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For nuclear disarmament verification, measuring passive neu- Received 5 January 2022
tron and gamma signatures is discussed for confirming the Accepted 26 March 2023
presence of weapons-grade plutonium. Using the Geant4

code, the effects of neutron and photon interactions with the

various materials of containerized items are explored for (i)

notional fission and thermonuclear warheads waiting for dis-

mantlement, (ii) intentionally shielded plutonium in a scrap

container. Due to strong neutronic linking of the various war-

head materials neutron multiplicity measurements can not be

expected to give correct results. Gamma emissions of the plu-

tonium may even be completely shielded by a tamper.

Gamma spectrometry could verify the presence of explosives

from (n,y) activation of hydrogen and nitrogen as well as of

fission processes from their prompt fission gamma emissions.

Limiting diameters of scrap containers together with long-

time gamma measurements of the absence of photons pro-

duced by (n,y) activation of shielding materials will provide an

effective approach for detecting an intentional diversion of

plutonium.

Background

Since the end of the Cold War, various studies documented concepts and
technologies suitable for nuclear disarmament verification." However, gen-
erally accepted concepts for verification of a future treaty on general and
complete disarmament under strict and effective international control as
called for in Article VI of the Treaty of Nonproliferation of Nuclear
Weapons are still missing. If we consider the large numbers of nuclear war-
heads existing globally and the times needed for dismantling every war-
head,” efficient, cost-effective procedures should be developed. As a result,
measurements may be limited to process steps at which they contribute
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significantly to the inspectors’ confidence applying robust and reliable
technologies.

Within this framework, utilizing the passive gamma and neutron emis-
sions of plutonium’ is highly attractive. Combined with information bar-
riers for preventing a disclosure of sensitive information, this application is
generally suggested.* The potential of both radiative emissions for attribute
and template measurements and for radiation imaging has been studied
extensively during the last decades.” Whereas the use of templates focuses
on gamma—spectrometry,6 measurement of the plutonium-240:plutonium-
239 ratio by gamma spectrometry and of the plutonium-240 mass by neu-
tron multiplicity counting have been repeatedly proposed’ for verifying
weapon specific attributes, usually the presence, mass and isotopic vector of
the plutonium.

For assembled warheads it has been pointed out® that gamma and neu-
tron signatures are modified by interaction with their components, causing
attenuation, thermalization as well as warhead specific (n,y) signals.
However, the potential effect of these processes on the suggested attribute
measurements has not yet been systematically explored. For testing them,
bare or only slightly shielded plutonium configurations have generally been
used.” At present, there is a sound basis for verifying the presence of a plu-
tonium pit after dismantlement, but only a limited number of studies ana-
lyze the effect of warhead materials on their gamma and neutron
signatures.lo

Evaluation of neutron multiplicity detector count rates is based on vari-
ous assumptions on the nuclear processes'' including: (1) emission of the
neutrons generated by a spontaneous fission of plutonium-240 and from all
fissions induced by this event is instantantaneous (the superfission model),
(2) neutron absorption rates other than those inducing fission are negli-
gible, (3) neutron emission is spacially uniform (the point model), and (4)
neutron reflection into the fissile material is neglegible. For configurations
known to deviate from these assumptions, calibration with reference sam-
ples and comparing Monte Carlo simulations of the expected multiplicity
count rates with measurements offer suitable procedures for verifying dec-
larations in nuclear safeguards applications.'” This approach can not be
applied to nuclear warhead verification, since the information on nuclear
warhead structures and materials required for those simulations are sensi-
tive and will be classified by the nuclear weapon states. Thus, there is a
requirement to evaluate whether the impact of warhead materials is limited
or may invalidate neutron multiplicity measurements of assembled
warheads."

Some notional models of nuclear warheads have been proposed and
studied,' and the Fetter et al. plutonium model has been used repeatedly
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for assessing disarmament verification techniques.'> However, analyses
based on these notional warhead models should not be generalized, as they
assume a fission device containing an uranium tamper, which modifies or
even effectively shields the passive radiation signals. Therefore, a second
notional model is presented which may be more typical of modern thermo-
nuclear weapons. For the Fetter at al. model, a potential hoax is considered;
it is assumed that the plutonium is replaced by a californium-252 source
with corresponding neutron activity.'®

In this study, analyses of the interactions of passively generated neutrons
and photons within the Fetter et al. model and the two-stage notional war-
head are presented and compared. For neutrons, reaction rates within indi-
vidual components, flux densities inwards and outwards, energy
distributions, gamma emissions resulting from neutron interactions within
the various warhead components and neutronic coupling between primary
and secondary of our two-stage model are evaluated. As nuclear weapons
will be present in containers that protect visible sensitive information, its
effect on the passive neutron and gamma signals is also quantified. To our
knowledge, such data are not available in the open literature'” but are
required for generalizing findings beyond the scope of a notional model.
The effect of safety regulations for fully assembled nuclear warheads'® on
such measurements is evaluated. Implications on the use of passive radi-
ation measurement technologies for confirming the presence of a plutonium
based nuclear warhead are discussed.

