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Abstract Developing a better understanding of xenon
transport through porous systems is critical to predicting
how this gas will enter the atmosphere after a below ground
nuclear weapons test. Radioxenon monitoring is a vital part
of the Comprehensive Nuclear-Test-Ban Treaty (CTBT)
International Monitoring System. This work details the
development of prompt gamma activation analysis for
measuring the diffusion rates of xenon and argon gases
through a porous medium. The University of Texas at
Austin maintains a prompt gamma activation analysis
facility with a peak neutron flux of ~1.5 x 10" cm™ % s™!
and a beam diameter of 1 cm. Due to the relatively large
prompt gamma cross sections of many stable xenon iso-
topes at thermal and sub-thermal neutron energies, prompt
gamma activation analysis is a suitable technique for
in situ non-destructive analysis of natural xenon. A test
chamber has been designed and constructed to utilize
prompt gamma activation analysis to measure xenon and
argon diffusion through geological materials (e.g., sand,
soil, etc.). Initial experiments have been conducted to
determine the detection limits for stable gas measurements.
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The results from these experiments will be utilized to
benchmark parts of a xenon transport model that is being
used to determine diffusion coefficients for xenon and
argon.
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Introduction

The International Monitoring System of the Comprehen-
sive Nuclear-Test-Ban Treaty (CTBT) Organization uses
seismic, hydroacoustic, infrasound, and radioxenon detec-
tion technologies to monitor for clandestine nuclear
explosions. However, only the detection of radionuclides
can definitely characterize an event as nuclear. More pre-
cisely, *'™Xe, **Xe, '**™Xe, and '**Xe are of particular
interest for the International Monitoring System [1]. In
2006, measurements of airborne 133%e and '**™Xe in the
Republic of Korea were used to confirm the fissile nature of
weapons test that was conducted by the Democratic Peo-
ple’s Republic of Korea [2].

Before xenon can be detected in the air after a below
ground nuclear test, the gas must first migrate to the sur-
face. An important parameter in modeling the transport of
xenon in the subsurface is its diffusion coefficient.
Importantly, because xenon isotopes have different masses,
they should also have different diffusion coefficients.
However, measuring this difference requires the ability to
distinguish between different isotopes of xenon within a
sample. Prompt gamma activation analysis is anticipated to
be well suited for this purpose as the energy spectrum of
every xenon isotope is unique and this distinction makes it
possible to differentiate between them. Importantly, the
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cross sections for 12SXe, 129Xe, 130Xe, and *'Xe (165, 29,
26, and 85 b respectively) are high enough that prompt
gamma activation analysis should detect differences in
isotopic diffusion rates. The current study details work that
has been done to develop prompt gamma activation anal-
ysis for the purpose of measuring xenon diffusion through
porous media.

Methodology

The Nuclear Engineering Teaching Laboratory at the
University of Texas at Austin houses a prompt gamma
activation analysis facility that is coupled with the Texas
Cold Neutron Source [3—6], Fig. 1. A neutron guide with a
parabolic focusing element is used to increase the flux at
the sample position. When the cold neutron source is not
operating, the facility has a thermal equivalent neutron flux
of approximately 1.5 x 10’ cm™2 s~ at the sample loca-
tion [5].

The prompt gamma system uses a p-type ORTEC high
purity germanium detector with a 65% relative efficiency
and a resolution of 1.95 keV at 1,332 keV. The detector is
covered with a combination of shielding materials with
lead constituting the primary gamma shield and an
arrangement of borated foam and cadmium sheets are uti-
lized for neutron shielding. A Tennelec TC 244 spectro-
scopic amplifier and a 16k Canberra 8713 ADC are used to
process the signals, and Genie 2000 is employed for the
spectrum acquisition and analysis.

The number of events detected at a particular energy in a
prompt gamma activation analysis facility is proportional
to the concentration of the sought for nuclide within a
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Fig. 1 Experimental system. A top view of the prompt gamma
activation analysis facility
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sample. As in other radiation detection techniques, the
statistical precision of prompt gamma activation analysis
can be improved by increasing the number of prompt
gammas that are detected. This could be done by increasing
the analysis time (s), the thermal neutron flux @ (cm™2
s_l), or the molar concentration of the nuclide of interest
C (mol cm ™). Equation 1 gives an estimate of the prompt
gamma count rate R (1/s) for an effective sample volume
Vesr (cm_3), isotopic cross section (b), and a total detection
efficiency &:

R=0623-C-¢-®-0, Veir (1)

The detector efficiency, as a function of energy, for the
prompt gamma activation analysis facility was obtained
using a '>?Eu calibrated source from the National Institutes
of Standards and Technology. Equation 2 shows the least
squares curve fit for a third order polynomial of the detector
efficiency from the '3?Eu analysis. An energy calibration
process was conducted using the same radioactive source.

