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Abstract—Radioxenon isotopes measured at radionuclide sta-
tions of the Comprehensive Nuclear-Test-Ban Treaty’s (CTBT)
International Monitoring System (IMS) may indicate releases from
underground nuclear explosions (UNEs) but are often caused by
emissions from nuclear facilities. Characterization of CTBT-rele-
vant nuclear events may use the evolution of isotopic activity ratios
over time, which goes from the release of an assumed UNE,
through atmospheric transport, to sample collections and mea-
surements. A mathematical approach is presented to discuss the
characterization of the spatial and temporal relationships between a
nuclear explosion and radioxenon measurements. On the one hand,
activity concentrations at an IMS station are estimated by using the
assumed release scenario regarding a UNE and atmospheric
transport modelling. On the other hand, the activities collected in
the samples are determined by spectral analysis first and the
activity concentrations in the air passing over the IMS station are
estimated under an assumption of constant concentration during
sampling. The isotopic ratios of activities released from the UNE
are related to the isotopic ratios of activity concentrations in the
plume of air crossing the IMS station, resulting in a function of the
isotopic activity ratio over the time from detonation to sample
measurement. The latter is used for discrimination of a nuclear test
and estimation of the time of detonation, such as a four radioxenon
plot of the activity ratio relationship of '*°Xe/'**Xe versus
133"‘Xe/131mXe.
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1. Introduction

Activity ratios of Comprehensive Nuclear-Test-
Ban Treaty (CTBT) relevant radionuclides detected
in particulate and noble gas samples can be used to
discriminate a nuclear explosion source against the
releases originating from other nuclear facilities. In
case all four radioxenon isotopes are detected, the
most discriminating plot is the activity ratio rela-
tionship between '**™Xe/'3'"™Xe and **Xe/'**Xe. An
important feature is that observation data can be
mapped onto the chart for distinguishing underground
nuclear explosions (UNEs) from civilian applications
without knowing the detonation time. This approach
can only be applied to an early release, e.g., less than
a few days, due to a short half-life of '*>Xe (9.14 h).
For all combinations of isotopes with '**Xe in the
numerator it takes less than five days before the non-
fractionated release from a nuclear explosion reaches
the chemical equilibrium (Kalinowski, 2011; Kali-
nowski & Pistner, 2006; Kalinowski et al., 2010).

The activity ratios of two radioxenon isotopes
detected routinely at IMS stations, such as
133Xe/"?'™Xe, are typically found in a range which
might originate from nuclear facilities such as med-
ical isotope production facilities or from a delayed
release of a nuclear test (Kalinowski & Liu, 2020).
For example, the activity ratios of '**Xe/'*'™Xe
recorded in April 2013 are considered strong evi-
dence for the nuclear nature of a seismic event on 12
February 2013 related to an announced DPRK
nuclear test (DPRK2013). Both **Xe and '}!'™Xe
were detected in three samples at the IMS station
JPX38 and two samples at the IMS station RUXS58
after more than 50 days. The activity ratios of
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133Xe/"3!™Xe are consistent with simplified simula-
tions of delayed releases (Ringbom et al., 2014) and
with more detailed simulations of radioxenon accu-
mulated in a void/tunnel due to convection-driven
leakage from the explosive cavity/chimney (Carrigan
et al., 2016, 2020).

The detonation time of a nuclear explosion can be
estimated by using a function of the isotopic activity
ratio from the time of detonation up to the time of
collection stop based on assumed scenarios, e.g.,
pairs of 140B4 and 140La, 97r and 95Nb, and '¥Xe
and '™Xe (Carrigan et al., 2016; Ringbom et al.,
2014; Yamba et al., 2016). If the same decay chain is
assumed before a release at the surface and during
atmospheric transport, the elapsed time since the time
of detonation can be estimated by solving activity
evolution equations numerically and/or analytically
(Bateman, 1910; Kalinowski et al., 2010; Yamba
et al., 2016). The associated uncertainty estimation of
the elapsed time can be performed using the Monte
Carlo method (MCM) regarding non-linear functions
of exponentials and logarithms (ISO/IEC, 2008;
Kalinowski & Liu, 2020) and numeric derivatives
(IS0, 2019).

