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In the 1970s and early 1980s, the United States Government released data on the his-
tory of its purchases of natural uranium, the amount of separative work done by U.S.
uranium enrichment plants, and the fission energy released by U.S. production reac-
tors. These data provided the basis of nongovernmental estimates in the 1980s of U.S.
production of plutonium and highly enriched uranium. In 1996 and 2006, the United
States published reports on its historical production of plutonium and highly enriched
uranium respectively. This article presents a first rough analysis of the two sets of data
and finds that they are reasonably consistent.

The United States was the first country to produce highly enriched uranium
(HEU) and plutonium for weapons. In 1996 and 2006, it published official re-
ports on its historical production and use of these materials, based on data in
the national Nuclear Material Management and Safeguards System:

e Highly Enriched Uranium: Striking a Balance,! and
e Plutonium: The first 50 years.2

The sites at which the U.S. produced HEU and separated plutonium for
military purposes are shown in Figure 1.

According to the HEU declaration, cumulatively, the United States pro-
duced at Oak Ridge, Tennessee and Portsmouth, Ohio a net of about 850
tons of HEU containing about 750 tons of uranium-235. Production of HEU
for weapons ended in 1964 just before the U.S. nuclear-warhead stockpile
peaked at over 30,000 weapons.? Subsequently, each generation of U.S. nuclear
warheads used HEU recycled from the previous generation. Additional HETU,
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Figure 1: U.S. HEU and plutonium production sites.

enriched to more than 96 percent in uranium-235, was produced for naval-
reactor fuel, however, through 1992. The availability of huge quantities of
weapon-grade uranium from excess Cold War weapons then made unneces-
sary further production of HEU for this purpose as well.

According to the plutonium-production declaration, the nine U.S.
plutonium-production reactors at the Hanford site in Washington State pro-
duced cumulatively 67 tons of plutonium and the five reactors at the Savannah
River site in South Carolina 36 tons. Production peaked in 1964. Nine of the
fourteen production reactors were shut down between 1964 and 1971. The last
was shut down in 1988.

This article reports the positive results of rough consistency checks of the
U.S. HEU and plutonium-production declarations with information released
by the U.S. Government in the 1970s and early 1980s, respectively, the:

e Annual enrichment work done in the U.S. enrichment complex, and the

e Fission heat generated annually by U.S. production reactors.

It also reports good consistency between the amount of uranium purchased
by the U.S. Government during the period 1944—-71 and the calculated quan-
tities of uranium-235 required for the reported production of HEU and pluto-
nium, if the reported residual stocks of natural and low-enriched uranium at
the end of the Cold War are taken into account.
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These consistency checks are derived from non-governmental estimates of
U.S. HEU and plutonium production done in the 1980s, long before the govern-
ment declarations became available.*

Highly Enriched Uranium (HEU)

Natural uranium contains about 0.72 percent of the chain-reacting iso-
tope uranium-235 mixed with non-chain-reacting uranium-238. Uranium “en-
riched” to more than 20 percent in uranium-235 is considered weapon-usable
and is designated “highly enriched uranium” or HEU. HEU was first produced
for the Hiroshima bomb, which contained about 60 kg of uranium enriched to
80 percent.

During 1945-47, a little over a ton of HEU was produced by electromag-
netic separation at the Manhattan Project’s Y-12 plant near Oak Ridge, Ten-
nessee. The focus of U.S. HEU production shifted quickly, however, to two
huge gaseous diffusion plants (GDPs), one at Oak Ridge, Tennessee and one
at Portsmouth, Ohio (Table 1).°

The Oak Ridge GDP, whose construction began during World War II,
produced HEU for weapons until 1964 when the U.S. stockpile of warheads
peaked. Thereafter, it produced only low-enriched uranium for nuclear power
plant fuel until 1985.

