate reflector, only 12.5 kg of U-
235 would be required to construct an implosion weapon with a 20 kt yield.® Armscor eventually
would have been able to construct an arsenal of some 50 nuclear weapons from 731 kg of HEU
on hand.

The South African government should be applauded for dismantling its nuclear program
and joining the NPT. To resolve any lingering questions about the disposition of its weapon
material, it is in everyone's interest, including South Africa's, to have the IAEA, or the United
States, take up South Africa's offer to make a more accurate measurement of the enrichment tails
assay to determine whether the inventory discrepancy can be reduced.

“Thomas B. Cochran, Willism M. Arkin, and Milton H. Hoenig, Nuclasr Weapons Databook, Volume [ IS, Forces and
Capabiliries, (Cambridge, MA: Ballinger Publishing Company, 1984), p.32.

“ The Arms Control Reporser, May 1993, p. 455.B.78,
“ The Arns Control Reporter, May 1993, p. 455.B.82
* See Christopher E. Paine and Thomas B Cochran, “Strengihening Internationsl Controks on Military Applications of

MNuclear Energy,” Chapter 9 in Controlling the Atown fn the 215 Century, ediled by David P. O"Very, Christopber E Paine,
apd Dan W, Reicher, (Boulder: Wesnview Presa, in press, 1993).
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TABLE 1
Range of HEU and LEU production levels at the South African
Y-plant, assuming 90% anriched HEU and 3.25% enriched LEU

1 HEU LEL Fead SWU
SWU o SWU oy, | Total | U235 SWls Total uza | swWus Total
(k) (k) (kg) (kg) (kg (10+1] () (k@)

0.000 476 878 156 806 1] 1] 0] 32619 156,806

0.050 902 Bi2 145,060 2517 B4 7633 | 512 162664

0.094 B4 TET .| 1351M 4,734 154 | 14,004 | 34T218 149,195

0,098 B38 755 134,734 4,830 157 | 14,308 | 347311 149,042

0.098 836 752 134 297 4,925 160 | 14591 | 347404 148 BER

0.150 TET 890 123,253 7342 gam | 21,750 | 349,752 145,003

0.200 TO4 634 113,163 8,550 30 | 2281 | 351897 141,454




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


