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Abstract

The mathematical model presented in (Kulikov et al. 2018) can be used for the quantitative evaluation of the plutonium
proliferation resistance. This requires the warm-up process of an implosion nuclear explosive device (NED) with a dif-
ferent structure to be analyzed with respect to various heat removal conditions and the option to be identified in which
the NED remains operational for the longest time possible. The fraction of the *Pu isotope with which, even in this
case, the NED will prove to be operational only for quite a short time can be regarded as sufficient for the plutonium
with such composition to be considered a proliferation resistant material.

The purpose of the paper is to evaluate in quantitative terms the content of 2**Pu in plutonium for ensuring its prolifer-
ation resistance and to identify the factors which influence significantly this evaluation.

The data, procedures and findings from earlier works on the topic, as well as the authors’ own estimates and calculations
were used for the study.

It has been shown that the important factors involved in the plutonium proliferation resistance evaluation are the NED
technology level and the required NED lifetime.

Depending on the required lifetime, tougher requirements can be introduced with respect to the **Pu content both from
the standpoint of low-technology and high-technology NEDs.

With a lifetime of five hours taken as the guide-mark (a NED is unlikely to be finally assembled, transported and used
for such a short time), it is only plutonium containing 55% of 2*¥Pu that can be considered a proliferation resistant fissile
material.
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Introduction

To date, world’s nuclear power industry has accumulated
(and continues to accumulate) large quantities of irradia-
ted fuel with rather a large content of plutonium (the ac-
cumulated plutonium quantity is over one thousand ton).
This plutonium and its subsequent fate cause concerns for
a number of reasons among which the problem of prolife-
ration holds an important place.

Issues involved in ensuring the proliferation resistance
of plutonium through the addition of the »**Pu isotope are
dealt with in a number of sources (Carson 1993, Massey
and Schneider 1982, De Volpi 1982, Heising-Goodman
1980,Kessler 2007, Kessler and Chen 2008, Kessler
2011), the most prominent of which is a monograph
by Dr. Gunter Kessler of Karlsruhe (Germany, 2011)
(Kessler 2011).

At the same time, this fundamental work has a num-
ber of major drawbacks (an insufficiently well-grounded
NED structure, consideration of the asymptotic tempera-
ture profile, absence of certain NED warm-up slowdown
measures) with regard for the elimination of which the
authors of this paper have developed a computational and
theoretical model of an implosion NED.

The proliferation resistance of plutonium is quantitati-
vely evaluated based on the developed model.

Computational and theoretical
model

The geometrical spherically symmetrical model of a hy-
pothetical implosion NED includes a central plutonium
charge surrounded by layers of natural uranium (neutron
reflector), aluminum, a chemical explosive (CE), and an
external shell. Depending on the technology level, the
NED may have different dimensions of certain layers and
chemical explosives with a different heat resistance.

Assuming that the source of heat from a-decay (***Pu)
in the central plutonium charge is spherically symmetri-
cal, the temperature distribution by the NED layers can
be found from a non-steady-state thermal conductivity
equation

div [AM(r, T)xgrad T(r, ©)] + g (r) = ¢ (r, T)x 0T(r, 1)/ Ot

where A(r, T), ¢ (r, T) are the thermal conductivity and
the specific heat per volume of the material depending on
the temperature 7(r, t); 7(r, 1) is the temperature at the
point 7 at the time t; and g,(r) is the intensity of the heat
source.

The least heat-resistant component of an implosion
NED is the chemical explosive. Depending on the type
of the chemical explosive used in the NED, the toughest
criterion that defines the serviceability of an implosion
NED can be both melting and decomposition of 2% of the
chemical explosive molecules. Besides, it is assumed that

the melting of the fissile material (plutonium) renders the
implosion NED nonoperational.

The fraction of the **Pu isotope with which the res-
pective temperature profile becomes established, which
is indicative of the implosion NED being unserviceable
(plutonium melting and/or melting or decomposition of
2% of the chemical explosive molecules), can be taken as
sufficient for the plutonium with such composition to be
considered a proliferation resistant material.

A more detailed description of the computational and
theoretical model is provided in (Kulikov et al. 2018).

To a great extent, the uncertainty of the estimates ob-
tained using this model can be explained by the impossi-
bility to take into account the exact structure of the implo-
sion NED as well as by the complexity of the implosion
NED final assembly and transportation time estimation.

Recommendations on the
proliferation resistance of
plutonium: low technology level
of the NED nuclear components,
heat-resistant explosive

A NED is considered in which the nuclear components
are low-technology and a heat-resistant explosive (TATB
(TATB — Wikipedia 2017, Mulford and Romero 1998,
Arjun Singh et al. 2013, Hollowell et al. 2014)) is used
in the nonnuclear components, with measures taken si-
multaneously to extend the NED lifetime (the time for
which the device remains serviceable). This will make it
possible to estimate the heat source power (and, there-
fore, the fraction of *Pu) which ensures the plutonium
proliferation resistance (Kulikov et al. 2010, Kulikov et
al. 2009).