The Portsmouth GDP started production in 1956 and also ended HEU pro-
duction for weapons in 1964. However, it began to produce HEU that was even
more highly enriched, to an average of 97.4 percent, for naval-propulsion reac-
tor fuel. Cumulatively, 164 tons of this super-grade uranium was produced for
naval-reactor fuel at a net average rate of about 6 tons per year. This ended
in 1992, when huge quantities of excess weapon-grade HEU (greater than
90 percent enriched) became available from the first post-Cold War downsizing
of the U.S. weapons stockpile. Future U.S. naval reactors are being designed to
be fueled with this uranium.®

Table 1: The enrichment plants that produced U.S. HEU. Source: U.S. Department of
Energy, "Highly Enriched Uranium: Striking a Balance.”
. ________________________________________________________________________________________________________|

Peak Annual
Isotope Separation Period of Production
Site Technoloyy HEU Production (uranium-235 in HEU)
Oak Ridye, Electromagynetic 1945-47 About 1 ton but
Tennessee mostly re-fed
Oak Ridye, Gaseous diffusion 1945-64 37 tons/yr in 1958-62
Tennessee
Portsmouth, Gaseous diffusion 1956-92 39 to 40 tons/yr

Ohio in 1960-62
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Figure 2: History of net U.S. production of HEU by site (fons/year uranium-235 content). The
data are stacked, i.e., the upper curve is the total HEU production. Based on U.S.
Department of Enerygy, “Highly Enriched Uranium: Striking a Balance.”

Figure 2 shows the history of declared net U.S. HEU production, measured
by its contained uranium-235 by site and by year. The HEU is measured by
its uranium-235 content because that determines the value of the HEU and
also is a good measure of the separative work that was required to produce the
HEU.

Consistency with Historical Separative Work

In the 1970s and early 1980s, the U.S. government made public the his-
tory of annual enrichment work done by the U.S. enrichment complex and the
amount of uranium-235 left in the associated depleted uranium (Figure 3).8
Shown also in Figure 3 is the amount of enrichment work that would be re-
quired to account for the annual HEU production reported in “Highly Enriched
Uranium: Striking a Balance,” plus the small requirements for re-enriching
the fuel used for annual U.S. plutonium production as reported in “Pluto-
nium: The first 50 years.” The calculations are approximate, most importantly
because U.S. HEU production and re-feed have been approximated as two
streams with average enrichments in the ranges 20-70 and 70-100 percent.
It will be seen, however, that the match is reasonably good until about 1964,
when the United States began to produce large quantities of low-enriched ura-
nium for power reactors.
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Figure 3: U.S. reported historical enrichment work and the amount that can be accounted
for by U.S. production of HEU and re-enrichment of natural uranium used to fuel
plutonium-production reactors. Source for historical and enrichment work and depleted
uranium essay: James H. Hill and Joe W. Parks, U.S. Energy Research and Development
Administration.

Plutonium

The first significant quantities of plutonium produced in the United States
were used in the nuclear explosive that was tested in New Mexico on 16 July
1945 and the bomb based on that design that was detonated over the Japanese
city of Nagasaki on 9 August 1945. This plutonium was produced by the first
three graphite-moderated, water-cooled reactors built on what is now the De-
partment of Energy’s (DOE’s) Hanford site on the Columbia River in Washing-
ton State. An additional six such graphite-moderated production reactors were
later built at Hanford and five productions reactors moderated and cooled by
heavy water were built on the Savannah River Site in South Carolina (Table 2
and Figure 4).° In addition to plutonium, the Savannah River reactors were
used to produce tritium, the 12-year half-life heavy hydrogen isotope used to
“boost” the yield of the fission triggers in modern weapons.!°

