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Introduction and Summary
Much of the discussion regarding the dangers of Iran’s nuclear program related to the so-called
breakout time i.e. the time that would be required for Iran to use its centrifuge enrichment
facilities and its stocks of low enriched uranium to produce the highly enriched uranium (HEU)
needed to manufacture nuclear weapons. For uranium to be enriched in a centrifuge, its
chemical form must be uranium hexafluoride. It is well-known that for the HEU to be used in a
nuclear weapon, it must first be converted into uranium metal and shaped into either a sphere or
a cylinder depending on the nuclear weapon design.
Those who wished to downplay the Iranian nuclear threat claimed that the conversion time
would be quite long. Iran itself published an estimate of six months.2 While such an estimate
would seem to be self-serving, a group of U.S. and Russian “technical experts” also published a
six month estimate.3 Others, while not being specific, clearly believed that the conversion time
would be long.
However, an examination of the historical record shows that conversion times as long as six
months are quite implausible. The Chinese began producing the HEU for its first nuclear test on
January 14, 1964, yet only three and one half months later, on May 1 “the nuclear core for the
bomb was ready.”4 The actual conversion time would have been much shorter, since most of this
time would have been taken up enriching sufficient HEU for the test device.5
Further, the Chinese were in no particular hurry to test a nuclear weapon in contrast to a breakout
from safeguards where time would be of the essence.6 To gain a better idea of what the
minimum time might be, it is necessary to look at the U.S. experience in World War II where
every effort was being made to produce nuclear weapons as quickly as possible.
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This paper contains a history of the Manhattan Project as it relates to the issue of fissile material
conversion times. The production of the HEU for the Hiroshima weapon was the bottleneck
delaying the production of the finished weapon. The HEU for this weapon was being produced
at late as July 15, 1945, yet the HEU metal components (64.15 kilograms of approximately
82.5% enriched uranium) were ready on July 24, only nine days later. The HEU metal
components would need to be mated to the rest of the weapon but this procedure would require
only a few hours.
This history also provides insight into the process wastage i.e. how much extra fissile material a
country would need to actually produce the required metal components given that in the
manufacturing process some of the material would not windup in the final weapon’s
components.7 The International Institute for Strategic Studies had claimed that Iran would need
50% more HEU than was used in the final nuclear core.8 However the amount of HEU available
to the Manhattan Project on July 15, 1945 indicates that such wastage could have been no more
than 6%.
This history also provides insight into the time required to convert plutonium from the nitrate
that is the product of a reprocessing plant into the metal sphere needed for a nuclear weapon. In
the case of plutonium there was sufficient material for the weapon but there was a little-known
last minute change from using a pure plutonium metal core to one that was a plutonium metal
alloy.9 The critical mass of this plutonium alloy was only determined on June 24, 1945, yet the
core for the Alamogordo test was finished by July 1, only a week later. The increased size of
this alloy core would have also required changes in other components of the weapon but the nonnuclear components of the test device were ready by July 12. The wastage for the three
plutonium cores that were produced by the end of the war was no more than 3%.
Published critical mass data show that the core of the Nagasaki weapon contained 6.15 kilograms
of plutonium10 and if 93.9% enriched HEU were used in this device, it would contain 20.5
kilograms. Using the Manhattan Project’s actual upper limit for the wastage would produce
estimates of the “significant quantities” (as defined by the International Atomic Energy
Agency—IAEA) of only 6.3 kilograms of plutonium and 21.7 kilograms of HEU (20.4
kilograms of U-235). This confirms what others have stated, that even for the simple Nagasaki
design, the IAEA’s values for “significant quantities” (eight kilograms for plutonium and 25
kilograms of U-235) are too high.
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Manhattan Project’s Production of Nuclear Weapons
In December 1942, President Roosevelt approved a large scale effort to produce nuclear
weapons. There were two way to produce the fissile material needed for such weapons. One
required the production of HEU by enriching the U-235 content of uranium from its natural
concentration of 0.7% to 80% or more. The other involved the production of plutonium (mainly
Pu-239) by irradiating natural uranium in reactors and then chemically separating the resultant
plutonium from the spent fuel. Since the U.S. development of nuclear weapons, all other
countries aspiring to acquire nuclear weapons have initially focused their efforts on the
production of only one or the other of these two fissile materials but the U.S., having abundant
resources and facing the large uncertainties of being the first country to develop such weapons,
pursued the production of both fissile materials simultaneously.
