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A suite of measurement systems were deployed as part of the Physical Experiment 1 series of experiments, which

CTBT involved detonating chemical explosives along with radionuclide tracers in an underground cavity, at the Nevada
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Xe-127

National Security Site (NNSS) in the United States. One of the radionuclide tracers, 12’Xe was released from the
containment following the explosion and detected on a SAUNA Qg sampler situated approximately 3.5 km away.
The system uses a beta-gamma coincidence detector system to measure fission product radioisotopes of xenon
relevant to nuclear explosion monitoring. In this work we use the coincidence measurement data to analyse and

interpret the results from the SAUNA Qg system, to calculate the measured 127xe activity concentration(s).

1. Introduction
1.1. Overview

This work involves the activity quantification of ¥’Xe in environ-
mental xenon samples collected using an automatic radioxenon
sampler/analyser system at the Nevada National Security Site (NNSS,
US). The detector system had previously been calibrated for fission
product radioxenon isotopes used for routine nuclear explosion moni-
toring, and so work was required to calibrate the system for 127xe, which
produces a complex p-y coincidence measurement spectra. This work
summarises the coincidence measurement signatures of '?’Xe for a
plastic scintillator and Nal(Tl) based detector system, using both mea-
surement and modelling approaches to determine the detectability of
each signal, in order to quantify 2’Xe from data collected during a field
experiment.

1.2. Background

Radionuclides are monitored routinely in the atmosphere as part of
international efforts to verify the Comprehensive Nuclear-Test-Ban
Treaty (CTBT) (United Nations, 1996) but whilst there are many ex-
amples of anthropogenic radionuclides detected on radionuclide
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monitoring networks, there are few examples of detection of radionu-
clides from an underground nuclear test (Bowyer, 2021). The Interna-
tional Monitoring System (IMS) was designed to detect radionuclides
from a nuclear explosion; it is significantly more challenging to detect
the possible radionuclide emissions from an underground nuclear test
(Goodwin et al., 2024a).

1.3. Physical Experiment 1

Monitoring radionuclides possibly related to underground nuclear
explosions can require assumptions about the ground truth location,
containment, source term and source composition. As part of a research
and development programme to improve understanding of the signals
associated with a low-yield underground nuclear explosion, a variety of
radionuclide monitoring equipment has been deployed as part of
Physical Experiment 1 (PE1) — a series of chemical explosive shots at the
NNSS in the US. A full overview of the PE-1 experiments and particularly
Shot A, can be found in an online report (Myers et al., 2024).

One of the radioactive tracers used in the experiment was '>’Xe, a
tracer for the isotopes of radioxenon expected from a nuclear explosion
(primarily the fission product radioisotopes — 133xe, 135%e, 131mxe
133mye). Around 1 Gi (3.7 x 10'° Bq) of 1¥’Xe (t1 2 = 36.3 d) was added
to the explosion cavity and subsequently released during the explosion.

1 A multi-Physics Experiment for Low-Yield Nuclear Explosion Monitoring, LLNL-TR-864107, 2024, Lawrence Livermore National Laboratory, Livermore, Cali-

fornia, United States.
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Fig. 1. Satellite images showing the location of the explosion and the location of the SAUNA Qg sensor. Credit: Google.
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Fig. 2. Simplified nuclear decay scheme for the electron capture (EC) decay of
127Xe to energy states of *”1, showing main de-excitations. Energy units are keV
and intensities are shown as percentages. This figure has been reproduced using
data from Nuclear Data Sheets (Hashizume, 2011).

Numerous systems were deployed to monitor for the release of gases
from the explosion cavity, including a SAUNA Qg system which has
previously been used in array-like configurations across Europe
(Ringbom et al., 2023; Goodwin et al., 2024b). Systems similar to the
SAUNA Qg are routinely used on global monitoring networks such as the
IMS. This experiment involves the fielding of a Qg at a much closer
range.

In the hours following the explosion, the 127 e tracer was detected in
various boreholes and in the tunnel environment. There were then 3
venting events. The first was where the ventilation system was activated
to evacuate HE byproduct gases that had entered the tunnel environ-
ment. The second was a few days later to allow workers back into the
tunnel. The third was around one month later to ventilate a different
part of the tunnel complex. This work provides an overview of the
analysis of a measurement dataset collected in the field during the
experiment, in order to determine whether 1%’Xe was detected on the
most remote radionuclide measurement system fielded for this experi-
ment (3.5 km) — the SAUNA Qg. This dataset covers the entire period
around the explosion, with measurements collected before, during and
after the releases.