In(¢) = —0.0573 - In(E)’ 4 1.0548 - In(E)*—6.7522
-In(E) + 8.6447 (2)

The counting rates for samples of natural xenon and
argon at 101.3 kPa and 290 K were estimated using
Eq. 1, assuming an effective gas volume of 16 cm® and
Ideal Gas behavior, and a thermal neutron flux of
5.3 x 10° cm™? s~ (reactor operating at 950 kW) [4].
Natural xenon was used in these proof of concept studies
as a surrogate for radioxenon because of its availability
and easy to use within the laboratory. The effective
volume was estimated by considering a neutron beam of
2.5 cm by 1 cm cross section [4] impinging on a sample
container with a 6.5 cm diameter. Table 1 shows the five
largest counting rates predicted for '*’Xe, '*'Xe and
4OAr. These isotopes were selected for analysis because
of their large natural abundance and relatively prompt-
gamma cross sections.

Experiments were conducted to measure the count rates
for 131Xe, 129%e and “°Ar in samples of natural xenon and
high purity argon. Two steel sample cylinders were evac-
uated to 0.67 kPa and placed into the prompt gamma
activation facility for 60 min in order to obtain a back-
ground spectrum. Then, each cylinder was filled to 101 kPa
with natural xenon, or high purity argon, and placed in the
prompt gamma facility for another 60 min. The spectra
obtained were then analyzed using the Analyze tools and
Genie2000 Software. Gamma peaks were located using a
Peak Locate Unidentified 2nd Diff. toll with a peak sig-
nificant threshold of 3.5. Peak areas were obtained using
the Sum/Non-Linear LSQ_Fit tool with a continuum of 1
channel.

Figure 2 shows part of the xenon spectrum obtained as
described above. As can be seen, the largest counts for
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Table 1 Counting rates predicted and measured of '*’Xe, '*'Xe, and

4OAr
Isotope Energy gy (b) Efficiency R (1/s) R (1/s)
(keV) Predicted Measured (keV)
129%e 51033 033 0.001767 1.252 7.10 (512.4)
536.17 171  0.001743 6.396 5.23 (537.5)
586.17 0.48  0.001699 1.750 1.3 (587.5)
668.59 0.17  0.0016337  0.596 21.31 (669.0)
112236 0.12  0.001362 0.348 0.16 (1123.3)
BlXe 483.66 0.55  0.001794 2.118 1.33 (485.1)
63029 141  0.001662 5.03 3.94 (631.6)
667.79 6.70  0.001634  23.504 21.31 (669)
77272 178 0.001561 5.965 5.00 (773.6)
1317.93  0.89  0.001269 2.425 2.47 (1319.4)
YOAr 1673 053  0.002564 2917 0.88 (164.3)
3487 0.044  0.001968 0.186 -
516 0.167  0.001715 0.631 -
837 0.063  0.001520 0.206 0.44 (632.6)
1186.8 034  0.001330 0.971 0.53 (1188.0)

natural xenon correspond to those at 667 keV. The count-
ing rates obtained from the analysis of the bottle filled with
xenon and argon are also shown in Table 1 with reasonable
correlation to predicted values. The differences between
predicted and measured count rates likely arise from dif-
ferences between the actual and assumed effective volume,
as well as the attenuation of the neutron beam as it passes
through the sample cylinder. Despite this discrepancy, the
results obtained confirm the feasibility of using prompt
gamma activation analysis to analyze for natural xenon and
argon.
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Fig. 2 Xenon gamma peaks. Prompt gamma activation spectrum of
the natural xenon after counting for 1 h

Design of an experimental set-up to evaluate
the transport of Xe through a porous media