During the development of verification concepts within the International
Partnership on Nuclear Disarmament Verification and the NuDiVe exer-
cise'” a second scenario has been identified, where passive gamma and neu-
tron measurements are highly attractive: after warhead dismantlement,
verifying the absence of plutonium in process rooms and in containers,
which are declared to include high explosives or scrap, will be required to
confirm that even small, potentially intentionally shielded fractions are not
being diverted. A generic model for analyzing this scenario will be pre-
sented and gamma and neutron signals will be calculated.

Materials and methods
Scenario (1): Containerized nuclear explosive device

For a notional implosion-type weapon the weapons-grade plutonium model
suggested by Fetter et al.”*® was adopted (“Configuration 1”) but some of its
material compositions were slightly modified. Aged weapons-grade pluto-
nium with ingrowth of the strong gamma emitter americium-241 and
TATB (1,3,5-triamono-2,4,6-trinitrobenzene) as typical high explosive®!
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Figure 1. Structure and material compositions of the notional one-stage (left) and two-stage
(right) warhead models assumed.

instead of a generic element ratio were assumed. The effect of replacing the
plutonium by a californium-252 source was also explored.

Our notional thermonuclear warhead model (“Configuration 2”) includes
the Fetter et al. model as primary, but without uranium tamper. For its sec-
ondary 20kg HEU (95% enrichment)®* with ingrowth of decay products
for 30 years are assumed. Its other materials and dimensions reflect generic
unclassified information,” including a thin uranium casing as speculated
by Fetter et al.**

These notional nuclear warheads were assumed to be present in cylin-
drical containers with 28.5cm outer radius and heights of 71cm and
112 cm, respectively, having an outer steel wall of 0.3cm thickness sur-
rounding a 6.6 cm cylindrical insert made of Celotex.”> The nuclear weapon
is simulated to be positioned in the center of the container. Details are
given in Figure 1 and in Tables Al and A2.

Scenario (2): Small mass of shielded fissile material

Presumably, verification of a future nuclear disarmament agreement will
require preventing an undetected intentional diversion of some fraction of
the fissile material. Its mass was arbitrarily set to 50 g of plutonium with
the isotopic composition assumed for the implosion-type weapon and with
spherical geometry. It is reasonable to suppose that in such a hypothetical
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scenario the fissile material will be heavily shielded. In a first series of sim-
ulations, the effectiveness of various potential neutron shielding materials
(high-density polyethylene (HDPE), cadmium, borated HDPE with boron
fractions from 5% to 50%) has been evaluated by increasing their thickness
around the plutonium sphere and combining them, until the neutron signal
was reduced almost completely. These results were used to simulate the
presence of the small plutonium sphere in a standard waste drum filled
with scrap metal originating from dismantling (Table A3) and to evaluate
whether replacing scrap with the shielding materials could mask either the
neutron or the gamma emission or even both.

Neutron and gamma simulations

All simulations were performed using the Monte Carlo Code Geant4,”® ver-
sions 10.5 and 10.6. Originally developed at CERN for high energy physics
detector design, this code has become a frequently used tool in nuclear
safeguards and disarmament verification research.”” In general, a neutron
cross section library based on ENDF/B-VIIL.0 was used, only the scattering
cross sections of thermalized neutrons at bound hydrogen available with
Geant4 in file G4NeutronHPThermalScatteringData are based on ENDE/B-
VIL1. All simulations used the LLNL fission model.*®

Photon data were taken from the G4EmStandardPhysics Physics List of
Geant4, which also provides the data required for simulating their inter-
action with matter. For each of the fissionable materials simulations were
confined to the 100 gamma lines showing the highest branching ratios.
This covers 99.99% of the total disintegrations of plutonium and 98.5% of
uranium. Photons emitted by bismuth-214 and lead-214 are not considered,
since emanation of their noble gas precursor radon-222 from soil, rock and
building materials will create elevated background concentrations of these
short-lived isotopes in air. Data for prompt fission gammas are provided
by the LLNL fission model.

Although considerable work has been done to validate Geant4,”” the
code still has some shortcomings in its treatment of neutron cross sections,
which could bias the simulations performed in this study.’® Therefore, add-
itional simulations were run for configurations, which are comparable to
those considered in this study and for which either experimental data or
results from reference codes’ simulations are available. These included the
ICSBEP®'  benchmark  criticality — experiments ~ PU-MET-FAST-002
("Jezebel”) and HEU-MET-FAST-001 (*Godiva”), which represent fast neu-
tron spectra originating from metallic plutonium and highly enriched uran-
ium (HEU), respectively. For both, the simulated®* effective neutron
multiplication factor kes showed only small negative deviations from
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Figure 2. Simulated axial neutron (left) and gamma (right) flux densities at 1 m distance from
the surface of the container with a notional warhead inside. Dashes: Configuration 1, squares:
Configuration 2.