To produce HEU the Manhattan Project relied mainly on two methods, calutron and gaseous
diffusion. In a calutron electrically charged uranium atoms are vaporized in a vacuum and sent
on a curved path in a magnetic field. The mass difference between U-238 and U-235 leads to
different paths and thereby enrichment of the uranium. To produce HEU would require two
enrichment steps, Alpha and Beta. An Alpha calutron would take natural uranium and produce
about 12% enriched uranium, the Beta calutron would take the 12% enriched uranium and
produce HEU in the range of 70% to 90%. Over one thousand calutrons would be used by the
Manhattan Project.
In the gaseous diffusion process uranium in the form of gaseous uranium hexafluoride would
diffuse through a porous material. Each diffusion step would lead to a slight enrichment of the
uranium so to produce HEU several thousand stages would be needed. When difficulties
delayed both of these enrichment processes, thermal diffusion was used as well. This process
produced relatively small amounts of enrichment by circulating gaseous uranium hexafluoride in
the annulus formed by one pipe inside of a second pipe. The interior pipe was heated by steam,
while the exterior of the second pipe was cooled with water.
To operate a nuclear reactor with natural uranium fuel to produce plutonium, a moderator of
either graphite or heavy water must be used. The Manhattan Project used graphite reactors. It
built a small experimental reactor, the X-10 in Tennessee and three large plutonium production
reactors (B, D, and F) at Hanford in Washington State. Also built at Hanford were the
precipitation based reprocessing plants need to separate and purify the plutonium.
The detonation of a nuclear weapon requires the generation of a supercritical mass of fissile
material. There are two ways to produce this supercritical mass. One is the gun method where
one subcritical mass of fissile material is fired as an artillery projectile into another subcritical
mass of fissile material, producing the necessary supercritical mass and nuclear explosion. The
other is the implosion method where a subcritical mass of fissile material is surrounded by high
explosives. These explosives are detonated simultaneously compressing the fissile material. The
reduced surface area of the compressed fissile material causes it to become supercritical. From
the beginning it was recognized that of the two methods, implosion was the superior one as it
would permit more efficient use of fissile material in nuclear weapons. However, in 1943 no one
knew how to make this method work and it was decided to focus the main effort of research on
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the gun method which involved the utilization of well-developed conventional artillery
technology.
There was one problem with the gun method. It produces a supercritical mass relatively slowly
compared to the implosion method. If a stray neutron were to start a chain reaction too early, the
weapon would predetonate and produce less (perhaps far less) than its design yield. The main
source of neutrons was expected to be the result of the reaction of alpha particles (produced by
the decay of U-235 or Pu-239) with light element impurities in the fissile material. For U-235
this was not much of a problem. With a 700 million year half-life, it produces alpha particles at
a relatively low rate—resulting in a similarly low rate of neutron production.
For the plutonium gun weapon this problem was more serious. Pu-239 has a 24,000 year halflife and produces alpha particles at a 30,000 times higher rate than does U-235. To deal with this
problem it was planned to build a special high velocity gun and at the same time to rigorously
purify the plutonium so as to greatly reduce the amount of light element impurities. It was hoped
that these two measures would be enough to make a plutonium gun nuclear weapon feasible.
In 1943 very little plutonium actually had been produced. Indeed plans to build large plutonium
processing facilities at Hanford were based on less than one milligram of plutonium that had
been produced in the Berkeley cyclotron. This plutonium was almost pure Pu-239.
In the spring of 1944 tens of grams of plutonium became available from the experimental X-10
reactor. Tests on this material showed that reactor produced plutonium (using nuclear reactors
was the only way to produce large amounts of plutonium) would inevitably contain significant
amounts of Pu-240. Further tests showed that this Pu-240 would produce large numbers of
neutrons through spontaneous fission.11 The number of neutrons so produced would greatly
exceed the number produced by alpha particle reactions with light element impurities. As a
result in July 1944 it was necessary to abandon the development of the plutonium gun weapon
though the development of the HEU gun weapon continued. I will discuss the development of
these two types of weapons separately.
