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ABSTRACT

ARTICLE HISTORY

Before a nuclear warhead is dismantled, the special nuclear
material and explosives must be identified and authenticated.
This paper proposes a passive method to detect and identify
weapons-grade plutonium cores and explosives in nuclear
warheads based on neutron analyses techniques. This paper
first describes the principles of a passive detection method
that calculates the element number ratio (namely the ratio
between the nucleus numbers of two different elements) of
the element of interest to identify a source and how this
method could be applied to the detection of warhead explosives. Second, a simulation of weapons-grade plutonium using
JMCT software is described. The simulation assumes the elemental components of the explosives are activated by the production and transport of neutrons from the weapons-grade
plutonium core and counted the gamma ray emissions of
from the resultant hydrogen, carbon, and nitrogen nuclides
with a high-purity germanium detector (HPGe) array. After an
hour of counting, the element number ratios of these elements in the simulation were reconstructed and accurately
matched the values for the explosives in the warhead. These
results suggest that the passive method can be used to identify the presence of weapons-grade plutonium in the warhead.
In addition, the simulation showed that the passive method
can also discriminate between the various types of explosives
in warheads, providing important physical information for the
verification process during dismantlement.
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Introduction

Future global nuclear disarmament may require the dismantlement of
nuclear warheads. The dismantlement and disarmament of the nuclear warhead requires the separation of the special nuclear material and the explosive.1 There is always a risk that a verified party may use deceptive
methods to avoid the obligations of nuclear disarmament and substitute
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fake warheads for real ones. Due to the complexities and difficulties of
shaping explosives to fit the warhead shell, these fake warheads may not
contain explosives. Therefore, the presence of the special nuclear material
and the explosive should be confirmed by the inspectors to ensure that the
nuclear warhead contains both components before the warhead
is dismantled.
There are two methods to detect warhead explosives using neutron analysis: “active methods” and “passive methods.” In both methods, elements
within the explosive are irradiated by neutrons and the resultant neutron
induced c rays from the explosive nuclides are counted.2 The source of
those neutrons differs for each method. The active method uses an external
neutron source to irradiate the explosive in the warhead. The passive
method relies on neutrons that originate in the weapons-grade plutonium
(WgPu) core. The passive method is likely to be easier to execute in the
field because it uses simple measurement equipment and does not require
an external source of neutrons, thus increasing its agility.
The passive method can be summarized in three steps: First, (n,c) reactions occur between the neutrons produced by the warhead and the elements in the explosive, resulting in characteristic c rays. Second, by
characterizing the c rays, the elements of the explosive can be detected and
recognized. Finally, by analyzing the strengths of these c rays, the element
constitution and the type of the explosive may be calculated.
This paper describes principles of the passive method, evaluates its feasibility, and presents the results of a simulated case.
Principles of passive method

The fissile material (such as WgPu and depleted uranium) in the WgPu
warhead splits spontaneously and produces fission neutrons, resulting in
neutron irradiation in the warhead. When the neutrons enter the explosive
they have (n,c) reactions with the elements in the explosive, and characteristic c rays of those elements are produced. By detecting the characteristic
c rays, the elements of the explosive in the warhead may be detected
and identified.
By analyzing the strengths of the characteristic c rays of hydrogen, carbon, nitrogen, and oxygen, the element number ratios (namely the ratio
between the nucleus numbers of two different elements), such as hydrogennitrogen ([H]/[N]), carbon-nitrogen ([C]/[N]), and oxygen-nitrogen ([O]/
[N]) number ratios, can be calculated. It should be noted that, since the
abundances of hydrogen-1, carbon-12, nitrogen-14, and oxygen-16 are constant in the explosive (99.99%, 98.93%, 99.63%, and 99.76% respectively),
the element number ratios of hydrogen, carbon, nitrogen, and oxygen can
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be calculated according to the ratios of the numbers of hydrogen-1, carbon-12, nitrogen-14, and oxygen-16. It is assumed in the simulation that
hydrogen-1, carbon-12, nitrogen-14, and oxygen-16 occupy 100% of the
nuclei of each element. Since the microscopic cross-section of the (n,c)
reaction of oxygen-16 is very small, and far less than those of hydrogen-1,
carbon-12, and nitrogen-14, the detection of oxygen-16 is not discussed
here. Table 1 shows the energy and branch ratios of the characteristic c
rays of the (n,c) reactions of hydrogen-1, carbon-12, and nitrogen-14, and
the calculation of [H]/[N] and [C]/[N].3 Next, the calculation method of
[H]/[N] and [C]/[N] will be introduced.
The number of the characteristic c rays with energy of Ec produced by
the (n,c) reactions between the nuclide A of the explosive in the warhead
and the neutron per unit time (SA ðEc Þ) has a relationship with the microscopic cross-section of the (n,c) reaction, the branch ratio of the characteristic c rays with the energy of Ec , the neutron flux density, and the nucleus
density of the nuclide A. It can be expressed as:
ð
*
SA ðEc Þ ¼ nA ð r Þ  fA ðEc Þ  dV
V
ð
*

