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A B S T R A C T

Radioxenon detection is an important component of the verification regime for the Comprehensive Nuclear-
Test-Ban Treaty. We developed and validated a new model in MCNPX-PoliMi to simulate the decay of various
radioxenon isotopes and the detector response of a variety of detector types. The model was validated using
calibration data from a plastic and NaI(Tl) beta–gamma coincidence detector and the results are presented. The
results of this validation show that this model can also be used as a tool to produce training spectra and as a
method to calibrate radioxenon detection systems.

1. Introduction

The Comprehensive Nuclear-Test-Ban Treaty Organization estab-
lished the International Monitoring System (IMS) which consists of
four technologies: infrasound, hydroacoustic, radionuclide and seismic
monitoring. Radioxenon monitoring is a major component of the veri-
fication regime due to its ability to characterize an event as containing
fissile material. Over the years, many detectors have been developed
and tested to improve radioxenon detection capabilities [1]. A com-
mon technique for measuring radioxenon is beta–gamma coincidence
detection. The detectors currently deployed in the IMS typically use
a plastic scintillating cell as the beta detector and sample container,
and a well-type NaI(Tl) detector as the gamma detector [2–4]. These
systems have proven to be capable of measuring radioxenon from a
variety of sources [5–8]. However, these systems also have limitations
requiring the development of alternative detection methods. The use
of coincidence detection requires advanced calibration techniques typ-
ically involving the measurement of each of the radioxenon isotopes
of interest. From this calibration, the resolution of the detectors are
measured and regions of interest (ROIs) are established. The ROIs are
used to quantify detection efficiencies, interference ratios, and convert
the beta–gamma spectra into radioxenon activities.

The goal when measuring radioxenon is to use the isotopic ratios
of the sample to characterize the process generating the material. How-
ever, when using this method, civil processes sometimes overlap nuclear
explosion signatures requiring better understanding of the sources of
radioxenon [9]. This requires an inventory of isotopic ratios from
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field measurements and simulations. Detector response simulations are
useful because they can provide detector information such as detection
efficiency, and show the interference of one isotope with another [10],
without the production of pure radioxenon samples which requires a
variety of processes [11–13]. As discussed in [14], the ability to produce
beta–gamma spectra can also be used for training exercises. BGSim is a
program developed to produce coincidence spectra, however, the detec-
tor that is simulated cannot be changed. Therefore, alternative detector
materials such as silicon and CZT, require the use of another tool to
produce the coincidence spectra. Previously developed alternative tools
using Geant4 or MCNP are discussed in [15–17]. The MCNP method
in [15] was limited by the inability of the code to correlate the emissions
of the various isotopes, requiring individual simulations for each major
decay. The Geant4 methods discussed in [16,17] show good agreement
between simulation and experiment but require knowledge of the source
code [16] and understanding of the Geant4 libraries.

MCNPX-PoliMi was developed to simulate correlated particle emis-
sions [18]. It produces a collision file listing information about each
particle history such as the detector of interaction, energy deposited,
and particle type, allowing for flexible tally options. The events written
to the output file are determined by specifying the detectors of interest
and the minimum number of detectors in which energy is deposited.
This allows for singles or only coincidence events to be collected and
results in quick identification of coincidence events versus using a
coincidence timing window as discussed in [16,17]. Since MCNP does
not simulate optical photons, spectrum broadening is also included
in the post-processing used to construct the histograms. This flexible
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Fig. 1. NaI(Tl) well detector and rounded plastic scintillator cell [19].

approach permits a more direct generation of 2-D histograms, compared
to Geant4 or MCNP6. A new built-in source, the Single Decay Option,
was developed to specifically simulate radioxenon decay which the code
was not able to do previously. The use of MCNPX-PoliMi, in conjunction
with user-defined algorithms for detector response simulation, allows
for the simulation of any detector type and geometry.