criticality (<0.6%). Code-to-code comparisons of Geant4 with MCNP>’
and SCALE/KENO-VT** were performed for simulations of a large number
of plutonium-uranium mixed oxide configurations with varying shieldings
and reflectors (bare, cadmium, lead, HDPE), which cover a wide range of
masses, plutonium concentrations, and isotopic compositions. Reactivities
calculated by Geant4 are within the variability of the two Monte Carlo ref-
erence codes but calculate higher neutron flux densities of the HDPE con-
figurations at energies below 0.1eV.>

Results and discussion
Scenario (1): Containerized nuclear explosive device

Neutron emissions. For the primaries of the notional warhead models, a
neutron source term of 2.8 -10° s~ ' is calculated, of which 68% originate
from spontaneous fission of the plutonium-240. Simulated neutron flux
densities along the axis of loaded containers at 1 m distance are shown in
Figure 2 (left). Even if the background is significantly elevated compared to
its cosmogenic level,’® this signal will easily be detected by commercially
available helium-3 neutron detectors. For the two-stage model, the position
of the maximum reflects that 94% of the fission events are within the plu-
tonium of the primary, 4% within the HEU and the remaining 2% within
the uranium casing.

Neutron interaction processes

Geant4 allows extracting information on the neutron physics within the
configurations, which is compiled in Table 1 for Configuration 1. The
noticeable effect of TATB on neutron scattering reflects both the high cross
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Table 1. Neutron interactions within a hypothetical warhead (Configuration 1) and its con-
tainer; missing entries denote fractions <0.1%.

Fraction of neutron processes® [%]

Elastic Inelastic Induced
Material scattering scattering Absorption fission
Pu 22 14.5 9.4 7.7
Be 9.8 1.0
U 127 59.7 58.3 283
TATB 70.4 24.2 224
Al 0.4 0.3 14
Celotex 4.0 22
steel 0.5 0.3 6.3

#100% correspond to total interactions per reaction type.

TATB Al Air Celotex Steel

Figure 3. Mean number of passes in the notional fission warhead (Configuration 1) per neutron
emitted by the plutonium across the various material interfaces to the outside (dark gray) and
inward (light gray).
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section of the hydrogeneous material and its high mass. These findings
confirm and quantify the considerations®” of potential effects of the weap-
ons’ components. Their presence results in a strong neutronic linking of
the fissile material not only with reflector and tamper (if present), but also
with the high explosives. For Configuration 1, merely 2% of the neutrons
escape without any interaction. As Table 1 indicates, more than 30% of the
neutron absorptions occur in non-fissile material. This strongly violates the
assumption that this fraction is negligible made in the point model®® used
for evaluating neutron multiplicity measurements.

As shown in Figure 3, major fractions of neutrons are reflected back by
the warhead materials with approximately every second neutron passing
the uranium/TATB interface being backscattered by the high explosives.



SCIENCE & GLOBAL SECURITY 23

00 .'om. T ”IAAAAM“' WA
90 < A‘AAAAA
80 L4
70}
60
50} A

401 A

Cumulative fraction [%]

301 L

20 A

102 101 10° 10! 102 103
Time since spontaneous fission [us]

Figure 4. Cumulative distribution of times passed between spontaneous fission of a plutonium-
240 nucleus and fissions induced by this event in plutonium of the notional thermonuclear war-
head (triangles) and its bare plutonium hollow-sphere (circles).

This effect also has major implications on neutron multiplicity measure-
ments. First, it results in increased flux densities and fission rates in the
outer region of the plutonium,” which is not in accordance with the point
model assumption that these are spatially uniform. Second, 25% of the fis-
sions in plutonium-239 are induced by backscattered neutrons. The conse-
quences are illustrated in Figure 4, which shows the dynamics of the fission
chains triggered by the spontaneous fission of a plutonium-240 isotope.
Whereas fissions are almost instantaneous for the bare plutonium hollow
sphere, more than 25% of the induced fissions are delayed by 1 ps in the
notional warhead, 15.6% by even more than 10 ps. The superfission model
commonly used for evaluating neutron multiplicity count rates is adequate
for bare plutonium, but becomes questionable for configurations showing
enhanced neutron moderation and backscattering.

The various neutron sources and their contributions to the flux densities
of Figure 2 (left) are listed in Table 2. As expected, spontaneous and
induced fission neutrons of plutonium dominate, but for Configuration 1
induced fission in the uranium tamper contributes about 15% to the neu-
tron signal. The considerable number of targets and reaction types dis-
played in Table 2 again reflect the strong neutronic linking between the
materials of the primary of both notional warhead models. These results
provide detailed insight into the impact on neutron interactions with war-
head materials addressed earlier.** A general shift is apparent from neu-
trons generated in components inside of the high explosives toward
neutrons emitted by other materials. It reflects the high absorption rates by
the hydrogeneous material (Table 1). Although these data are based on
notional warhead models, they indicate two general implications for
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Table 2. Production modes and materials of the neutrons emitted from the container loaded
with a notional warhead of Configuration 1 and Configuration 2, respectively.