*
(1)
nA ð r Þ ¼ NA  rA ðEn Þ  / r ; En  dEn
*

where nA ðr Þ is the spatial density of the (n,c) reactions between the nuclide
*
A and the neutrons per unit time at the position of r
fA ðEc Þ is the branch ratio of the characteristic c ray with the energy of Ec
NA is the nucleus density of the nuclide A, En is the neutron energy
rA ðEn Þ is the microscopic cross-section of the (n,c) reaction between the
neutron with energy of En the nuclide A
*
*
/ðr ; En Þ is the neutron flux density at the position of r

After the production of the characteristic c ray of the nuclide A, it would
likely emit from the warhead with some probability. The number of the
Table 1. Characteristic c rays of (n,c) reactions of hydrogen-1,
carbon-12 and nitrogen-14.
Nuclide
Hydrogen-1
Carbon-12
Nitrogen-14
Nitrogen-14
Nitrogen-14
Nitrogen-14
Nitrogen-14
Nitrogen-14

Energy of c ray (MeV)
2.22
4.95
1.88
3.68
4.51
5.27
6.32
10.83

Branch ratio (%)
100
68
18.78
14.53
16.72
29.88
18.24
14.33
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characteristic c rays with the energy of Ec emitted from the warhead per
unit time (KA ðEc Þ) can be expressed as:
ð


*
*
(2)
KA ðEc Þ ¼ nA ð r Þ  fA ðEc Þ  P r ; Ec  dV


*



V

where P r ; Ec is the average probability that the characteristic c rays
*
with the energy of Ec produced at the position of r emit from
the warhead.
*
When simulating nA ðr Þ, it is found that, since the microscopic cross-sections of the (n,c) reaction between the neutrons with low energy (below
1 eV) and hydrogen-1, carbon-12, and nitrogen-14 are much higher than
those of middle-energy neutrons and fast neutrons for each nuclide, and
the neutrons with low energy (below 1 eV) account for more than 20% of
the neutrons entering the explosive in the warhead, only the (n,c) reactions
between the neutrons with low energy and the explosive nuclides are taken
*
into account in the calculation of nA ðr Þ. Taking hydrogen-1 for example,
the microscopic cross-section of the (n,c) reaction between the thermal
neutron with energy of 0.025eV and hydrogen-1 is two orders of magnitude higher than that of the neutron with energy of 1 keV, and four orders
of magnitude higher than that of the neutron with energy of 1 MeV. Based
on the ENDF/B-VI database,4 the microscopic cross-sections of (n,c) reactions of hydrogen-1, carbon-12 and nitrogen-14 are in the pure 1/v regime
H1 ðEn Þ
(v is the neutron velocity) in the energy range of 0  1eV, rrN14
ðEn Þ
and

rC12 ðEn Þ
rN14 ðEn Þ

are almost constant (below 1 eV), and their values are about
h
i
rH1 ðEn Þ
2
4.43 and 4.53  10 respectively (these values are named rN14 ðEn Þ and
T
h
i
rC12 ðEn Þ
respectively),
and
the
relative
standard
deviation
of
each
term
is
rN14 ðEn Þ
T

*

well below 1% (see Figure 1). Based on this analysis, the formula for nA ðr Þ
of hydrogen-1 and carbon-12 can be simplified. Taking hydrogen-1 for
*
example, the formula of nH1 ðr Þ can be rewritten as:


NH1
rH1 ðEn Þ
*
*
ð
Þ
(3)

 nN14 ð r Þ
nH1 r ¼
NN14 rN14 ðEn Þ T
Furthermore, the formula for the number ratio between the characteristic
KH1 ðEc1 Þ
c rays of hydrogen-1 and nitrogen-14 emitted from the warhead (KN14
ðEc2 Þ)
can be calculated:


Ð
*
*


ð
Þ
 dV
n
r
;
E

P
r
N14
c1
KH1 ðEc1 Þ
f
E
NH1
rH1 ðEn Þ
V
H1 ð c1 Þ




¼
Ð
KN14 ðEc2 Þ NN14 rN14 ðEn Þ T fN14 ðEc2 Þ
ð*r Þ  P *r ; E
 dV
n
V N14

c2

(4)

SCIENCE & GLOBAL SECURITY

61

Figure 1. Microscopic cross-sections of (n,c) reactions of hydrogen-1, carbon-12 and
nitrogen-14.

where Ec1 and Ec2 are the energy of the characteristic c rays of hydrogen-1
and nitrogen-14 respectively. Then, the element number ratio between
hydrogen and nitrogen ([H]/[N]) of the explosive can be calculated:
N
A
½H=½N ¼ H1  N14 ¼ h
i
NN14 AH1
rH1 ðEn Þ
rN14 ðEn Þ

KH1 ðEc1 Þ
KN14 ðEc2 Þ

 AAN14
H1
Ð
*
*
nN14 ð r ÞPð r ;Ec1 ÞdV
fH1 ðEc1 Þ
V
Ð
 fN14

*
*
ðEc2 Þ
T
nN14 ð r ÞPð r ;Ec2 ÞdV
V

(5)

where AH1 and AN14 are the abundances of hydrogen-1 and nitrogen-14
respectively. Similarly, [C]/[N]
 and
 [O]/[N] can be also calculated.
Ð
*
*
ð
Þ
In Eq 5, V nN14 r  P r ; Ec  dV is the absorption efficiency of the
warhead to the c ray. If the radial profiles of the c emissions from the different nuclei are the same, which is justified by the identical energy
dependence of (n,c) cross-sections for the different nuclei, the absorption
efficiency only depends on the energy of the c ray. Using CðEc Þ to mark
the absorption efficiency, the absorption efficiency can be expressed by the
following, per Equation 2:
ð


KN14 ðEc Þ
*
*
(6)
CðEc Þ ¼ nN14 ð r Þ  P r ; Ec  dV ¼
fN14 ðEc Þ
V
Therefore, by measuring the strengths of the various characteristic c rays
of nitrogen-14 emitted from the warhead and calculating the ratios between
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Figure 2. Weapons-grade plutonium warhead model.

the strengths and the branch ratios, the absorption efficiencies can be calibrated. Then, the absorption efficiencies for the characteristic c rays of
other nuclides can be calculated using the energy interpolation calculation
in Equation 7:
CðEc0 Þ ¼ CðEc1 Þ þ ½CðEc1 Þ  CðEc2 Þ 

Ec0  Ec1
Ec1  Ec2

(7)

where Ec0 is the energy of the required characteristic c ray, and Ec1 and
Ec2 are the energies of the characteristic c rays of nitrogen-14 closest
to Ec0 .
Simulating the passive method
JMCT simulation

JMCT is a Monte Carlo software package for particle transport simulation
developed by the Beijing Institute of Applied Physics and Computational
Mathematics and Software Center.5 JMCT simulates the neutron, photon,
and neutron-photon coupling transport, produces three-dimensional models, and operates at high-speeds using parallel processing.6 JMCT is widely
used to simulate radiation detection, physical designs of reactors, and arms
control verification techniques.
WgPu warhead model

The WgPu warhead model used in the simulation was proposed by Steve
Fetter in 1990.7 It is considered a classic model for studying the physical
properties of the warhead. The WgPu warhead model consists of five concentric spheres: a fissile core, a reflector, the tamper, the explosive, and the
outer shell (see Figure 2). The warhead takes two forms depending on the
tamper materials. Model 1 is depleted uranium, and Model 2 is natural
tungsten (see Table 2).
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Table 2. Mass and ingredient parameters of structures in a weapons-grade plutonium warhead model.
Structure
Hole
Fissile core

Outer radius (cm)
4.25
5.0

Mass (kg)
0.0
4.0

Reflector
Tamper

7.0
10.0

2.0
52.0

Explosive

20.0

56.0

Shell

21.0

14.0

Ingredient (parameters)
Vacuum
Weapons-grade plutonium (238Pu(0.005%),
239
Pu(93.3%), 240Pu(6%), 241Pu(0.44%),
242
Pu(0.015%), O(0.22%))
Natural beryllium
Model 1: Depleted uranium (235U(0.3%),
238
U(99.7%))
Model 2: Natural tungsten
Explosive (atom number ratio
is H:C:N:O ¼ 2:1:2:2)
Natural aluminum