HEU Weapons
With the abandonment of the plutonium gun weapon, the development of an HEU gun weapon
was greatly simplified. The special high velocity gun being developed for plutonium was
pushing the limits of artillery technology. However, the much lower rate of alpha particle
production from HEU meant that the requirements for the gun system were relaxed and could be
easily met using existing gun technology. Natural uranium metal could be used as a perfect
stand-in for HEU and used to tested prototype gun weapons. By the end of 1944, there was no
doubt that a gun type HEU nuclear weapon could be produced as soon as sufficient HEU was
available.
An approximate curve of HEU production for the Manhattan Project published in the 1960s
shows that the Hiroshima weapon contained about 50 kilograms of U-235 in uranium that was
enriched somewhere between 63% and 89% i.e. between 79.4 kilograms and 56.2 kilograms of
11
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total uranium respectively12. Information published in the 1980s indicated that the uranium was
in the shape of a cylinder.13
Coster-Mullen has published more detailed information about the weapon which indicates that
the Hiroshima weapon contained 64.15 kilograms of uranium (as we will see the enrichment was
about 82.5% which would be about 52.9 kilograms of U-235).14 Coster-Mullen has also
published detailed information regarding the production of the HEU.15
The production of HEU started in June of 1944 using the calutron method but its production rate
was very slow and only gradually improved. By the end of 1944 only 9.4 kilograms of 76%
enriched uranium had been produced. There was a major problem finding the proper material to
produce the gaseous diffusion barriers and the plant only started very limited operation in
January 1945. In the first part of 1945 additional sections of the gaseous diffusion plant began
operation and the amount and degree of enrichment increased. However, it was decided to limit
the gaseous diffusion plant to less than 50% enrichment and have HEU produced only by the
Beta calutrons. By February 1945 the thermal diffusion plant was also in operation. Although it
only produced 0.87% enriched uranium, this 25% increase (compared to 0.71% in natural
uranium) in the U-235 concentration lead to a similar increase in the HEU production rate.
By mid-April 1945 about 30 kilograms of HEU enriched to an average of about 80% had been
produced which was sufficient to directly determine the critical mass of HEU. Published data
gives the critical mass as 27.8 kilograms of 78.7% enriched uranium in a thick uranium
reflector.16 By early July 1945 the non-nuclear components of the Hiroshima weapon along with
the 38.5 kilograms of HEU in the projectile component were finished and loaded on to the
cruiser Indianapolis. With the successful nuclear test at Alamogordo on July 16, the Indianapolis
departed San Francisco and delivered these weapon components to Tinian on July 26.
But there was not yet sufficient HEU for the additional 25.6 kilograms required for the target
component needed to complete the weapon. From the production data it is clear that 64.15
kilograms of HEU were not produced until around July 8. Hawkins implies that the production
for the Hiroshima weapon continued until July 15 at which time 67.8 kilograms of HEU with an
average enrichment of 82.5% had been produced. Yet by July 24, only nine days later, the final
HEU components of the Hiroshima weapon were completed.
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On July 26 the parts of the HEU target were flown to Tinian in three separate aircraft. They
arrived during the night of July 28-29 and by July 31, only two days later, the weapon was ready
for combat use.17 Due to weather, it was not dropped on Hiroshima until August 6.
As was noted, the average enrichment of the HEU produced up to July 15 was 82.5%. If the
weapon was produced excluding the 3.7 kilograms with the lowest enrichment then the average
HEU enrichment in the weapon would have been 83.0%. If it were produced excluding the 3.7
kilograms of HEU with the highest enrichment, then the HEU in the weapon would have had an
average enrichment of 82.1%. Therefore the average enrichment of the HEU in the Hiroshima
weapon was between 82.1% and 83.0% with the mid-range of 82.5%. This enrichment is
significantly less than the at least 90% figure often cited as being necessary for a nuclear
weapon.
After the Hiroshima weapon had been used, the Nagasaki weapon was used on August 9 and a
second plutonium weapon would have been used in August had the war not ended. On July 30
General Groves provided a schedule for nuclear weapon production for the rest of 1945.18
Groves expected there would be three to four weapons available in September, one of which
would be a U-235 weapon. Since the rate of HEU production was insufficient to produce an
additional 64.15 kilograms of HEU by September it is clear that additional HEU weapons would
have used the implosion method.