Generally, there are three stages of isotopic
activity ratios involved from the initial release up to
sample measurements. The first one is the ratio of
activities of two isotopes at the time of release. The
second one is the ratio of activity concentrations in
the radioactive air crossing a sampling location at the
end of a sample collection period. The third one is the
ratio of activities collected in a sample either at the
time of collection stop or acquisition start. Some
studies used the activity ratio of *'™Xe to '**Xe
determined in the sample measurements for the
characterization of the DPRK2013 event, including
the estimation of the explosion time (Axelsson &
Ringbom, 2014; Ringbom et al., 2014). This differs
from investigations using the isotopic ratios of
activity concentrations in the plume (Kalinowski,
2011; Kalinowski & Pistner, 2006; Kalinowski et al.,
2010). Fundamentally, the isotopic activity ratio, as a
function of time (i.e., the curve of activity evolution),
needs to be derived for characterizing a nuclear
release event. The isotopic ratio of activity concen-
trations in the plume of air connects the two ends of
from release to sample

activity  evolution
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measurement. The activity concentration profile in a
plume can be related to the released activities from a
UNE by using atmospheric transport modelling
(ATM). Since an air mass containing passive tracers
(plume) is transported from a nuclear explosion site
to a measurement station, ATM simulations provide
valuable contributions assuming that the released
activities form a linear' relationship with activity
concentrations in the air mass (Becker et al., 2007,
Wotawa et al., 2003).

For isotopic activity ratio analyses based on
sample measurements, the first step is to estimate the
isotopic ratio of two activity concentrations at the
time of collection stop under the assumption of a
constant concentration profile during the sampling.
The upper and lower limits of the isotopic activity
ratio can be estimated using Fieller’s theorem
(Axelsson & Ringbom, 2014) or Bayesian statistics
(Zaehringer & Kirchner, 2008) for the event screen-
ing flags. Principally, the uncertainty estimation of
the explosion time can be based on the propagation of
uncertainties (Yamba et al., 2016). However, when
the Bateman equations are used for a complicated
decay chain, this might turn out to be a non-trivial
undertaking and even an impossible one. It is more
practical to apply the MCM directly to activities
measured in the samples or to associated peak counts
in the spectrum analysis, especially in the case of the
non-linear relationship between the elapsed time and
isotopic activity ratio (Liu & Kalinowski, 2021).

In this paper, the relationships of quantities
involved in the three stages of isotopic activity evo-
lution, namely, in the subsurface prior to the release
into the atmosphere, in the air mass transported by the
wind fields, and in the sample collected at an IMS
station, are discussed, including the uncertainty esti-
mation involved. The analysis procedures and results
of the IMS observations related to the DPRK2013
nuclear test event, Fukushima Daiichi nuclear disas-
ter and daily radioxenon background are provided as
examples.

! This is a simplified source-receptor matrix concept without
considering non-linear chemistry.
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2. Isotopic Activity Ratio Analysis

2.1. Activities Released from a Nuclear Explosion

The activity evolution from a nuclear explosion
up to the release of gases into the atmosphere is a
complicated process. It is related not only to
radioactive decay chains, but also the convection
and diffusion of radioxenon gases from the explosion
chimney to the ground surface. The chemistry of
precursors to radioxenon isotopes, geology and time
of release post-detonation, amongst other factors, can
influence the amount of activity released. Radioxenon
gases could be accumulating in a tunnel related to the
nuclear test, resulting in a delayed release (Carrigan
et al., 2016, 2020).

In an ideal and well-mixing system, activities can
be estimated based on mass decay/ingrowth chains
using Bateman equations (Bateman, 1910; Kali-
nowski, 2011). The isotopic ratio of released
activities is given by:

R(t1) = Ax(t1) /A1 (th). (1)

Here, Ai(t;) and A,(#;) are activities of two
isotopes (Bq) at time #;. The time #; marks the start of
the release into the atmosphere since the time of
detonation.

2.2. Activity Concentrations in the Air over an IMS
Station

The radioxenon isotopes that are released from
ground or water into the air at #; are picked up by the
winds and are further subject to the dynamics of the
atmosphere. ATM is required to follow the radio-
xenon isotopes by computing the travel paths from
the release location to any other relevant location of
reception across the globe. For this, the CTBTO
employs the versatile and efficient particle transport
model Flexpart (Stohl & Thomson, 1999; Stohl et al.,
1998, 2005), which is a Lagrangian particle disper-
sion model able to perform backward (explicit
inverse modelling) and forward tracer transport by
computing the so-called source-receptor relationship.
This relationship links the relevant start- and end-
point of the transport of a unit tracer in an integrated
fashion by filling a source-receptor matrix. Source
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attribution (e.g., for radioisotopes) can be efficiently
done by mere matrix multiplication. The resulting
source-receptor sensitivity (SRS) field is expressed as
a product of a spatial-temporal source at discrete
locations and time through
Cijn = Sijn X Mjj,, where C is the attributed concen-
tration of the tracer (Bq m>), S is the source
attribution (Bq), and M is the source-receptor matrix
as a dilution field (m™®) (Becker et al., 2007;
Ku$mierczyk-Michulec et al., 2021; Stohl et al.,
2005; Wotawa et al., 2003).