The neutrons in the WgPu warhead have two sources: The fissile material splits spontaneously and produces the fission neutrons whose energy
spectrum obeys the Watt distribution approximately:
pﬃﬃﬃﬃﬃﬃ
f ðEÞ ¼ C  eE=a  sinh bE
 pﬃﬃﬃﬃﬃﬃﬃﬃ
C ¼ 2  eab=4 = a abp
(8)
where E is the neutron energy, and f ðEÞ is the distribution function of the
neutron energy spectrum, and a, b are the parameters of the Watt distribution. The alpha particles released by the fissile material have (a,n) reactions
with the light nuclides (such as oxygen-18), and the neutrons are produced.
The neutron yields of these two sources are shown in Table 3.
Simulation results

In the simulation, both warhead models produced 107 initial neutrons
(equivalent to a measurement time of 44.60 seconds and 44.80 seconds for
Model 1 and Model 2 respectively). The transport of these initial neutrons
in the warhead was simulated, and the energy spectrum of the c rays emitted from the warhead was modeled. Figure 3 shows the results of Model 1.
In Figure 3, the peak positions of the characteristic c rays of the (n,c) reactions of hydrogen-1, carbon-12, and nitrogen-14 are illustrated (the energy
width of each channel in the energy spectrum is 1 keV).
The event rates of the characteristic c rays of hydrogen-1, carbon-12,
and nitrogen-14 emitted from the warhead is also modeled (see Table 4).
Given that the characteristic c rays emit from the warhead isotropically,
and if the high-purity germanium (HPGe) detector with a 65 mm diameter
and 60 mm thickness (and an energy resolution of up to
1.80keV@1.33 MeV)8 is used to detect the characteristic c rays and is
placed 1 meter (m) away from the center of the warhead. When the fullpeak counts of the characteristic c rays achieves a 5% error, the required
detection time is shown in Table 4.9 From Table 4, the event rate of the
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Table 3. Neutron fields of fissile materials with masses of 1 kg.
Neutron yield/neutrons  s1
Material
Weapons-grade
plutonium

Depleted uranium

Nuclide

(a,n) reaction

Spontaneous
fission

Plutonium-238
Plutonium-239
Plutonium-240
Plutonium-241
Plutonium-242
Oxygen
Urainium-235
Uranium-238

2.2  105
630
2300
22
33
0
0
0

2.5887  106
21.83
9.095  105
49.43
1.779  106
0
0.299
13.57

Portion (%)

Total neutron
yield
(neutrons  s1)

0.005
93.30
6.0
0.44
0.015
0.22
0.3
99.7

140.4
608.2
54708
0.314
266.9
0
0.001
13.52

Figure 3. Energy spectrum of c rays emitted from the WgPu warhead (Model 1).

characteristic c rays of carbon-12 is the lowest (the lowest among the characteristic rays shown in Table 1), and their detection time needed to make
their counts reach an error of 5% is the longest. Therefore, if the signals of
the characteristic c ray of carbon-12 are adequate, the signals of the characteristic c rays shown in Table 1 will also be adequate. If one wants to
detect the characteristic c rays of carbon-12 in hydrogen-1 based on the
HPGe detector described here, an array of HPGe detectors outside the warhead will improve the detection efficiency of the measurement device.
Based on preliminary estimates, an array of 29 HPGe detectors placed on
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Table 4. Event rates and detection results of characteristic c rays of nuclides emitted from
weapons-grade plutonium warheads.
Energy of characteristic
c ray (MeV)
Model 1

Model 2

Event rate of c rays emitted
from the shell/cps
Full-peak counts of c rays
detected by a single HPGe
detector at 1 m/cps
Measurement time to reach
5% error/s
Event rate of c rays emitted
from the shell/cps
Full-peak counts of c rays
detected by a single HPGe
detector at 1 m/cps
Measurement time to reach
5% error/s

2.22 (hydrogen-1)

4.95 (carbon-12)

10.83 (nitrogen-14)