In October there would have been another three to four weapons available, one of which would
have been an HEU implosion weapon. Groves indicates that the yield of the implosion HEU
weapons in September and October would have been only two-thirds that of the plutonium
implosion weapons. It was expected that in November at least five weapons would be available
and that the yield of the HEU implosion weapons would be equal to that of the plutonium
implosion weapons. In December seven weapons would have been available with increasing
numbers in 1946. Clearly, had the war not ended, Japan would have faced a sustained and
increasing nuclear bombardment. Only four Japanese cities had been set aside for nuclear attack
so it is not totally clear what other targets would have been struck.
Groves did not state why the HEU implosion weapons in September and October would have
had lower yields. The most likely reason is that these weapons would still have used uranium
with an enrichment of less than 90% and the improved yields from November on would have
been the result of using HEU with a higher enrichment. Critical mass data has been published
for 93.9% enriched HEU in a Nagasaki weapon.19 The critical mass is 21.5 kilograms. Since the
plutonium in the Nagasaki weapon was 95.2% of critical, a similar HEU loading would be 20.5
kilograms. (See discussion in plutonium weapon section).
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Plutonium Weapons
In August 1944, Los Alamos was reorganized to attack the problem of creating the implosion
weapons needed to utilize plutonium. By February 1945, less than seven months later, a design
for such a weapon had been selected.20 It would take until July 1945 before this design could be
converted into an actual weapon.
The small X-10 reactor had produced tens of grams of plutonium by the spring of 1944 but to
produce the kilograms of plutonium needed for weapons, the three plutonium production reactors
(the B, D and F) at Hanford would need to start operation. The B reactor went critical in
September 1944 but it soon became clear that the reactor could not operate at anywhere near its
intended power level. The problem turned out to be caused by a fission product (Xe-135) which
has an unusually large neutron capture cross section.
The design for the reactor as called for by the Manhattan Project physicists specified 900 fuel
channels but fortunately the DuPont engineers who built the reactor had conservatively included
2,004 fuel channels. The initial operation of the reactor in September had utilized only 900 fuel
channels but by increasing the number of fuel channels in increments to the full 2,004 it was
possible for the reactor to achieve sustained fuel power operation though this did not occur until
December.21 The D reactor went critical in December and thanks to the work at the B reactor,
the D reactor was able to achieve sustained full power operation only a few weeks after it went
critical. The F reactor went into sustained full power operation in February 1945.22 The fuel in
each reactor would have to be irradiated for at least several months to allow the concentration of
plutonium to build up. After the fuel was discharged from the reactor, the radioactivity would
have to be allowed to decay for two months before the plutonium could be extracted. Never-theless it was only a matter of time before the quantities of plutonium needed for weapons could be
produced.
Once the plutonium arrived at Los Alamos it would have to be fashioned into metallic
hemispheres but producing these metallic hemispheres would turn out to be a key problem due to
the unusual metallurgical properties of plutonium. A major part of these metallurgical problems
was due to the allotropes of plutonium.
Many elements form allotropes, which are different crystal structures of the same substance. For
example both graphite and diamonds are nothing but pure carbon but due to different crystal
structures they have very different properties. Many metals form allotropes but unlike carbon,
which is very difficult to change from one allotropic form to another, metals can easily change
allotropic forms as the temperature is increased or decreased. Each metallic allotrope is stable
over a certain temperature range. By convention metallic allotropes are designated by Greek
letters with alpha being the lowest temperature form, beta the next highest and so on.
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For example, Table 1 shows the three allotropic forms of uranium.23 Alpha phase uranium is
stable below 662 oC. At the transition point from alpha to beta phase the density of uranium
drops by about 0.5%. At 772 oC uranium changes from beta to gamma phase and the density of
uranium drops by 0.7%. Uranium melts at 1,100 oC. The phase change from alpha to beta limits
metallic uranium reactor fuel to temperatures lower than 662 oC. The physical properties of
uranium also vary with allotropic form with gamma phase being the most easily worked of the
three phases.