Fraction of neutrons® [%]

Material
Configuration 1 Configuration 2
Source Target Reaction Generated Emitted Generated Emitted
Pu - SF 26.8 259 30.2 29.3
Pu Pu (n,f) 47.1 454 59.1 57.7
Pu Unat (n,f) 125 15.2 0.9 2.5
Pu Unat (n2n) 0.2 0.2
Pu Be (n,2n) 4.4 3.5 53 3.6
Pu HEU (n,f) - - 1.7 3.6
Unat Pu (nf) 2.6 25
Unat Unat (nlf) 38 46
Unat Be (n,2n) 0.3 0.3
HEU HEU (n,f) - - 0.3 0.6
Be Pu (n,f) 1.6 1.6 2.3 2.2
Be Unat (nf 06 08 0.2
Be HEU (n,f) - - 0.1 0.2
?Fractions <0.1% are not specified.
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Figure 5. Energy distribution of neutrons emitted by the containerized notional warhead of
Configuration 1.

neutron multiplicity measurements of warheads. Since additionally to spon-
taneous fission of plutonium-240 induced fission in plutonium-239 and in
case of a tamper also in uranium provides major fractions of the neutron
source term, a weighted average of the multiplicity distributions caused by
these processes should be used. If a beryllium reflector is present, (n,2n)
processes in this material will produce a significant fraction of correlated
neutrons, which needs to be taken into account for avoiding a systematic
bias in estimating plutonium masses.

The mean energy distribution of neutrons passing the surface of a con-
tainer loaded with a Configuration 1 warhead is shown in Figure 5. The
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moderating effects of the TATB and, to a lesser extent, of the Celotex layer
become immediately apparent. In the case of a Configuration 2 warhead,
the energy distribution is similar with 25-30% lower neutron fluxes at
energies below 10keV. The strong moderating effect of the TATB indicates
the option to verify the presence of high explosives by analyzing the energy
distribution of the neutrons emitted from an item declared as nuclear war-
head, e.g. by a Bonner sphere detector. Since scattering of unmoderated fis-
sion spectrum neutrons by building walls results in a spectrum similar as
in Figure 5,"" effective shielding of such back-scattered neutrons will be
mandatory®® for such measurements. Emission of a thermalized spectrum
will reduce the efficiency of neutron detectors compared to fission spectra
due to enhanced neutron absorption in the moderator of helium-3 coun-
ters. This effect needs to be considered for multiplicity detectors, which
usually are calibrated with an unmoderated californium-252 source.

Plutonium replaced by californium-252

The neutron signatures resulting from such a manipulation, which is com-
paratively easy to realize, have been analyzed for the Configuration 1 war-
head model. Since induced fission in small mass sources is not relevant, a
spontaneous fission activity of californium-252 twice as high as of the plu-
tonium-240 is required (4.1 - 10° neutrons per second, corresponding to
0.17 pg) for the same neutron source term. Such a hoax will produce
almost identical neutron flux densities and energy distributions at the con-
tainer surface (data not shown). Thus, combining neutron flux analyses
with a second technology® is desirable for verifying the presence of
plutonium.

Neutron die-away times. As Figure 4 indicated, neutron interaction proc-
esses with warhead components have the potential to modify the emission
dynamics of fission neutrons. Times required for selected cumulative frac-
tions of the neutrons of the fission chains, which are produced by spontan-
eous fission of plutonium-240, until they pass the outer surface of the
various components of the notional thermonuclear warhead are compiled
in Table 3, their distribution is shown in Figure 6 for the neutrons leaving
the container. Neutron residence times are significantly modified by the
high explosives and to a lesser extent by the celotex, but not by any of the
other components. As Figure 6 illustrates, emission of the neutrons gener-
ated within an identical bare plutonium hollow sphere is completed after
0.1 ps, but this process requires more than 300 ps for the containerized
notional warhead.

Two consequences for neutron multiplicity analyses of assembled war-
heads become apparent from comparing their die-away time (Figure 6)
with the common 64 ps multiplicity gate length** which takes into account
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Table 3. Cumulative fractions of times required by neutrons produced by an Initial plutonium-
240 spontaneous fission to pass the Configuration 2 warhead components.

Times required [us] for fraction of

Component
50% 90% 95%
Plutonium 0.02 0.05 0.07
Reflector 0.03 0.09 0.13
High explosives 0.57 142. 210.
Polystyrene foam 0.62 143. 208.
Uranium casing 0.62 143. 207.
Aluminum casing 0.68 145. 210.
Celotex 1.17 191. 283.
Container steel 1.10 195. 295.
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Figure 6. Cumulative distribution of times passed between a plutonium-240 spontaneous fis-
sion event and emission of the neutrons of its fission chain from the container for
Configuration 2 (triangles) and from its bare plutonium hollow sphere (circles).

the neutron die-away time within the detector. First, other than for bare
plutonium only part of the fission chain neutrons generated by a pluto-
nium-240 spontaneous fission will be detected causing a systematic under-
estimation of its mass.