2. Experimental setup

There are four radioxenon isotopes of interest used to verify nuclear
explosions of which two are metastable: 135Xe, 133Xe, 133mXe, 131mXe.
The non-metastable isotopes decay through beta emission, typically in
coincidence with a gamma ray, resulting in a range of electron energies.
The metastable isotopes decay through internal conversion, resulting
in a specific electron energy in coincidence with typically an X-ray. For
this analysis, results from a previous measurement of calibration sources
were used, where the 133mXe measurement has some 133Xe mixed in
due to the relationship of the isotopes. The detectors used for this study
are assumed to be a rounded plastic beta cell and a well-type NaI(Tl)
detector as shown in Fig. 1 [19]. The activity of each sample was
estimated from these measurements using traditional methods and the
simulation was based on the activity estimation. From the measurement
data, the energy calibration and resolution curve were determined and
used for validation.

3. MCNPX-PoliMi simulation

MCNPX-PoliMi has been used extensively in applications of nuclear
fission [20,21], but never for simulating radioxenon detection. Recent
work updated the code to implement the transport of conversion
electrons [22], which is vital to simulating radioxenon detection because
the plastic cell is used to detect these electrons. The NaI(Tl) crystal and
aluminum casing, plastic beta cell, and respective PMTs are modeled
for this validation, which is similar to the model described in [22].
This analysis uses the Gaussian Energy Broadening (GEB) function to
simulate the spectrum shape as used in traditional MCNP instead of the
function used in [22]. The equation is a function of the full width at half
maximum (FWHM) of the detector to be broadened,

𝐹𝑊𝐻𝑀 = 𝑎 + 𝑏
√

𝐸 + 𝑐𝐸2 (1)

where a, b, and c are in units of MeV, MeV, and 1/MeV and E is the
energy of the photopeak. These coefficients are solved for by fitting
the energy resolution points to Eq. (1). Therefore, a detailed calibration
is required in order to obtain the best agreement between simulation
and experiment. Broadening of the MCNPX-PoliMi output was done
in MATLAB by randomly sampling a Gaussian distribution based on
Eq. (1). The collision file output by MCNPX-PoliMi was used to tally

Table 1
Radioxenon isotopes of interest coincidence energies [24].

Isotope Electron energy (MeV) Photon energy (MeV)
135Xe 0.915 (endpoint) 0.250
133Xe 0.346 (endpoint) 0.030–0.035 and 0.081
131mXe 0.129 0.029–0.034
133mXe 0.199 0.029–0.034

individual and coincidence detections using MATLAB. This approach
allows for spectrum generation of the individual detectors as well as
their coincidence spectrum, allowing for test 2-D spectrum generation.

4. Statistical and systematic sources of error

The pulse height spectrum measured during an experiment is due
to the randomness of radioactive decay and the properties of the
detector system such as the material composition, detection mechanism,
and efficiency. These properties determine the counts recorded by the
detector. In radioxenon detection applications, we analyze the pulse
height spectrum. The pulse height spectrum produced by the simulation
is affected by statistical and systematic sources of error. The statistical
error for each pulse height bin is calculated as the square root of the
recorded counts,

𝜎 =
√

𝑛 (2)

where n is the number of counts.
Sources of systematic error include the dimensions of the plastic

detector and the source activity. Various plastic scintillator thicknesses
were tested to analyze the effect on the pulse height spectrum, and
showed that this variation has minimal effect where the beta detection
efficiency remained between 95%–97%. The true activity of the sample
was unknown, which is typical for these types of experiments. The effi-
ciency is calculated from the measured singles and coincidence ROIs and
used to calculate an estimated source activity. This approach results in a
source of systematic error, where the error in the singles and coincidence
ROI counts varies from ∼2%–7% depending on the isotope. To estimate
the calibration sample activity, previously developed calibration tools
were used. Therefore, the activity uncertainty was combined with the
statistical uncertainty to quantify the simulation error and is calculated
using error propagation. Additionally, the NaI(Tl) reflector was not
modeled, which also affects the gamma efficiency of the simulation [23].

5. Code validation

In this section, the simulation results are compared to experimental
data for each of the isotopes of interest. The individual detector spectra
are histograms of the energy deposited in either the NaI(Tl) or plastic
scintillator, not accounting for interactions in the other detector. The
background and gas background are subtracted for the experimental
data, thus no detector background is included in the simulation. The
coincidence spectra are a result of energy deposition in both the
NaI(Tl) and plastic scintillator within a specified time window for the
experiment or within a history for the simulation. The coincidence
histogram bins energy deposited in the plastic scintillator detector on
the 𝑥-axis and energy deposited in the NaI(Tl) detector on the 𝑦-axis.
This approach results in a 2-D histogram where the color bar illustrates
the number of counts in each bin. The most probable coincidence photon
energies for each isotope are given in Table 1.