Table 1
Allotropic Forms of Uranium
Phase
alpha
beta
gamma

Temperature Range oC
Below 662
662 to 772
772 to 1,100

Density, g/cm3
18.4*
18.2* to 18.1**
17.9** to 17.6***

*At 662 oC
** At 772 oC
***At 1,100 oC
Before plutonium was known, no other metal had more than three allotropic forms but plutonium
has six. One of these (delta prime) only exists over a narrow temperature range and only in very
pure plutonium. As a result it was unknown in 1944-1945. The other five allotropic forms were
known. All six forms are shown in table 2.24 Plutonium phase changes are accompanied by
large changes in density. The transition from alpha to beta phase, which occurs at the relatively
low temperature of 122 oC, results in an 11% density change. What is worse alpha phase
plutonium is brittle behaving more like a ceramic than a metal. Delta phase plutonium has
physical properties similar to such easily worked metals as copper or aluminum.
Table 2
Allotropic Forms of Plutonium
Phase
alpha
beta
gamma
delta
delta prime
epsilon

Temperature Range oC
Below 122
122 to 205
205 to 318
318 to 452
452 to 476
476 to 640

Density, g/cm3
19.9
17.7
17.1
15.9
16.0
16.5

To deal with this problem, the Manhattan Project took a two prong approach.25 To make suitable
alpha phase metal, the plutonium was worked in its gamma phase form and then cooled to room
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temperature under pressure to inhibit phase transformation. This method was successful with the
small quantities that were available at the end of 1944 but it was still unclear as to whether it
would work with the kilogram quantities needed for a weapon.
It was also known from metallurgy that higher temperature allotropic forms of a metal can be
stabilized at room temperature by alloying the metal with small amounts of another metal.
Research was performed to see if delta phase plutonium could be stabilized at room temperature.
This research was also successful as it was found that small amounts of aluminum could stabilize
delta phase plutonium over a broad range of temperatures.
There was one potential problem with the plutonium-aluminum alloy. Aluminum is light enough
that the alpha particles from plutonium decay would cause significant production of neutrons,
posing a predetonation threat. It was only after the design of the implosion weapon was finalized
in February 1945, that the limit on the acceptable number of neutrons could be established. By
the end of March it was recognized that the number of neutrons produced by the plutoniumaluminum alloy would be too high and it had to be abandoned as a potential nuclear weapon
material. It was decided that alpha phase plutonium would be used in the weapon.
In early April research was performed on a plutonium-gallium alloy. Since gallium was the next
element down from aluminum in the periodic table, it was hoped that such an alloy might also
have a stable delta phase at room temperature. The heavier gallium would produce far fewer
neutrons than would aluminum. It was confirmed that a plutonium-gallium alloy has a stable
delta phase over a wide range of temperatures but little other work was done on this alloy since it
had been decided that the weapon would use pure alpha phase plutonium metal.
At the end of April, kilogram quantities of plutonium began to be available from Hanford. For
the next few weeks attempts were made to manufacture four 2 inch diameter (about 1 kilogram
each) spheres of alpha phase plutonium. However these attempts failed. Despite being cooled
under pressure, all four spheres cracked due to the phase transformation to alpha phase.
In the latter part of May there was then a decision to use a plutonium-gallium alloy instead.
However, virtually nothing was known about this alloy. It was only at the beginning of June that
long-term surveillance of this alloy could begin to demonstrate that it would remain stable for at
least several weeks. (As it turned out the alloy is stable for centuries.) It was only on June 24
that the critical mass of this plutonium-gallium alloy could be determined26 yet by July 1, only
seven days later, the two plutonium alloy hemispheres had been produced for the Trinity nuclear
test which occurred on July 16.
Much information has been published on the Trinity/Nagasaki design. It is known that the
weapon used 13.5 pounds (about 6.1 kilograms of plutonium).27 The British, at the start of their
nuclear weapon program, produced a general description of the entire weapon, based on their
Manhattan Project experience. This document has been publically released.28 It indicated that
26
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the weapon used natural uranium tamper with an outer diameter of nine inches and the tamper
was surrounded by an aluminum liner with an outer diameter of 18.5 inches. Several sources
have indicated that critical mass data for the Trinity/Nagasaki weapon has been published by the
U.S.29
With this information it is not hard to find this published data.30 The weapon used 6.15
kilograms of delta phase plutonium containing 1.0% by weight of gallium. The core was 95.2%
of a critical mass in this configuration. The plutonium was 1.0% plutonium 240 with a density
of 15.6 g/cm3. The plutonium core contained a 0.83 inch diameter central void to provide space
for the initiator. From this information it is easy to calculate that the plutonium core was 3.6
inches in diameter and that the uranium tamper was 2.7 inches thick and weighed about 110
kilograms. The aluminum shell was 4.75 inches thick and weighed about 130 kilograms.