1.4. SAUNA Qg

The SAUNA Qg samples and purifies xenon, quantifies the xenon gas
volume, then measures the radioxenon content using a beta-gamma
coincidence spectrometry system consisting of a NaI(Tl) photon detec-
tor and plastic scintillator electron detector or “beta cell”. The system
has previously been involved in monitoring radioxenon emissions from a
nuclear power station in the UK (Goodwin et al., 2024b).

For the first part of the PE1 experiment, the SAUNA Qg was installed
at area 12 in the Nevada National Security Site (NNSS), approximately
3.5 km from the entrance to P Tunnel (see Fig. 1).

2. Method
2.1. Deriving a calibration

127%e decays via electron capture decay to excited levels of 1271 (see
Fig. 2), where a series of transitions (some strongly converted) can

produce electron-photon coincidences detectable using a SAUNA-type
detector system (Klingberg et al., 2015). Fig. 3 shows a measurement
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Fig. 3. 12’Xe measurement on a SAUNA-style beta-gamma coincidence detector. Left: showing the regions of interest used for the analysis of 1%’Xe in these samples
(from Robinson et al., 2024) and right: showing a 3D representation of the coincidence matrix from this measurement, giving a better visualisation of the relative

signal resolution and magnitude.

Table 1

ROI definitions and a summary of some of the main signatures. yo = 57 keV, y; =
145keV, y2 =172keV, y3=202keV, y4 = 375 keV. X(K) refers to a K-shell X-ray.
* denotes that the X-ray can be produced from either the EC decay or from in-
ternal conversion during a coincident cascading de-excitation. Coincidences can
occur where a y-ray is missed/not-detected but then the next de-excitation is
detected.

ROI  Ec low

[keV]

E. high
[keV]

Contributing signatures
[Electron signature in italics]

E, low
[keV]

E, high
[keV]

90 220 20 42 K(CE)y; + X(K)*

K(CE)y2 + X(K)*

K(CE)ys + X(K)*

Plus the above with Auger
(K) electron

K(CE)y1+ vo

K(CE)y2+ vo

ROI'1 + X-ray sum
K-Auger + v4

K-Auger + v+ v3

K-Auger + v3

K(CE)yz + vs3

K(CE)ys + 72

K(CE)yz + v3 + X(K)*
K(CE)ys + v2 + X(K)*
K(CE)y2 + v3 + 2X(K)*
K(CE)ys + y2 + 2X(K)*
K(CE)ys + K-Auger + vy +
X(K)*

Incl. ROI' 1

K(CE)y4 + X(K)

K(CE)y4 + K-Auger + X(K)
Incl. ROI 2

K(CE)y4 + X(K)x2

90 220 50 75

65 330 420
50

220

160
160

242

80 275

14 400 20 42

14 400 50 75

of a radiopure '?’Xe sample on a SAUNA-II detector system (Ringbom
et al., 2003). Measurements conducted at the UK CTBT Radionuclide
laboratory at AWE (Aldermaston, UK) were used to determine the re-
gions of interest (ROIs) and associated calibration factors. The mea-
surements were compared to high resolution gamma (y)-ray
spectrometry measurements traceable to a primary standard (Robinson
et al., 2024). The ROIs identified and used for quantification in that
work are annotated on Fig. 3 and summarised in Table 1.
Measurements are useful to understand the detector response, but
due to the limited energy resolution of the SAUNA-type detectors, do not
provide full information on the nuclear decay modes, but rather a
combination of the coincidence signatures from nuclear decay as well as
various summing signatures. To provide more information, a GEANT4
model of a SAUNA-II detector system was developed (see Eslinger et al.,
2024) and used to derive the probability of an interaction in each ROI.

0.06
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0.04

5003
0.02
0.01

Fig. 4. Calculated Efficiency-Intensity products for a SAUNA Qg detector sys-
tem, using the ROIs defined in Fig. 3.

Table 2

ROIs for '¥’Xe analysis of the beta-gamma coincidence spectra, with simulation-
derived (GEANT4) efficiency-intensity products (EI), correction factor (F) and
final product (EI’).