Measures 1. Pre-cooling of the NED components

It is evident that a pre-cooled NED will remain servicea-
ble for a longer time (before its overheating and failure)
than a NED that has not been pre-cooled if there is a fixed
heat source in the fissile material.

The heat capacity of materials under cryogenic tem-
peratures is extremely low, so there is no sense in trying
to cool the NED’s components to the maximum possible
extent (to a cryogenic temperature) to extend the NED
lifetime. It has been found that the cooling of the NED
components to a temperature below that of liquid nitrogen
(77 K) has little effect on the heat source power requi-
red for the proliferation resistance of plutonium: it grows
only 3% when comparing the cases of cooling to 77 K and
to 4 K. Further, therefore, we shall keep in mind the case
when the NED components are cooled to a temperature of
not lower than 77 K.

It should be however noted that the plutonium tempe-
rature shall not exceed 198 K throughout the warm-up pe-
riod. The thing is that plutonium stabilized in the d-phase
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changes to the a'-phase at lower temperatures which is
accompanied by an abrupt volume change; its change
back to the d-phase is not fully reversible (Plutonium.
Vol. 1. 2003, Plutonium. Vol. 2. 2003). As a result, such
phase transformations can lead to the NED serviceability
lost in part or in full.

We shall note that the NED is thermally isolated from
the environment after the initial cooling for maintaining
its cooled state to the maximum.

When considering the warm-up process of the NED
materials, it is important to note two circumstances. The
first one is that the NED’s central part contains plutoni-
um, uranium and aluminum in a metallic form which are
characterized by rather high heat-conduction coefficients.
This means that the heat released in plutonium flows ra-
pidly into the neighboring layers, and the difference in the
temperatures of these materials during warm-up turns out
to be relatively small (in the limits of 100 °C).

The second circumstance consists in that aluminum
and the chemical explosive have the highest heat storing
properties among the materials forming a NED, due to
which the NED lifetime extension requires primarily the
cooling of exactly these materials capable to act as the
accumulator of the heat released in plutonium hindering
its heating in such a way.

A NED with low-technology nuclear components is
more dangerous than a high-technology NED because
of a thick layer of aluminum and the chemical explosive
which proves these to have high heat-storing properties.

Pre-cooling of high-technology NED components may
cause an approximately 50% increase (as compared with
the case of no cooling) in the heat source power required
for the plutonium proliferation resistance. This, accor-
dingly, leads to increased requirements to the content of
8Py in plutonium.

Measure 2. Providing the NED with an outer heat-re-
moving layer

A nearly ideal heat removal mode (the NED outer surface
temperature is always constant) can be ensured in practice
by providing the NED with an outer heat-removing layer
of a highly heat-conductive material or a material that ex-
periences phase changes at the pre-cooling temperature.
Actually, such a layer of a particular thickness is capable
to accumulate all of the heat it receives with no tempera-
ture increase (since this heat will be spent for melting or
evaporation).

We shall consider a heat-removing layer which consists
of 25% of a highly heat-conducting material (aluminum)
and 75% of a material that experiences phase changes at
the pre-cooling temperature (liquid nitrogen).

The thickness of the heat-removing layer is selected
such that it is capable to accumulate, with no temperatu-
re increase, all of the heat it receives for the preset NED
warm-up period up to the time the device becomes unser-
viceable.

A high-technology NED with a heat-removing layer
that provides for the ideal heat removal case requires an
approximately 15% increase in the heat source power re-
quired for the plutonium proliferation resistance.

Measure 3. Adding a heat-insulating layer to the NED
structure for the purposeful temperature field redis-
tribution

It has been found by calculations that an implosion NED
loses its serviceability due to excessive heating of the che-
mical explosive, while the internal layers (plutonium, ura-
nium, aluminum) have temperatures which are far from
being limiting for these (e.g., the melting temperature).
Therefore, measures need to be taken to prevent the heat
transport from the internal NED layers into the chemi-
cal explosive layer: this will extend the device’s lifetime.
Thus, it is possible to introduce a thin layer (e.g., Smm
thick) of a material with low heat conductivity between
the aluminum and chemical explosive layers.

Certain requirements exist for the heat-insulating layer
material which is required to have low heat conductivity
and a high working temperature. Quartz aerogel used in
construction as a heat-insulating and heat-retaining mate-
rial appears to be one of the most attractive materials for
the heat-insulating layer (Papadopoulos 2005). Indeed, it
is characterized by an extremely low heat conductivity
(0.017 W/mK in air at atmospheric pressure), while at
the same time having a high working temperature (1200
°C) (Aerogel — Wikipedia 2016, Gurav et al. 2010, Ayers
and Hunt 2001, Parvathy et al. 2008).

Adding a heat-insulating layer to the structure of a
high-technology NED for the purposeful temperature
field redistribution leads to a more than 50% increase in
the heat source power required for the plutonium prolife-
ration resistance.

Thus, it can be expected that all of the above measures
contributing to the NED lifetime extension will more than
double, if taken, the required heat source power.

Monograph (Kessler 2011) considers a case when plu-
tonium is initially cooled to 73 K, and the rest of the ma-
terials composing the device have an indoor temperature.
A conclusion is made that, where plutonium is the heat
source with a power of 0.48 kW, the plutonium melting is
observed as soon as after seven hours.