5.1. Xenon-135

The simulation of 135Xe decay is the simplest of the four isotopes
due to the emission of betas in coincidence with primarily a 250
keV photon. The use of Eq. (1) has improved agreement between
the measurement and simulation in comparison to [22]. The NaI(Tl)
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Fig. 2. Singles spectra of (a) NaI(Tl) and (b) plastic scintillator for 135Xe measurement (blue) and simulation (red) . (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 3. Xenon-135 2-D coincidence spectra for (a) experiment and (b) simulation.

Fig. 4. Individual coincidence spectra of (a) NaI(Tl) and (b) plastic scintillator detectors for 135Xe.

spectrum comparison, Fig. 2a, shows good agreement between the
experiment and simulation, producing two major photopeaks at 30 and
250 keV. The plastic scintillator spectrum comparison, Fig. 2b, shows
the beta spectrum of 135Xe which has an endpoint energy of 915 keV.
The experiment and simulation spectra have similar shape with the
simulation having slightly more counts, due to the activity calculation.
The tail end of the beta spectrum has more counts for the simulation
than the experiments and is likely due to high energy electrons escaping
the plastic cell experimentally and the method in which the simulation
produces a beta spectrum. The tail end of the spectrum can further be
modified in MCNPX-PoliMi, but a more accurate activity calculation and

simulation geometry would improve the comparison. The coincidence
histograms in Fig. 3 shows similar features for the experiment and
simulation with the 250 keV ROI having the most counts and the
simulation having more total coincidence counts than the experiment.
Fig. 4 shows the projections of the coincidence histograms on the 𝑥-axis
and 𝑦-axis for the plastic scintillator and NaI(Tl) detectors, respectively.
The difference in gamma efficiency is illustrated in Fig. 4b where the
coincidence beta spectrum of the simulation has more counts than the
experiment due to the activity estimation and the omission of the NaI(Tl)
reflector. This trend is also seen for the following results.
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Fig. 5. Singles spectra of (a) NaI(Tl) and (b) plastic scintillator for 133Xe measurement (blue) and simulation (red) . (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 6. Xenon-133 2-D coincidence spectra for (a) experiment and (b) simulation.

Fig. 7. Individual coincidence spectra of (a) NaI(Tl) and (b) plastic scintillator detectors for 133Xe.

5.2. Xenon-133

The simulation of 133Xe is more challenging than 135Xe due to its
complex decay scheme, which often includes a beta emission followed
by a coincidence gamma-ray or coincidence conversion electron and
X-ray. Additionally, the sample is produced through fission, which
results in a small amount of 131mXe contamination that was not added
to the simulation. The NaI(Tl) spectrum comparison, Fig. 5a, shows
good agreement between the experiment and simulation, producing two
major photopeaks at 30 and 81 keV. Fig. 5b shows the beta spectra
comparison where the 45 keV conversion electron peak is much higher
for the simulation than experiment due to threshold limitations of the

simulation. Otherwise, the beta spectrum shape is similar between the
experiment and simulation. Fig. 6 shows the coincidence histogram of
the experiment and simulation, with high count regions for the beta
coincidences with 30 and 81 keV photons, with a slight bump in the
experimental coincidence histogram at ∼130 keV for the plastic (x-axis)
and 30 keV for the NaI(Tl) (𝑦-axis) due to the 131mXe contamination.
The projected coincidence spectra are shown in Fig. 7. The NaI(Tl)
spectra in Fig. 7a have similar features with the simulation again having
more counts. The beta coincidence spectrum of the simulation also
has more counts again due to the higher gamma efficiency of the
simulation compared to the experiment. The contamination of 131mXe is
also producing a slight bump at 129 keV for the experiment in Fig. 7b.
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Fig. 8. Singles spectra of (a) NaI(Tl) and (b) plastic scintillator for 131mXe measurement (blue) and simulation (red), with Gaussian fits to the experimental data to show the convolved
129 keV and 158 keV conversion electron energy peaks . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Xenon-131m 2-D coincidence spectra for the (a) experiment and (b) simulation.