ROI EI F El

1 0.0340 0.964 0.0328
2 0.0158 0.986 0.0156
3 0.0204 1 0.0204
4 0.0399 1 0.0399
5 0.0539 1 0.0539
6 0.0396 0.964 0.0382
7 0.0189 0.986 0.0186

The dimensions of the SAUNA Qg beta cell are slightly larger (~18 cm®)
than that of a SAUNA-II system (~6 cm3) and as such, there are differ-
ences in the photon detection efficiencies between the two detectors.
The beta efficiencies are effectively 100 % for both types. A correction
factor, equivalent to the ratio of the energy-dependent photon detector
efficiency, is applied to ensure the calibration is relevant to a SAUNA Qp
detector system. Equation (1) shows the correction applied to the model
using the ratio of gamma efficiencies in the two systems, where e3,(ROI;)
is the beta-gamma efficiency ROI i and &,(ROIL) is the corresponding
gamma efficiency. For all regions considered here, the maximum
correction applied was 3.6 % relative (ROI 1).

¢,(ROIL)(Qs)

L) = i) X — Sy
€4,(ROL) =5, (ROIL;) x ¢,(ROL,) (SAUNAII)

The final values are shown in Fig. 4 and given in Table 2. A useful
discussion of the electron-photon coincidence signatures from the decay
of 1%7Xe is available in the literature (Cagniant et al., 2014). There are no
correction factors for regions with photon energies greater than 200
keV, as the calculated difference in efficiency is negligible.
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Fig. 5. Boxplots showing the calibration measurement results compared to the
reference value (independently based on standard y-ray spectrometry).

If measurements of samples containing 12’ Xe were processed using a
standard method, there would likely lead to false positive detections of
18lmya 133mye and 133Xe and possibly 1%°Xe, since the decay of '%’Xe
results in coincidence signatures that would contribute counts to the
ROIs used to derive the concentration of the other isotopes of radio-
xenon (Eslinger et al., 2022).

Previous work has shown the variability of self-attenuation effects in
different ROIs (Robinson et al., 2024). In this work the xenon volume is
broadly the same throughout the sampled period, so no further correc-
tion has been made for the xenon volume in the detector cell since the
simulation accounted for around 1 cm® of xenon gas in the detector cell.

Of the ROIs listed above, validation measurements of known con-
centrations of 12’Xe in a SAUNA-II detector cell and calculation of the
activity using the efficiency-intensity (EI) products shown in Table 2
have shown that activity concentrations calculated from ROIs 1, 2, 4 and
5 demonstrate good agreement with the reference value. ROI 3 was
consistently low and showed a strong xenon volume dependency, and
ROI 7 was consistently high, but showed minor xenon volume de-
pendency. Whilst the results are shown for all ROIs, for the purposes of
calculating the final activity concentration in this work, ROIs 1, 2, 4 and
5 will be used. ROI 6 was also in good agreement; however, this was
removed to limit the regions to four that do not overlap. The overall
comparison between results from the B-y coincidence spectrometry
method and the high resolution y-ray spectrometry method agree to
within a few percent. Fig. 5 shows results of the laboratory calibration
measurements for the ROIs selected for quantification in this work.

2.2. Environmental data

Once installed and operational, the SAUNA Qg system compresses
and processes air over a period of 12 h. The xenon gas is then processed
and quantified using a gas chromatograph. The system sampled and
processed around 1.3 cm® (STP) of xenon in each 12-h cycle. The amount
of xenon in each sample is an indicator of the system’s state of health,
although is sensitive to a number of other factors, including the envi-
ronmental temperature (lower temperatures result in more xenon
sampled). The equivalent air volume is determined from the known
fraction of xenon in air (0.087 cm® perl m? air) (Glueckauf, 1951). The
system was operated for the experiment between mid-September to late
November. Other data from this system is available to support under-
standing any background signatures (Miley and Eslinger, 2022), how-
ever only the data around the experiment time is used here.

The measurement data was analysed for the whole period using the
standard net counts correction (NCC) method and no detections of
1335, 13Imye 133myq or 135¥e were observed, inside or outside of the
period of interest. The analysis discussed here is conducted on the
assumption that there is no fission product radioxenon gas present in
any of the samples. Therefore no corrections have been applied to cor-
rect for the interferences of other isotopes; 12’Xe is the only isotope
considered.

Journal of Environmental Radioactivity 283 (2025) 107623

Table 3

Background count rates for each ROL
ROIL Count rate (Counts per 1000 s) o (£) o (%)
1 0.95 0.25 25.97
2 0.99 0.29 28.95
3 3.20 0.47 14.80
4 4.59 0.44 9.67
5 7.92 0.54 6.85
6 4.21 0.60 14.16
7 5.52 0.59 10.70

2.3. System performance

During the period of operations in the NNSS, the SAUNA Qg per-
formed well. Data from the system was remotely checked each day to
ensure there were no issues. At the end of October 2023, the collection
efficiency dropped and the amount of xenon in each sample reduced by
approximately 30% to around 0.9 cm® (see Fig. 6). This negatively im-
pacts the detection limits, but fortunately the main most important
period of data was before this occurred. The reason for this is currently
unknown, but most likely related to loss of pump efficiency, possibly due
to a small pressure leak. The system will be fully serviced before more
measurements are conducted.