However, (Kessler 2011) does not consider the cooling
of the other NED materials (uranium, aluminum, chemi-
cal explosive). Among the NED materials, the highest he-
at-storing properties are possessed by aluminum and the
chemical explosive due to which a case should be consi-
dered where these materials are pre-cooled.

Also, such pre-cooling of the NED components shall
be selected that the plutonium temperature is over 198 K
throughout the warm-up process. It has been found by cal-
culations that a NED with low-technology nuclear com-
ponents and nonnuclear components containing a heat-re-
sistant explosive (TATB) is capable to remain serviceable
for the longest time possible (with the plutonium tem-
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perature being always above 198 K) with the following
initial temperature field: plutonium and uranium have a
temperature of 300 K, aluminum has a temperature of 150
K, and the chemical explosive (TATB) has a temperature
of 77 K. In this case, the melting of plutonium containing
the a-decay heat source of 0.48 kW is observed as soon
as after seven days (!).

It has been therefore shown that the aluminum and
chemical explosive cooling contributes much more to the
NED lifetime extension than the plutonium cooling.

A time span of about seven days may turn out to be suf-
ficient for the final NED assembly stage and for its further
transportation and use. With a lifetime of five hours used
as the guide-mark (a NED is unlikely to be finally assem-
bled, transported and used for such a short time), a heat
source of about 4 kW is required. This heat source can be
created by adding 55% of **Pu to plutonium.

This estimate differs greatly from what is stated in
(Kessler 2011). The author suggests that the threshold
states are capable to use technologies of low to medium
levels rather than a high NED technology. Estimates for
the low-tech NED options show that the explosive starts
to melt with the 2*Pu content of only 1.8%, that is, in
other words, the explosive layer’s heterogeneous struc-
ture in the NED breaks down and the device is rende-
red unserviceable. Such content of 2!Pu in reactor-gra-
de plutonium has already been achieved and has been
exceeded by now in the nuclear power fuel cycle with
light-water reactors using UO, fuel with a burn-up of 35
GW-day/t.

This was the basis for Dr. G. Kessler’s conclusion that
the existing (U-Pu) cycle can be considered proliferation
resistant for the threshold states he believes capable of
building a NED in a range of low to medium technology
levels (Kessler 2011).
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Figure 1.Temperature profiles in a high-technology implosion
NED with all NED lifetime extension measures used.

Recommendations on the
proliferation resistance of
plutonium: high technology level
of the NED nuclear components,
heat-resistant explosive

ANED is considered in which the nuclear components are
high-technology and a heat-resistant explosive (TATB) is
used in the nonnuclear components, with, as earlier, all of
the above measures taken simultaneously to extend the
device’s lifetime. This will make it possible to estimate
the heat source power (and, therefore, the 2*Pu fraction)
that ensures the plutonium proliferation resistance.

Such pre-cooling of the NED components shall be
selected that the plutonium temperature is over 198 K
throughout the warm-up process. It has been found by
calculations that a NED with high-tech nuclear compo-
nents and nonnuclear components containing a heat-re-
sistant explosive (TATB) is capable to remain serviceable
for the longest time possible (with the plutonium tempe-
rature being always above 198 K) with the following ini-
tial temperature field: plutonium has a temperature of 300
K, uranium has a temperature of 150 K, and aluminum
and the chemical explosive have a temperature of 77 K.

To estimate the heat source power (the **Pu fraction)
that ensures the plutonium proliferation resistance, it is
required to fix the NED lifetime. A lifetime of five hours
will be taken as an example: a NED is unlikely to be final-
ly assembled, transported and used for such a short time.
Fig. 1 presents temperature profiles in a high-technology
implosion NED at the times 0, 1 and 5 h.

Based on the selected criterion for the proliferation re-
sistance of fissile materials (the serviceability of a NED
based on these shall be not less than five hours), we con-
clude that the required heat source power is 2.1 kW (Fig.
1). In this case, it is only plutonium containing at least
29% of **Pu that may be considered a proliferation re-
sistant material.
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Figure 2. NED lifetime as a function of a-decay heat source
power (**Pu fraction in plutonium).
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Since the time for the implosion NED final assembly
and transportation is difficult to estimate, it is required to
consider a broad range of values for the lifetime which is
the key factor for evaluating the proliferation resistance of
fissile materials (Fig. 2).

In conditions of no accurate data available on the time
required for the NED final assembly and transportation,
no firm conclusion can be made on the content of >**Pu
required for the proliferation resistance of plutonium. It
follows from Fig. 2 that the required **Pu content shall
not exceed at least 14%. According to the IAEA recom-
mendations, plutonium containing over 80% of **Pu can
be considered proliferation resistant. The investigated
mathematical model provides for approximately the same
result with a lifetime of about two hours.

The uncertainty of the estimate for the required con-
tent of 2*Pu which ensures the plutonium proliferation re-
sistance is explained by the uncertainty of the time needed
for the NED final assembly and transportation. Depen-
ding on this, the required >**Pu content is from 14% (the
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