In order to evaluate the possibility of conducting xenon
transport experiments using prompt gamma activation
analysis, an analytical model for noble gas diffusion
through a semi-infinite porous media was developed. The
formulation for 1-D diffusion of xenon and argon (initially
at a molar concentration C, and within a volume V, of cross
sectional area A) is shown in Eq. 3. Equations 4-6 show
the appropriate initial and boundary conditions employed
[7] for diffusion of a finite volume in a semi-infinite porous
media. The diffusion coefficients for xenon and argon
isotopes in nitrogen were calculated using the correlation
given in Bird et al. [8] for binary gas mixtures at low
pressure shown in Eq. 7. The effect of the porous media on
the transport of these noble gases was taken into account by
calculating an effective diffusion coefficient as proposed
by Matyka et al. [9]. At 101.3 kPa, 290 K and assuming a
media porosity of 0.3, the effective diffusion coefficients

for xenon in nitrogen is 0.0186 cm? s .

aCXe azc)(e
—_— De"—

5, T 3)
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Equation 8 shows the solution for Eqs. 3-6 [7]:
Cxe(x, 1) _ exp (AzDefft n ﬂ)

C, V2 \%
Av/Dorr
erfe 3% etft+ X 8)
\% 2/ Deget

Using this result, and the estimated counting rates
tabulated in Table 1, it was concluded that the analysis of
the variation of xenon and argon concentrations with
respect of time would be most suitable conducted at x = 0.
Figure 3 presents the variation of the concentration of
xenon and argon with respect of time at x = 0. This figure
shows that after 10 h of diffusion of these noble gases in
nitrogen, the original noble gas concentrations would drop
by about 80%. Therefore, the prompt gamma counting
rates for the after-diffusion samples will also decrease by
80% to about 1 count/s for xenon and 0.2 count/s for argon.

From these results, a 1-D diffusion experiment was
designed and constructed. As shown in the schematic in
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Fig. 3 Predicted variation in xenon concentration with time. Relative
concentration of xenon and argon at x = 0 m while diffusing in
nitrogen

Fig. 4, the experimental set-up consists of a body, along
with inlet and analysis chambers. The body is a 1 m long,
10 cm inner diameter steel tube filled with 20/30 mesh
Ottawa sand. Both chambers are single end open aluminum
cylinders of 10 cm long, 10 cm inner diameter, and 3 mm
wall thickness. The purposes of these chambers are to have
a uniform diffusion front through the whole steel tube, and
to provide an analysis chamber of low prompt gamma-
background because of the material it is made of. Finally,
two differential pressure transducers of model PX653-
05D5V from OMEGA® are connected to the aluminum
chambers. These transducers determine the pressure gra-
dient present during the experiment in order to ensure a
diffusion dominated transport process.

Figure 5 shows the gamma spectrum of a high purity
argon sample before and after a 24 h diffusion and 3 h
counting experiment. A comparison of the counting rates of
these two spectra at 164.3 and 1,188.0 keV show a varia-
tion of molar concentration by 32 and 33% respectively.
The data were generated by performing prompt gamma

Fig. 4 Experimental system.
Schematic of the gas diffusion
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Fig. 5 Variation in xenon spectra resulting from diffusion. Spectra of
high purity argon before and after a 24 h diffusion experiment. The
argon peak can be seen at 1,188.0 keV

activation analysis on an argon filled bottle that had been
attached to the porous medium as shown in Fig. 4. These
data confirm that prompt gamma activation analysis can be
used to study noble gas diffusion in porous systems.

Conclusions

In order to accurately predict the radionuclide concentra-
tions released to the surface from an underground nuclear
weapons test, the transport of xenon through porous media
needs to be properly understood. Furthermore, isotopic
fractionation during subsurface transport could affect
above ground xenon signals. Isotope fractionation could be
influenced by the dependence of the diffusion coefficient
on the isotopic mass, as suggested by both Kinetic Gas
Theory and the experimental correlations shown in Eq. 7.
From the prompt gamma results obtained to date, a test
chamber for analysis of isotopes fractionation in geological
media was designed and constructed. Variation in the
prompt gamma activation analysis spectrum of a high
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purity argon sample after a 24 h diffusion experiment
shows the viability of using this nuclear technique to
measure noble gas diffusion in porous media. This work
confirms experimentally the feasibility of using prompt
gamma activation analysis to measure how concentrations
of xenon and argon vary as a result of diffusion through a
porous media. Furthermore, the proven capability of dis-
tinguishing different isotopes of the same nuclide will
allow investigation of diffusive fractionation and evalua-
tion of its importance for CTBT monitoring. Future work
will be done to measure the binary diffusion coefficient of
argon and xenon isotopes through a porous media. Also, a
numerical model that will allow the prediction of noble gas
concentrations in a non-semi-infinite media will be devel-
oped to analyze other ways to study the transport of xenon
through a porous media.
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