2.4. Detector backgrounds and activity calculation

The background signal and variation from measurement to mea-
surement was quantified and used to derive a standard background for
all ROIs. The background measurements are completed in 5-h acquisi-
tions, separated by quality control measurements to correct for any
energy drift in the detectors. The total summed background acquisition
length was 4 days (96 h) and the measured count rates are given in
Table 3.

These background count rates were subtracted directly from the
measured count rate to calculate the net count rate. The background
count rate is also an important part of determining the detection limit for
each signature.

The activity is calculated using Equation (2).

Crt oK

B el'e tiive

Where Cpe is the net counts in a region, K is the multiplicative decay
correction factor for the periods of measurement, processing and sam-
pling, I is the electron-photon coincidence efficiency (eg,) and intensity
of the decay (I) product (including any summing-in/out or Compton
effects); tiive is the acquisition live time (s). The full decay correction
factor is given in Equation (3) and accounts for the period of measure-
ment (first set of parentheses), period of sampling (second set of
parenthesis) and intermediary period of processing (final term) and uses
the decay constant () for 127¥e (2.207E-07 s’l), measurement real time
(treal), sampling or collection time (t;) and processing time (t,,) where all
time values are given in seconds. The value of K is a constant (1.00665)
for this single-nuclide, single-system case, since the values of t, t,, and
treal are constant for each sample.

_ ie treal Ae t; — ety
k= (1 — e*hfrm) (]_ — eﬂ-ts>e

The 95% confidence detection limit (known as the minimum
detectable concentration or MDC) and 68% confidence limit (known as
the critical limit, or L.) are used as thresholds to determine whether
there is any '?’Xe detected. These are defined in other works such as
Goodwin et al., 2020.

Atmospheric radioxenon measurements are usually reported in units
of mBq per m® of air, which is calculated using Equation (4), where the
effective volume of sampled air is calculated from the measured xenon
volume and known fraction in air (0.087 em® xenon per m° air). The
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Fig. 6. Measured sampled xenon volume throughout the experiment. Un-
certainties bars are excluded for clarity but the volume quantification uncer-
tainty is around 5 % at k = 1 (one standard deviation).

results from this analysis campaign are reported as mBq/m>.
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3. Results

3.1. Spectral data

Measurement spectra are shown in Figs. 7-9. The coincidence energy
spectra are shown in Fig. 7 for four consecutive samples. The second
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measurement shows the highest count rates in the 12’Xe ROIs. Further
analysis (results detailed in Section 3.2) shows the samples with
collection start dates of 2023-10-20 04:38 UTC and 2023-10-20 16:38
UTC contain detectable levels of ?’Xe. Fig. 8 shows the beta-gated
gamma spectra for the consecutive samples beginning with the sample
prior to the first detection. There is a visible signal in the (red) shaded
region which corresponds to increased count rates in the region with
photon energy around 200 keV and electron energy around 100-200
keV. Fig. 9 shows (X-ray and gamma-gated) electron spectra from the
sample with the highest activity detection, clearly showing the coinci-
dence electrons in the (red) shaded regions.

3.2. Activity results

The 1%’Xe activity concentration results throughout the period of
interest are shown in Fig. 10, where there are a number of features to
explain. The first is a short outage around the end of September. This
was due to a power loss and the system was restarted including a
regeneration of the sampling and processing ovens. The second key
feature is the coinciding increase in ROI activity concentrations around
20th October. Finally, the increase in detection limits (MDCs) across all
ROIs from around 9th November onwards, which is due to deteriorated
sampling performance resulting in lower xenon volume in the detector
cell, as discussed in Section 2.3.

The data shown in Fig. 11 represent the mean results from the
analysis of multiple ROIs and the final results for the samples containing
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Fig. 7. Top-left to bottom-right, showing four consecutive sample measurements, where the middle two show increased count-rates in the *2”Xe regions of interest.