Correction factors can be established for the celotex or other moderators
potentially present in containers from multiplicity measurements of a refer-
ence californium-252 source placed inside of the empty container, but not
for the high explosives of assembled warheads. Second, neutrons signals
produced by subsequent plutonium-240 spontaneous fission processes
within the assembled warhead partially overlap® resulting in a systematic
overestimation of its mass. Even if these two effects with their opposite
bias may partially cancel out in neutron multiplicity measurements of war-
heads, the remaining error can not be quantified without information on
materials and dimensions of the analyzed item. However, these parameters
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. .. . . 46 .
are considered sensitive information™ and may not be available to
inspectors.

Gamma signatures

Axial photon flux densities at 1 m distance from the containers are shown
in Figure 2 (right). These signals can be easily detected by hand-held
gamma detectors. Table 4 specifies the photon source strengths and emis-
sion rates from the container, which are generated by radioactive decay
processes within the fissionable materials and by prompt gammas produced
by spontaneous and induced fission. Unscattered as well as scattered and
secondary photons are included. If a heavy metal tamper is present
(Configuration 1), any plutonium gamma signal is suppressed by a factor
of >10° This prevents measurement of the plutonium-240:plutonium-239
isotope ratio by passive gamma spectrometry. A significantly higher photon
emission rate originating from plutonium disintegration processes was cal-
culated by Lepowsky et al.*’ It results from the small thickness of the plu-
tonium shell they assumed, which drastically reduces self-absorption rates,
and from neglecting other warhead components.

The potential presence of a tamper in warheads has consequences for the
use of passive gamma measurements for verification. Attribute measure-
ments based on passive gamma-spectrometry alone may not be sufficient to
confirm the presence of plutonium in such weapons. Gamma template
measurements could still be performed but would not capture the presence
of plutonium. The use of gamma templates for identifying various types of
warheads*® could be limited, if some of these have tampers® The presence
or absence of a tamper in combination with plutonium should be ruled out
by other means.

For Configuration 2, the simulated photon energy distribution and inten-
sities at the axial center in 1m distance from the container surface are
shown in Figure 7. Various marked gamma lines are visible, both at the
energy range of the uranium and plutonium decay emissions (E , <

Table 4. Photon sources, production and emission rates of the two notional containerized
warheads.

Configuration 1 Configuration 2

Production Emission Production Emission
Process Rate [s7"] Rate [s™"] Rate [s™"] Rate [s"]
Pu, decay 40 -10" 0 4.0 10" 53 .10°
Pu, fission® 14 -10° 7.7 10° 1.5 -10° 9.9 -10*
Unay, decay 1.0 -108 1.1 -10° 3.9 107 2.9 -10°
Upap fission? 33-10° 14 -10* 1.8 -10* 6.8 -10°
HEU, decay b - 1.6 -10° 1.7 -10°
HEU, fission® - - 3810 9.0 -10°

®Prompt fission gammas. °-: material not present in Configuration 1.
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Figure 7. Energy distribution and intensities of gammas at 1 m distance from the Configuration
2 warhead container.

1 MeV) and at energies above 2MeV caused by prompt (n,y) activation
processes in weapon and container materials. In addition the marked con-
tinuum of photons at high energies up to 10 MeV caused by prompt fission
gammas confirms the presence of spontaneous fissioning materials, but not
necessarily of plutonium-240.

Flux densities at a distance of 1 m from the surface of the container are
listed in Table 5 for the most prominent lines, which are of interest for
nuclear warhead verification. As their intensities in particular at low ener-
gies may crucially depend on the thickness of the uranium casing, Table 5
also includes gamma flux densities for a 5mm uranium casing. These were
calculated from the 1 mm casing results using the mass attenuation coeffi-
cients given by Reilly.”® They indicate that the presence of plutonium as
well as of explosives can be verified gamma-spectrometrically for the
notional thermonuclear warhead even for a 5mm casing as well as estimat-
ing its plutonium-240:plutonium-239 isotope ratio, although this may
require extended measurement times.”’ Verifying the presence of uranium-
235 is hampered by natural radium-226, which in terrestrial environments
is found ubiquitously in soils and building materials and which shows a
high emission probability decay at 186keV overlapping with the uranium-
235 gamma signal. Since the radium-226 background depends on local
geology and may vary significantly,”® using the uranium-235 decay energy
of 205keV may be attractive. As Table 5 indicates, caution should be exer-
cised in interpreting any uranium-235 signal, since it does not necessarily
indicate the presence of HEU, but could partially or even completely result
from a natural (or even depleted) uranium casing. The simulated data
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Table 5. Photon flux densities of relevant isotopes and their major gamma lines averaged
over +2.5cm of the vertical center of the notional thermonuclear warhead container at Tm
distance from its surface.