Eight of the nine Hanford production reactors were shut down perma-
nently between 1964 and 1971—the period during which the U.S. nuclear
stockpile peaked. The Hanford N-reactor continued to operate during 1971-82,
primarily to produce electric power, with fuel-grade plutonium for the U.S.
breeder-reactor program as a byproduct. In 1983, in response to plans by the
Reagan Administration to increase the size of the U.S. stockpile, the N-reactor
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Table 2: U.S. production reactors and their periods of operation. Source: U.S.
Department of Energy: "Plutonium: The first 50 years.”
. _________________________________________________________________________________________________________|]

Dates of Savannah Dates of

Hanford Site operation River Site operation
B-reactor 1944-68 R-reactor 1953-64
D-reactor 1944-67 P-reactor 1954-88
F-reactor 1945-65 K-reactor 1954-92
H-reactor 1949-65 L-reactor 1954-88
DR-reactor 1950-64 C-reactor 1955-85
C-reactor 1952-69
KW-reactor 19565-70
KE-reactor 1955-71
N-reactor 1963-87
Peak site plutonium 2.1 tons (1964)

production rate:

5.3 tons (1965)

was shifted back to producing weapon-grade plutonium but was shut down in
1987, after the 1986 Chernobyl accident provoked concerns about its lack of an
accident-containment building.!! Four of the five Savannah River reactors con-
tinued to operate into the 1980s primarily to produce tritium. Today, tritium
for U.S. nuclear weapons is produced in power reactors.!?
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Figure 4: Declared historical production of U.S. plutonium af the two U.S.
plutonium-production sites. The data are stacked, i.e., the upper curve is the total plutonium
production. Source: U.S. Department of Energy: “Plutonium: The first 50 years.”
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All of the plutonium produced by the Savannah River reactors was
“weapon-grade” (relatively pure plutonium-239 containing less than 7 per-
cent plutonium-240), but 12.9 tons of the Hanford plutonium was not weapon-
grade. This includes 4 tons of plutonium that was never recovered from irradi-
ated N-reactor fuel.

The Hanford reactors were used to produce on the order of a ton of
uranium-233 and some tritium on an experimental basis,! but the great pre-
ponderance of their output was plutonium. The Savannah River reactors were
fueled much of the time by HEU “driver fuel” and were used to produce tri-
tium as well as plutonium. They also produced smaller amounts of uranium-
233, americium-242, curium-244, polonium-210, cobalt-60, plutonium-238,
plutonium-242, and californium-252.14

Consistency with Historical Fission-heat Production

In the mid-1980s, the Department of Energy published data on the ther-
mal output of the Hanford and Savannah River production reactors for the
period 1951-1971 and T. B. Cochran et al., in U.S. Nuclear Warhead Produc-
tion, obtained from the DOE data for 1955-1984. This information can now
be compared with the annual plutonium production figures reported in “Pluto-
nium: The First 50 Years.” It has been assumed that the plutonium production
is associated with the reactor power output half a year earlier, i.e., that cooling
of the irradiated uranium and reprocessing took six months. Figure 5 shows
the ratio of reported cumulative production of weapon-grade production to the
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Figure 5: Cumulative production of plutonium divided by cumulative fission heat release for
the first eight Hanford production reactors during 1944-1963 and the Savannah River
reactors during 1955-84. It has been assumed that the plutonium was separated six months
after being produced. The large ratio early on for the Savannah River reactors is probably an
artifact associated with the inaccuracy of this assumption, which has only a small effect in
later years. Source: Author’s calculations.
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reported cumulative fission heat output for the Hanford and Savannah River
production reactors as a function of time during these periods. The ratio be-
comes more insensitive to the assumed time delay as one moves to the right,
i.e., as the cumulative sums in the numerator and the denominator cover more
years. At the latest dates shown, the ratios for the original eight Hanford re-
actors in 1963'® and the Savannah River Reactors in 1984 settle down respec-
tively to about 0.9 tons and 0.57 tons of plutonium per terawatt-day (TWt-day)
of heat produced.