Fig. 10. Individual coincidence spectra of the (a) NaI(Tl) and (b) plastic scintillator detectors for 131mXe.

5.3. Xenon-131m

The simulation of 131mXe in contrast to Sections 5.1 and 5.2 involves
distinct CE energies. The NaI(Tl) spectrum comparison, Fig. 8a, shows
similar features for the experiment and simulation, producing 30 keV
and 163 keV photopeaks. The plastic spectrum comparison, Fig. 8b,
shows experimental and simulation agreement and Gaussian fits of the
129 and 158 CE peaks for the experiment. Fig. 9 shows almost identical
features with the highest counts in the 129 keV ROI and the simulation
having more counts, minor differences in the size of the circle are due
to energy resolution broadening. The coincidence spectra projections

are shown in Fig. 10. Again, the gamma efficiency for the simulation
is higher resulting in more counts in the coincidence beta spectrum as
shown in Fig. 10b. However, agreement has greatly improved with the
use of Eq. (1) and updates to the source compared to results shown
in [22].

5.4. Mixed xenon-133m, xenon-133, and xenon-135

The decay of 133mXe is more complex to simulate because it is
constantly decaying into 133Xe. Additionally, there was some 135Xe
still present in the cell that had to be accounted for. This simulation

47



C.B. Sivels et al. Nuclear Inst. and Methods in Physics Research, A 906 (2018) 43–49

Fig. 11. Singles spectra of (a) NaI(Tl) and (b) plastic scintillator for 133mXe, 133Xe, and 135Xe measurement (blue) and simulation (red) . (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Xenon-133m, xenon-133, and xenon-135 2-D coincidence spectra for (a) experiment and (b) simulation.

Fig. 13. Individual coincidence spectra of the NaI(Tl) (a) and plastic scintillator (b) detectors for mixed 133mXe, 133Xe, and 135Xe.

required the combination of individual simulations of 135Xe, 133Xe, and
133mXe using estimated activities. In contrast to the 133Xe gamma spectra
shown in Fig. 5, the 133mXe isotope also produces a 233 keV photon as
shown on in Fig. 11a. From 133Xe decay, the 30 keV and 81 keV peaks
are also present in the plot. The beta spectrum comparison, shown in
Fig. 11b, again overestimates the 45 keV conversion electron. However,
there is good agreement between the experiment and simulation for
the 199 keV conversion electron and the endpoint energies align fairly
well. The coincidence spectrum, Fig. 12, shows the ROIs due to 133Xe
as well as the 199 keV ROI from 133mXe, illustrating the ability of this
tool to simulate the detector response of mixed samples. There is an
additional feature at the 250 keV gamma line due to the 135Xe presence

in the experiment. Projections of the coincidence histogram are shown
in Fig. 13. The NaI(Tl) spectra in Fig. 13a show similar features to that
of Fig. 11a with the simulation having more counts. The beta spectrum
in Fig. 13b have similar features but again show that the higher gamma
efficiency of the simulation results in more counts in the coincidence
spectrum of the simulation.

6. Conclusions

We demonstrate and validate the use of a new Single Decay Option in
MCNPX-PoliMi to simulate radioxenon decay using plastic and NaI(Tl)
scintillators in a coincidence set-up. The results presented here include
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simulations of 135Xe , 133Xe , 131mXe , and a mixed source of 133mXe,
133Xe, and 135Xe and serve as validation of this tool for radioxenon
detection in Comprehensive Nuclear-Test-Ban Treaty verification ap-
plications. The results show that the new tool is able to simulate the
shape and magnitude of radioxenon signatures for both singles and
coincidence mode. The observed differences between experiment and
simulation were a result of having to estimate the activity of the sample
and simplifications of the model. We also found that limitations arise if
the resolution of the detector is not well known.

Further developments include the implementation of modified beta
spectrum tails, low-energy X-ray emissions, light transport effects, and
careful accounting of variances in detector geometry. This tool could be
used to simplify current calibration measurements through simulation
of the detector response, requiring fewer radioxenon measurements.
Additionally, as shown with the mixed sample, this tool can be used
to produce coincidence spectra for a variety of detector types with
the purpose of training radionuclide analysts, as well as assisting in
the analysis of measured samples such as those taken during On-Site
Inspection training.
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