y Energy Flux density [cm™ s ']
[MeV] Isotope TmmU 5mmU
(a) Decay processes
0.186 Uranium-235, HEU 4.00 <107
Uranium-235, casing 1.13 1.21
0.205 Uranium-235, HEU 0.83 <107
Uranium-235, casing 0.13 0.15
0.375 Plutonium-239 1.45 0.14
0.413 Plutonium-239 1.83 0.47
0.451 Plutonium-239 0.35 0.067
0.640 Plutonium-239 0.037 0.014
0.642 Plutonium-240 0.012 46 -107°
0.646 Plutonium-239 0.071 0.027
0.662 Americium-241 0.21 0.083
0.721 Americium-241 0.13 0.056
0.742 Protactinium-234 0.30 0.13
0.766 Protactinium-234m 1.05 0.49
1.001 Protactinium-234m 3.19 1.81
(b) Activation processes
2.223 Hydrogen-1 (n,y) 0.023 0.016
5.269 Nitrogen-14 (n,y) 25107 181073
10.83 Nitrogen-14 (n,)) 5.7.107 381073

given in Table 5 are in good agreement with the gamma measurements
performed in 1989 during the Black Sea experiment.”® Since there is no
relevant radium-226 background on the open sea, uranium-235 was identi-
fied by its 185.7keV gamma peak.

Figure 7 and Table 5 document that evaluating the high-energy
gamma lines caused by activation of hydrogen and nitrogen could be a
promising option for verifying the presence of high explosives, in par-
ticular, if a gamma analysis is performed for confirming the presence
of (military) plutonium. This confirms and quantifies considerations™*
on the potential of neutron activation processes in high explosives for
verification. Our results are complemented by Weng and coauthors,”
who for the Fetter et al. warhead model have shown recently that the
prompt gamma emissions caused by (n,y) reactions in explosives can
be detected gamma-spectrometrically even in the presence of a heavy
metal tamper.

As these results indicate, gamma templates recorded for nuclear disarma-
ment verification would gain in specificity if count rates of the high explo-
sives (n,y) reactions and at an energy interval characteristic of prompt
fission gammas are recorded together with photons emitted by decay proc-
esses of fissile material. Additionally such gamma templates could be used
also to verify various attributes (presence of plutonium, its plutonium-
239:plutonium-240 isotope ratio, the presence of high explosives)-an option
which to our knowledge has not been considered yet.
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Figure 8. Neutron absorption by various HDPE configurations (left) and by 20 cm HDPE covered
by cadmium (right); squares denote pure HPDE, circles homogeneously borated HDPE (5%
boron) and triangles a heterogeneous HDPE configuration with 50% boron.

Scenario (2): Small mass of shielded fissile material

Intentional shielding of neutrons

The effect of encasing the plutonium in polyethylene is shown in Figure 8.
If its thickness is increased to 30 cm, the neutron flux outside of the config-
uration is reduced to about 5%. This reflects the moderating effect of the
polyethylene combined with the comparatively high absorption cross sec-
tion of hydrogen for thermalized neutrons. Its efficiency can be even
increased by mixing the polyethylene with boron as strong thermal
absorber, which at a homogeneous mass fraction of 5% reduces the thick-
ness required for absorbing 95% of the emitted neutrons to 20 cm and for
99% to 30 cm (Figure 8, left). A slightly smaller effect results from covering
the polyethylene by a 0.5mm thick sheet of cadmium (Figure 8, right).
Increasing its thickness (Figure 8, right) or the boron concentration of
polyethylene (data not shown) becomes ineffective, as the configuration is
already deprived of thermalized neutrons. These results suggest to compare
the effectiveness of these two configurations with that of a heterogeneous
arrangement of borated polyethylene. It was modeled as a layer of pure
polyethylene covered by the borated HDPE. Diameters of each layer were
adjusted until the summed mass fractions agreed with boron fractions of
the corresponding homogeneously borated (5% boron) polyethylene. As
expected, heterogeneous configurations are slightly more effective absorbers
(Figure 8, left), but differences become negligible for large moderator thick-
ness. This reflects that an increasing ratio of the thermalized neutrons is
absorbed by hydrogen before reaching the outer borated polyethylene layer.

Intentional shielding of gamma and neutron signals
As the 50g of plutonium is assumed to be centered in the waste drum,
gamma flux densities at its surface averaged over the + 2.5cm around its
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axial center are calculated. The results given in Table 6 indicate that already
2.5cm of lead enclosing the plutonium prevents detecting its gamma signal,
unless excessive measurement times combined with effective background
suppression are applied. The small volume of lead required for achieving
this effect corresponds to a mass of <1% of the scrap present in the drum.