Glaser has calculated that 0.87 tons of weapon-grade plutonium contain-
ing 94 percent plutonium-239 would be produced per TWt-day in the Hanford
reactors.'® The cumulative ratio for the production of weapon-grade plutonium
shown in Figure 5 for Hanford in 1963 is reasonably close to his estimate.!”
The plutonium production rate of the Savannah River reactors should be com-
parable. The fact that their cumulative plutonium production was lower by
about 0.3 tons per TWt-day is due primarily to the fact that a large fraction of
their excess neutrons were used instead for the production of tritium.8

Uranium Purchases

Figure 6 shows U.S. Government purchases of natural uranium by year. A
total of 250,000 metric tons of uranium containing about 1800 tons of uranium-
235 was purchased.!

The United States ended the Cold War with some of the uranium-235 in
unused natural and low-enriched uranium. In 1985, a DOE official testifying
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Figure 6: U.S. Government purchases of natural uranium. Source: T. B. Cochran et al.
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on U.S. enrichment operations stated that the department had an inventory of
natural and enriched uranium equivalent to 41,600 tons of natural uranium
and 16.5 million separative work units (SWU).2° The natural uranium equiva-
lent would have contained about 300 tons of uranium-235. The DOE went on,
however, to produce during the period 1986-1992, HEU containing 34 tons of
uranium-235, which would have been accompanied by 18 tons of Uranium-235
in depleted uranium, assuming a depleted uranium assay of 0.25 percent.?!
This would leave about 250 tons of Uranium-235, equivalent to 35,700 tons of
natural uranium, in DOFE’s inventory. This inventory was later mostly sold or
given to the U.S. Enrichment Corporation (USEC).22

In addition to this stockpile of natural and low-enriched uranium (LEU)
at its uranium-enrichment facilities, the DOE ended the Cold War with a
stockpile of natural and low-enriched uranium in the fuel cycles of the Han-
ford and Savannah River production reactors. Of this material, 2,159 tons of
the LEU was at DOE’s shutdown Fernald (Uranium) Feed Materials Produc-
tion Center (2,155 tons in the enrichment range of 0.82 to 1.25 percent and
4 tons averaging about 5 percent enriched) and 1,462 at the DOE’s Hanford
plutonium production site (865 tons with an enrichment of 0.95-1.25 percent,
450 tons with an average enrichment of 0.86 percent, and 147 tons of nat-
ural uranium).?? This uranium therefore contained an additional 35 tons of
uranium-235. Also, assuming that the 2,100 tons of spent N-reactor fuel at
Hanford had an average enrichment of one percent, it would contain about 20
tons of uranium-235. The total amount of uranium-235 in these plutonium-
production reactor fuel cycle residuals therefore would be about 55 tons. This
information is summarized in the top of Table 3.

Table 3: Uranium-235 acquired by the U.S. Government in natural uranium less the
amount remaining in natural and low-enriched uranium at the end of the Cold War
compared with the estimated amount required for HEU and plutonium production

(metric tons).
. _________________________________________________________________________________________________________________|

Acquired 1800
Remaining in natural and low-enriched uranium
in the production-reactor fuel cycle 55
in the enrichment complex 250
Net amount used 1495
Requirements
In HEU product 750
Consumed in natural and slightly-enriched 100

production-reactor fuel
In depleted uranium
from HEU production 550
from production of natural and slightly-enriched 69
production-reactor fuel
Total requirements 1469




10 von Hippel

Table 3 also provides estimates of the U.S. requirements of uranium-235
for HEU and plutonium production and the estimated associated amounts of
uranium-235 in depleted uranium. The agreement between the amount ac-
quired and the amount used is better than should be expected, given the
uncertainties involved. Below, we provide the basis for the entries in Table
3 listed under “requirements.”

In HEU Product
We have seen above that 750 tons of uranium-235 ended up in U.S. HEU.