9.83  103

48.6

491
3

2.10

5.45  10

2.20  102

190

7.33  104

1.82  104

7.54  103

35.2

372

1.61

3.94  103

1.67  102

248

1.01  105

2.40  104

the spherical surface 1 m from the center of the warhead can fulfill
the demand.
Background interference may confound detection. Assuming the warhead
is in a large building with a concrete floor, it can be assumed that a source
of interference is characteristic c rays produced by the concrete under the
warhead. A simulation was carried out to calculate this background interference. In the simulation, the WgPu warhead and the HPGe detector are
placed 1 m above the floor; the distance between the center of the warhead
and the detector is 1 m; the floor has a thickness of 1 m and consists of
hydrogen, oxygen, sodium, aluminum, silicon, and iron (their atom percentages are 14.30%, 78.60%, 1.90%, 4.50%, 0.30%, and 0.40%, respectively).
The results show that, the intensity of the 2.22 MeV characteristic c rays of
hydrogen-1 entering the detector from the floor is about 0.3 cps (counts
per second), while that from the WgPu warhead is about 10.3 cps.
Therefore, the influence of the background on the counts of the characteristic c rays of hydrogen-1 is about 3%. Taking account of the 3%, the
counts of the 2.22 MeV characteristic c rays of hydrogen-1 detected by a
single HPGe detector should reach 412, versus 400 without the background
effect to reach a count error of 5%. A lead shield between the detector and
the floor would effectively suppress the background.
By counting the peak counts of the series of the characteristic c rays of
nitrogen-14 (Table 1) emitted from the warhead and calculating the ratios
between the peak counts and the branch ratios of the characteristic c rays,
the absorption efficiencies of the warhead to c rays can be calibrated
(normalized to 10.83MeV c ray) (Figure 4).
Next, by counting the peak counts of the characteristic c rays of
hydrogen-1, carbon-12, nitrogen-14 (Table 1) emitted from the warhead,
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and combining the calculations, the element number ratios of the explosive
in the warhead, such as [H]/[N] and [C]/[N], can be calculated (Table 5).
It also can be seen in Table 5 that the errors of the reconstructed values of
[H]/[N] and [C]/[N] do not exceed 5%.
Since the passive method proposed by this paper has high reconstruction
precision of the element number ratios (include [H]/[N] and [C]/[N]) of
the explosive in the warhead (Table 5), this method can identify the existence of an explosive warhead before it is dismantled by analyzing whether
[H]/[N] and [C]/[N] of the materials in the warhead fit the element constitution of the explosive. Table 6 shows the reconstructed element number

Figure 4. Absorption efficiency of weapons-grade plutonium warheads to c rays.
Table 5. Reconstruction results of element number ratios
of explosive.
Reconstruction values
Element number ratio

Value

Model 1

Model 2

[H]/[N]
[C]/[N]

1.00
0.5

1.01
0.525

1.02
0.495

Table 6. Reconstruction results of element number ratios of TNT, PETN and Tetryl in weaponsgrade plutonium warheads using Model 1.
[H]/[N]
Explosive
TNT
PETN
Tetryl

Molecular formula
C7H5N3O6
C5H8N4O12
C7H5N5O8

Actual value
1.67
2.00
1.00

Reconstructed value
1.68
2.02
0.988

[C]/[N]
Actual value
2.33
1.25
1.40

Reconstructed value
2.37
1.27
1.44
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Figure 5. Reconstruction results of element number ratios of several different explosives in
weapons-grade plutonium warheads (taking Model 1 for example).

ratios of three different types (TNT, PETN, and tetryl) of the explosives in
the warheads (taking Model 1 for example) based on the passive method. It
is found that TNT, PETN, and tetryl can be identified based on the reconstruction results of their [H]/[N] and [C]/[N] (Figure 5). Therefore, in
disarmament verification, this method contributes to judging whether the
pre-dismantled warhead is included under the treaty.
To justify that the simulation results of the explosive element analysis
above are not configuration-specific, a simulation based on a varied WgPu
warhead model was carried out. In the varied WgPu warhead model, there
is no beryllium layer, and the aluminum shell is varied to an iron shell. Per
the simulation result, the reconstructed [H]/[N] and [C]/[N] are 1.010 and
0.543 respectively. These values are in agreement with the actual values,
which confirms that the simulation results stated above are not configuration-specific.
Conclusion

This paper proposes a passive detection method of the explosive in the
warhead based on the neutron analysis techniques. The simulation based
on the JMCT software shows that, by establishing an array of HPGe detectors, the elements of hydrogen, carbon, and nitrogen of the explosive in the
warhead can be detected in hydrogen-1 (at an error of 5%). Finally, based
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on the simulation results, the reconstructed element number ratios of the
explosive in the warhead are in agreement with the actual values. At these
levels of precision, the passive method can determine whether an explosive
is present and distinguish between a WgPu warhead and a fake one without explosives. In addition, the passive method can distinguish the types of
the explosives in the WgPu warheads. This capability can improve the reliability and effectiveness of nuclear disarmament verification to prevent a
verified party from circumventing the verification process.
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