The effect on the neutron signal of covering the 50 g plutonium enclosed
in 2.5cm lead with borated HDPE (5% boron) replacing dismantlement
scrap is documented in Table 7. Already with less than 20 cm of this mater-
ial the fissile material could hardly be detected by scanning the drum with
a hand-held detector, since it is close to the cosmic neutron background.”®
However, if the drum will be surrounded by large area neutron detector
collars as used for neutron coincidence measurements, the presence of a
neutron emitter within the waste will become apparent even with 25cm of
borated HDPE shielding.”” However, such a configuration will produce
additional gamma lines by (n,y) reactions within the shielding materials. As
documented in Table 8, their flux densities are similar to or higher than
those of the plutonium decay lines (Table 6, 2.5cm lead), but show lower
background at the high energies of hydrogen and lead. Providing the lead
outside of the HDPE shielding would diminish these signals, but almost
double the weight of the filled container.

Table 6. Photon flux densities of the major gamma lines of 50¢g of plutonium in a filled dis-
mantlement scrap drum averaged over £2.5cm around the vertical center of its surface with
increasing thickness of lead shielding.

y Energy Source Self- No lead flux Tcm 2.5cm
[MeV] Isotope term [s7'] absorption [%] density [(m2s™']  lead lead
0.059 Americium-241 46 10° 99.4 0 0 0
0.125 Americium-2412 6.0 -10° 98.9 0.046 0.003 <0.001
0.129 Plutonium-239 6.8 -10° 98.8 0.065 0.003  <0.001
0.375 Plutonium-239 17 -10° 86.6 1.4 0.067 0.001
0.377 Americium-241 1.8 -10* 83.8 0.065 0.006 <0.001
0.413 Plutonium-239 1.6 -10° 83.9 1.8 0.13 0.005
0.642 Plutonium-240 2.5 .10° 68.8 0.0087 0.004  <0.001
0.646 Plutonium-239 1.6 -10* 69.6 0.060 0.017 0.003
0.662 Americium-241 46 10 68.8 0.17 0.048 0.007
total 5.0 -10° 99.4 30. 24 0.18

2With contribution from plutonium-239.

Table 7. Neutron fluxes at the surface of a filled dismantlement scrap drum and flux densities
at its vertical center with 50 g of plutonium shielded by 2.5cm lead and varying thickness of
borated HDPE.

HDPE Flux Flux density®
[cm] [s7"] [em2s7']
15 236.6 0.024

20 94.9 0.0097

25 40.4 0.0041

*Averaged over + 2.5cm surface area around its axial center.
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Table 8. Photon flux densities due to (n,y) processes caused by 50g of shielded (2.5cm lead,
20 cm HDPE with 5% boron) plutonium in a filled dismantlement scrap drum averaged over +
2.5cm around the vertical center of its surface.

7 Energy [MeV] Element Production mode Flux density [cm™ s ']
0.478 Boron %8 (n,7) "B 0.11

2223 Hydrogen "H (n,y) 2H 0.00083

2,615 Lead 297pp (n,y) 2°8Pb 0.00035

Our results indicate a strategy for verifying that there is no diversion of
plutonium via the pathway considered. First, sizes of the waste drums
should be confined to about 60cm in diameter, which prevents excessive
shielding by lead, HDPE plus massive layers of scrap. Second, it could be
verified that the weight of the filled drum does not exceed reasonable lim-
its. Third, high efficiency gamma and neutron measurements should be
performed: increasing an intentional shielding will diminish the primary
gamma and neutron signals of diverted plutonium, but increase the num-
ber of neutron activation processes and vice versa. These absence measure-
ments will not require information barriers, but high efficiency detectors
and long measurement times. However, if the absence of HEU needs to be
verified, neutron interrogation analyses will be mandatory which can be
applied also for verifying the absence of plutonium in the waste drums.

Conclusions

Our simulations have confirmed that the Geant4 code is a convenient diag-
nostic tool for analyzing neutron and gamma interactions and flux densities
within a containerized nuclear warhead. It allows to extract information
hardly gained by measurements. Although this study used notional warhead
designs of a plutonium fission and a HEU based thermonuclear warhead,
various general conclusions can be drawn.

Neutrons generated within the fissile material of an assembled plutonium
warhead show a high probability of interacting with reflector, tamper (if
present) and high explosives resulting in an approximately 40% chance of
being reflected back. This together with the moderating effect of the high
explosives, with (n,2n) reactions in the beryllium reflector, neutron absorp-
tion and with high induced fission rates in the plutonium and uranium sig-
nificantly modifies flux densities, multiplicities and die-away times of the
neutrons until they leave the container. As a consequence, neutron multi-
plicity counting should not be applied for nuclear warhead verification, as
the assumptions of the Bohnel point-model generally used for its evaluation
are significantly violated. The alternative of comparing experimental data
with expected count rates resulting from Monte Carlo simulations is not
applicable, as the required detailed warhead design information are
classified.
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The plutonium decay gammas are completely absorbed within a tam-
pered configuration. This excludes the option of verifying the presence of
weapons-grade plutonium by analyzing its isotope ratio gamma-spectro-
metrically. If there is no tamper, various gamma lines originating from plu-
tonium and uranium decay processes are present outside of the container.
This enables verifying the presence of uranium, plutonium and of its pluto-
nium-240:plutonium-239 ratio, but will require long-time measurements
due to their low gamma intensities.

