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Explosive Properties of
Reactor-Grade Plutonium

J. Carson Mark®@

The following discussion focuses on the question of whether a terrorist organization or
a threshold state could make use of plutonium recovered from light-water-reactor fuel
to construct a nuclear explosive device having a significantly damaging yield. Ques-
tions persist in some nonproliferation policy circles as to whether a bomb could be
made from reactor-grade plutonium of high burn-up, and if so, whether the task would
be too difficult for a threshold state or terrorist group to consider. Although the infor-
mation relevant to these questions is in the public domain, and has been for a consider-
able time, it is assembled here for use by policy makers and members of the public who
are concerned about preventing the spread of nuclear explosives.

INTRODUCTION

Plutonium-239 is produced in nuclear reactors through neutron capture by U-
238 and two successive B-decays. In addition to the isotope Pu-239, the pluto-
nium extracted from reactor fuel will contain other plutonium isotopes formed
as a result of successive neutron capture or (n, 2n) reactions. At very low
burn-up, the fractional amounts of the secondary isotopes are very small. For
example, the fraction of Pu-240 may be a few percent of the total plutonium,
with the fraction of Pu-241 being approximately an order of magnitude
smaller, and that of Pu-242 an order of magnitude smaller still. Such pluto-
nium is characteristic of that used for weapons.

In commercial reactors, burn-ups are much higher than in reactors dedi-
cated to production of weapons plutonium, and at higher burn-ups the frac-
tional amounts of the heavier isotopes increase, as shown in figure 1 for light-
water reactors. At a burn-up of 33,000 MWd te~! (characteristic of most pres-
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Figure 1: Plutonium isotope composition as a function of fuel exposure in a pressurized-water
reactor, upon discharge.

surized-water-reactor spent fuel today), the fraction of plutonium isotopes
upon discharge would typically be 59 percent Pu-239, 21 percent Pu-240, 14
percent Pu-241, and 5 percent Pu-242. Of the other plutonium isotopes that
would also be present in relatively quite small amounts, the most prominent is
Pu-238, which would reach a level of one or two percent. We consider in the
following whether plutonium with relatively high fractions of Pu-240, Pu-241,
and Pu-242 characteristic of plutonium recovered from commercial power
reactors (i.e., “reactor-grade” plutonium) could be used in a nuclear explosive.
What would be the effect of reactor-grade plutonium on the critical mass
required for a nuclear explosion? What would be the probability of predetona-
tion in such a mass and what would be its resulting “fizzle yield”? Table 1
shows the isotopic composition for various grades of plutonium.
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Figure 2: The neutron cross-section for fission of the principal plutonium and uranium isotopes
(and americium-241, a decay product of Pu-241) against neutron energy.
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THE CHAIN REACTION

A single neutron released in a plutonium system may, with various probabili-
ties, induce a fission (from which three neutrons emerge), escape from the sys-
tem, or disappear as a result of capture. (In a metal system the last
probability is quite small, and may be ignored here.) Letting k denote the
number of direct descendants of the original neutron that do not escape the
system, the net change in the neutron population will be (& — 1), and the rate of
change will be (¢ — 1)/ © where 1 is the mean lifetime of a neutron in the sys-
tem. Setting (k — 1)/ © = «, the population of neutrons in a chain started by a
single neutron at time zero will be e *.

In a subcritical system, k& is less than one, a is negative, and the popula-
tion decreases exponentially. In a critical system & = 1, o = 0, and the neutron
population remains constant in time. At critical, then, the probability of a
neutron causing a fission is one-third, and the probability of escape is two-
thirds. In a supercritical system % is greater than one, (k ~ 1) and o are posi-
tive, and the neutron population increases exponentially by a factor of e in
each time interval of o’ Though the numerical range of (k — 1) is quite lim-
ited (between zero and two—and only approaching two when no neutrons
escape, that is, in an infinite medium), it does provide the whole measure of
the effect of the degree of supercriticality on the exponential rate of growth of
the chain reaction.

The neutron lifetime, 1, in a metal system is a very small number. The
total mean track length of a neutron in uncompressed 8-phase plutonium
metal from birth to subsequent fission is about 15 centimeters. (Because a
collision with a nucleus results in scattering several times more frequently
than it results in fission, this 15 centimeter track length usually consists of a
number of shorter segments travelled in a nearly random selection of direc-
tions.) The average energy of a fission neutron moving in plutonium after a
few scatterings is about one MeV, so its velocity is close to 1.4 - 10° ¢cm sec™1.
Its lifetime, 1, is consequently close to 1078 seconds, and o is close to (k — 1)
108 sec™l. This value of o will, of course, vary directly with the density of the
material because the track length (and hence 1) vary inversely with the den-
sity.

Near the start of a chain reaction, with only a few fissions per gram of
material, there will be no effect on the state of the material. In fact, it
requires about e35 fissions to provide one calorie per gram in a mass of about
10 kilograms of plutonium, and this will merely raise the temperature of the
material by about 30°C, which will have no appreciable effect on the size or
shape of the material or its condition of motion. However, with about e4? fis-