The change from a pure plutonium core to one using a plutonium-gallium alloy would have
required changing the uranium tamper as well. Pure alpha phase plutonium in a several inch
thick uranium reflector would have a critical mass of around 5 kilograms instead of the 6.15
kilograms of plutonium-gallium alloy. This reduced plutonium mass combined with the higher
density of alpha phase plutonium means that the plutonium core would have had a diameter of
only about 3.1 inches, a full half an inch smaller than that of the core actually used. This means
that a quarter inch would have to have been removed from the inside of the uranium reflector to
make room for the larger plutonium-gallium alloy core. Though this would have been
discovered only on June 24 when the size of the plutonium-gallium alloy core was determined,
the Trinity device was shipped on July 12 only three weeks later.
The fissile core for the Nagasaki weapon was finished by July 14.31 It was flown to Tinian and
arrived on July 28.32 On August 2 three B-29s arrived at Tinian each carrying a complete nonnuclear implosion assembly for a Nagasaki type weapon.33 Though all the components for the
weapon had arrived by August 2, no effort was made to ready the weapon until after the
Hiroshima weapon had been dropped on August 6. One of the three implosion assemblies
without a plutonium core was dropped near Tinian on August 8 as a non-nuclear test. On August
9 the Nagasaki weapon was used in combat.
On August 1 the next plutonium core was completed.34 It was going to be shipped from Los
Alamos on August 12 or 13 for combat use on August 17 or 18 but on August 10 President
Truman delayed this shipment since Japan had begun serious surrender negotiations.35 With
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Japan’s surrender this plutonium core was not sent overseas. In October the non-nuclear
implosion assembly was returned from Tinian and found to be in good condition.
As was discussed in the HEU weapon section, if the war had continued two to three additional
Nagasaki type weapons per month would have been available in September and October with
increasing numbers of weapons in the subsequent months. Los Alamos suggested increasing the
number of weapons by using a core that combined plutonium and uranium but General Groves
rejected the suggestion fearing delaying the availability of additional weapons.36
A graph has been published showing the cumulative weekly deliveries of plutonium to Los
Alamos.37 The 6.15 kilograms of plutonium required by the Trinity test were available at the end
of May but as we have seen the last minute change from pure plutonium metal to a plutoniumgallium metal alloy delayed the completion of the core for this weapon until July 1. By August 1
three plutonium-gallium alloy cores had been produced requiring 18.45 kilograms cumulatively.
Yet by August 1 only about 19 kilograms of plutonium has been delivered which shows that as
in the case of HEU, the amount of wastage of plutonium during the manufacturing process was
quite small, less than 3%. Also since the week before only about 17 kilograms had cumulatively
been delivered, the third core must have been manufactured in less than one week.
IAEA Conversion Times and Significant Quantities
This analysis demonstrates the basis for the published IAEA conversion times of one to three
weeks.38 Further the IAEA has said that for pure plutonium and uranium compounds, the time
will tend to be at the low end of the range.
An important element in IAEA safeguards are the “significant quantities” which the IAEA
defines as “the approximate amount of nuclear material for which the possibility of
manufacturing a nuclear explosive device cannot be excluded. Significant quantities take into
account unavoidable losses due to conversion and manufacturing processes…”39 For plutonium
the IAEA’s estimate of the significant quantity is 8 kilograms of plutonium and for HEU it is 25
kilograms of U-235, meaning that for 93.9% enriched HEU, the significant quantity is 26.6
kilograms.
As was discussed above, published critical mass data showed that the core of the Nagasaki
weapon contained 6.15 kilograms of plutonium and if 93.9% enriched HEU were used in this
device, it would contain 20.5 kilograms. Using the Manhattan Project’s actual upper limits for
the wastage produces estimates of the significant quantities as only 6.3 kilograms of plutonium
and 21.7 kilograms of HEU (20.4 kilograms of U-235). This confirms what others have stated,
that even for the simple Nagasaki design, the IAEA’s significant quantities are too high.40
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