Consumed in Natural and LEU-fueled Plutonium Production Reactors

The nine Hanford reactors produced 54.5 tons of weapon-grade (and
12.9 tons of fuel-grade) plutonium. If we use the production rate of 0.9 tons of
plutonium per TWt-day for weapon-grade plutonium (0.7 tons for fuel-grade
plutonium),?* the associated release of fission heat would have been about
60 (18 TWt-days). About 5 (3) TWt-days of this fission heat would be from
the fission of plutonium-239.25 Assuming one ton of fission per TWt-day, the
amount of uranium-235 fission in weapon-grade (fuel-grade) plutonium pro-
duction then would be 55 (15) tons. Taking into account the fact that 0.18 atoms
of uranium-235 are converted to uranium-236 for every atom of uranium-235
fissioned, the total amount of uranium-235 consumed in producing the Han-
ford weapon-grade and fuel-grade plutonium would have been about 80 tons.

The uranium-235 consumed in HEU fuel in the Savannah River produc-
tion reactors is already included in the HEU production above. The Savannah
River reactors were fueled with natural or low-enriched uranium, however,
during plutonium-production campaigns until 1968,%6 by which time they had
produced 17.4 tons of weapon-grade plutonium. Assuming a production rate of
0.9 tons of plutonium per TWt-day, this would account for the consumption of
an additional 18 tons of uranium-235.

The total amount of uranium-235 consumed in natural and slightly en-
riched uranium during the production of U.S. plutonium would therefore have
been about 100 tons.

In Depleted Uranium

Much of the uranium-235 in the natural uranium bought by the United
States went into depleted uranium.

From HEU Production. With the historical net production of HEU and
the historical assay of depleted uranium shown in Figure 3, the amount of
uranium-235 in depleted uranium associated with U.S. HEU production would
be 550 tons.

From the Enrichment of Natural and Slightly Enriched Production-reactor
Fuel. For the production of weapon-grade plutonium containing 5 percent
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Plutonium-240 in a graphite-moderated reactor, natural-uranium-fuel is
irradiated until about 700 MWt-days of fission energy have been released per
ton of uranium.?” As noted, about 0.9 metric tons of weapon-grade plutonium
were produced per TWt-day of fission-energy release (Figure 5). Approximately
1 TWt-day of energy is released per ton of uranium-235 and plutonium-239 fis-
sioned and approximately 0.18 tons of uranium-235 is converted to uranium-
236 for every ton of uranium-235 fissioned. However, some of the fission is of
plutonium. For every plutonium-239 atom that captures a neutron and be-
comes plutonium-240, about two plutonium-239 atoms fission.?® Taking all
these considerations into account, for every ton of weapon-grade plutonium
produced, about 1600 tons of uranium would have been irradiated and its en-
richment would have been reduced by 0.08 percent. Assuming that the ura-
nium was re-enriched up to 0.72 percent and using the historical U.S. depleted-
uranium assay at the time (Figure 3), about 6 million SWUs of enrichment
work would have been required and an additional 64 tons of uranium-235
would have ended up in depleted uranium as a result of the re-enrichment
of the irradiated uranium from production of 54.5 tons of weapon-grade pluto-
nium at Hanford plus the 17.4 tons at Savannah River produced through 1968,
before the Savannah River reactors were fueled with HEU.2?

With regard to the production of fuel-grade plutonium, T. B. Cochran et al.
state that the N-reactor fresh fuel had an average enrichment of about 0.99
percent Uranium-235 and, when operating in the fuel-grade-plutonium pro-
duction mode, the average discharge enrichment was 0.77 percent.?? This cor-
responds to a fission energy release of 1.9 MWt-days/kg and the production of
1.44 grams of plutonium per kg.?! Re-enriching the fuel to 0.99 percent for an
average depleted uranium assay of 0.23 percent uranium-235 would result in
0.3 atoms of uranium-235 ending up in the depleted uranium per Uranium-235
atom consumed and therefore about 5 tons of Uranium-235 in the associated
depleted uranium.
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