Gamma-spectrometric measurements allow to confirm the presence of
fission processes from the prompt fission gammas emitted with energies
above 2 MeV and of explosives from the high energy photons produced by
(n,y) reactions in hydrogen and nitrogen. These signals should be included
in item-specific gamma templates to be used in nuclear disarmament
verification.

In case of the hypothetical diversion scenario, which assumes 50 g pluto-
nium being centered in a waste drum filled with dismantlement scrap
material, enclosing the fissile material in 2.5cm lead surrounded by more
than 25cm borated polyethylen effectively masks the gamma and neutron
radiation, but produce specific, albeit low intensity gamma signals due to
(n,y) activation of boron, lead and hydogen. Such a diversion can be pre-
vented by limiting the waste drums’ diameter to 60 cm combined with
long-time (some hours) gamma spectrometric measurements.
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56. See note 36 above.
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57. This will allow to verify the absence of the shielded plutonium with commercially
available multiplicity counters such as the High-Efficiency Neutron Counter, see
H. O. Menlove, J. Baca, J. M. Pecos, D. R. Davidson, R. D. McElroy, and D. B.
Brochu, “HENC Performance Evaluation and Plutonium Calibration,” LA-13362-MS,

Los Alamos, NM, USA, 1997.

Appendix A

Table A1. Specification of the primaries of the two notional weapon models used; if not
otherwise noted, data of configuration 1 were adopted from Fetter et al.?

Configuration no.

1 2
Fissile material Plutonium
- Mass [kq] 4.0
- Composition [weight-percent]
Plutonium-239 95.0
Plutonium-240 4.7
Plutonium-241 0.1
Americium-241 0.2
- Geometry Hollow sphere
- Inner radius [cm] 4.25
- Outer radius [cm] 5.0
Reflector Beryllium
- Thickness [cm] 2.0
Tamper Natural uranium —
- Thickness [cm] 3.0 —
High explosive TATB
- Density® [g cm ™3] 1.80
- Thickness [cm] 10.0 12.44
Casing Aluminum
- Thickness [cm] 1.0

*Detecting Nuclear Warheads,” Appendix A, 255-263.

Boosters Using CREST,” 213.

P“Modelling Detonation in Ultrafine TATB Hemispherical
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Table A2. Assumptions made for the notional thermonuclear weapon model (Configuration 2).

Spark plug High enriched uranium
- Mass [kg] 3.0
- Geometry Sphere
- Radius [cm] 3.35
Pusher High enriched uranium
- Mass [kg] 17.0
- Geometry Hollow sphere
- Inner radius [cm] 14.68
- Outer radius [cm] 15.0
Fusion material Lithium deuteride
- Lithium-6 enrichment [%)] 95.0
- Density”® [g cm 3] 0.83
Distance from primary
- Center to center [cm] 45.0
Plastic foam Polystyrene
- Density® [g cm™3] 0.022
Inner casing Natural uranium
- Radius [cm] 19.9
- Thickness [cm] 0.1
Air gap
- Thickness [cm] 0.5
Outer casing Aluminum
- Thickness [cm] 1.0

®This was calculated from the density of lithium hydride of 0.82g cm™> specified in the Pacific Northwest

National Laboratory Compendium of Material Composition Data for Radiation Transport Modeling, PNNL-
15870, Rev. 2, 2021, 146 by taking into account the differing isotopic weights. *This follows from 98 volume-
percent of air being present in the polystyrene with density of 1050kg m~>, https://material-properties.org/
polystyrene-density-strength-melting-point-thermal-conductivity/.

Table A3. Materials and geometries assumed for the shielded plutonium in the scrap con-
tainer scenario.

(a) Scrap
Composition [vol.-percent]
- Iron 10
- Plastics 5
- Aluminum 5
- Air 80
Density® [g cm ] 0.986

Material Stainless steel
Inner diameter [mm] 583.6
Outer diameter [mm] 585
Height [mm] 880

This value is close to the mean density derived from an extensive survey of the metal scrap market in Germany,
see Oleg Sobolev, Stefan Worlen, Joost de Groot, J. lloff, Kirsten Haneke, and Talianna Schmidt, “Experimental
and theoretical studies on radioactive sources and objects in metal scrap-Project 3615552320,” (in German),
Federal Office for Radiation Protection (2019), http://nbn-resolving.de/urn:nbn:de:0221-2019052818209.


https://material-properties.org/polystyrene-density-strength-melting-point-thermal-conductivity/
https://material-properties.org/polystyrene-density-strength-melting-point-thermal-conductivity/
http://nbn-resolving.de/urn:nbn:de:0221-2019052818209.
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