The datetime shown corresponds to collection start.
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Fig. 9. Photon-gated projected electron coincidence spectra from the sample
with collection start 2022-10-20 04:38:00 UTC. The top spectrum is from the
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gions of interest in the low-photon-energy part of the coincidence spectrum.
The coincident electron peaks are visible at ~120-150 keV. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

detectable activities of 2’Xe are given in Table 4. Recent work by
Eslinger et al., 2024 has analysed the same data using a new method
known as Xcounts, which considers multiple ROIs at once.
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4. Discussion

The analysis results presented here show two key detections of 12’Xe
on the SAUNA Qg system in the days following the explosion, and the
hours following the initial activation of the ventilation system in the
tunnel. An in-depth analysis of the spectra from the sample measure-
ments around the time of the explosion show clear signatures which
match with the expected ROIs from the simulations and previous work.
The detection limits were calculated using standard Currie approach
which were sufficient to determine which samples contained quantifi-
able '?’Xe activities. Taking ROI 1 alone yields lower detection limits
than when averaging with less sensitive regions of the coincidence
spectrum, however it is helpful to see that there are detectable signals in
all identified regions of the spectrum, especially when the possibility of
interference from other isotopes of radioxenon in the environment may
require extra calculations.

Further to the confidence based on the validation of the analytical
method, added confidence is derived from the agreement between at-
mospheric transport simulations of the release and the measured activity
concentrations. Fig. 12 shows the simulated contribution from a release
on 2023-10-20 15:00:00 UTC, lasting 1 h, compared with the measured
results (as described in this paper). The forwards simulations are
completed using HYSPLIT, with HRRR meteorological data (3 km spatial
resolution), a 100 km? sampling grid and 24 h modelled from the
simulated release. At this time the exact release magnitude is not known,
however one of the key comparisons here is in the time axis, where the
timing of the detection, based on the expected release time, is in good
agreement since the contribution spills over two samples, which agrees
with the measurement data, showing two consecutive detections of
127Xe. Preliminary analysis of data collected from other fielded in-
struments is in agreement with the conclusion that '2’Xe was released
from the tunnel around this time. The Qg system provided a radionuclide
detection at the farthest stand-off distance from the tunnel.

The activity concentration results are in close agreement with those
calculated from another method, however the same GEANT4 simulation
has underpinned the quantification (Eslinger et al., 2024). There are
some key indications that the results are trustworthy. First of all,
different ROIs have been used between the Xcounts and NCC method;
secondly there is good agreement on the activity concentration calcu-
lated at each different ROI in the coincidence spectrum; and finally the
results are underpinned by validation work which shows the measured
activity concentrations are accurate when compared to a reference value
( see Robinson et al., 2024 and Section 2.1).

The results from this analysis and others are useful to continue to
develop and test atmospheric dispersion calculations associated with the
experiment. The high level of quality control checks and careful vali-
dation of these results provide a trustworthy dataset which can now be
used as part of multi-phenomenology data interpretations.

5. Conclusions

The SAUNA Qg data from the PE1 experiment has been analysed and
using a GEANT4 simulation and validation measurements, the activity
concentrations of '’Xe in each sample were calculated. There are two
samples with detections of 12”Xe, the first is above the 95 % confidence
limit (MDC), the second is above the 68 % confidence limit (L.).

There is some agreement between the arrival time of a simulated
release of radioxenon, which correlates with a known release event
following turn-on of the P-Tunnel ventilation system. The data and
analysis can be used to better understand the release magnitude and
source term profile, and its relevance to low yield nuclear monitoring.
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Activity concentration results for samples containing'*’Xe above the critical limit (around 1.2 mBq/m?®). Alternative activity concentrations determined by (Eslinger

et al., 2024).

Coll. Start (UTC) Coll. End (UTC) Xe. Vol (em®)  Act. Conc (mBq/m®)  +/—(k=1) MDC(95%) Lc(68%)  Act. Conc. (Eslinger et al., 2024) (mBq/m°®)
2023-10-20 04:38  2023-10-20 16:38  1.31 3.08 0.22 2.72 1.22 2.83
2023-10-20 16:38  2023-10-21 04:38  1.32 1.75 0.13 2.71 1.23 1.42
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Fig. 11. Calculated 1?"Xe activity concentrations and taking the mean of results
and MDC values for each ROI (1,2,4,5).
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in ROIs 1,2,4,5. The Lc and MDC are calculated as the mean results of respective Lc
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Fig. 12. Measured '"Xe activity concentration time series, as determined in
this work, plotted on the same x-axis as a simulated release of magnitude 1 unit,
showing a contribution to the Qp location around during the end of the first
127Xe detection, and into the second '2"Xe detection.
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