For our study, we utilize CTBTO’s ATM pipeline
to produce SRS fields with activity concentrations
based on a default nuclear explosion with a strength
of 1 Bq (unit source attribution)2 (Kusmierczyk-
Michulec et al., 2021). The time resolution is three
hours, and the spatial resolution of each SRS matrix
element is 0.5 by 0.5 degrees (55 km by 55 km).
Obviously, the simulated activity concentration at a
measurement site—assuming the plume traverses the
site—shows one value every three hours and is
constant over a large domain during each timestep
compared to an IMS observation, which entails a
point location collecting radioxenon isotopes for
twelve hours per sample (or sometimes twenty-four
hours, depending on the sampling equipment used).
Clearly, the space and time parameters differ when
comparing or combining activity concentration sim-
ulations with observations: [55 km by 55 km every
3 h]atm vs. [point every 12 h]pys. We note, however,
that the spatial incongruity is not covered in this
paper as we focus only on the temporal aspect of
matching simulations with observations.

Now we need to match the simulated activity
concentrations to the concentration obtained from the
measurement at the time of collection stop (after
twelve hours of sampling). This can be done by
simply computing the average concentration for the
four consecutive interval values of three hours. A
more accurate approach, however, would consider the
short half-lives of certain isotopes for the current

intervals

2 We could use the dilution matrix directly (to get the m™>

quantity), see later in Eq. (2), but activity concentrations based on
an initial activity (with default or any strength of choice) are
standard output for CTBTO’s ATM pipeline studies. Here we
choose 1 Bq for convenience.
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sampling time, which requires a more comprehensive
computation.

When this final simulated activity concentration is
computed, it can be divided by the 1 Bq source
attribution to get the dilution matrix M in (m~) at the
station. We designate the time of collection stop by 7,
for our backward isotopic analysis and use both
C(12), the activity concentration measured at the
station, and the simulated dilution value in M(t;) to
get A(t,) through:

Using Eq. (2), the isotopic activity ratio at the
time of collection stop can be estimated by

_As(n) _ Co(n)/M(t2) _ Ca(ta)
Al()  Ci(0)/M(n)  Ci()

Regarding the activity evolution, the isotopic ratio
in Eq. (3) is defined by the released activities of the
source term first but estimated by activity concentra-
tions in the air mass passing the sampling location in
the end.

The isotopic activity ratio at the release site using
Eq. (1) needs to be related to the ratio at the IMS
station in Eq. (3), through the ATM assumption in
Eq. (2). Since for ATM part a universal tracer is
applied (though source attributed), the activity decay
during forward transport is not included in Eq. (2) but
can be processed a posteriori to get a decay corrected
dilution value (for each radionuclide of relevance).
The impact on the isotopic ratio estimation caused by
the concentration profile and decay correction during
sampling are being investigated and will be presented
in the future.

R(12)

(3)

2.3. Activities Collected in Samples at the IMS
station

Activity concentrations are assumed to be con-
stant during sampling. Therefore, the activities
collected in a sample at the time of collection stop
are estimated by Eq. (4), irrespective of an indepen-
dent decay or parent-daughter decay chain.
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1 — e %

As(ty) = C(1) Vs .

; (4)
where, V is the air volume sampled (m3), the sub-
script s indicates the activity collected in the sample;
/ is the decay constant (s_l); 7. 1s the duration of
collection (s); As(f7) is the activity collected in the
sample at the time of collection stop. The activity
concentration is referenced at the time of collection
stop in Eq. (4), which is consistent with Eq. (3).

Using Eq. (3) and (4), the isotopic ratio of activity
concentrations in the plume of air is related to the
isotopic ratio of activities collected in the sample at
the collection stop time, Ry(z,), by:

_Ax(t)
B Als(tZ) B

The isotopic ratio of activities collected in the
sample is dependent on the decay constants (4y, 42)
as well as the collection time 7.. In contrast, the
isotopic ratio of activity concentration in the plume of
air in Eq. (3) is only dependent on decay parameters.
Therefore, the isotopic ratio of activity concentrations
in the plume instead of the isotopic ratio of activities
collected in the sample is used to characterize the
activity evolution from the time of detonation until
sample measurement, as indicated in Egs. (1) and (3).

11— e‘;“”‘

Ry (¢ —_—
( 2) Al —e At

R(12) (5)

2.4. Activities Measured at the Time of Acquisition
Start

For an independent decay, the activity Aj,(z3)
(Bq) collected in the sample at the time of acquisition
start (#3) is determined by Eq. (6).

X A

Als(t3) = ﬁl — elf/hr,l (6)
where x; is the net number of counts for an isotope 1
(the subscript indicates an independent isotope or the
parent isotope of a parent-daughter decay chain)
determined in spectrum analysis; ¢ is the efficiency;
BR; is the branching ratio; 7, is the real acquisition
time (s) of the spectrum.



Vol. 180, (2023)

For a decay chain of parent to daughter, the
activity of the daughter isotope is estimated by

Eq. (7).
X2 %
Ags(ty) = —2—— 22
2 ( 3) &BRy 1 — e %2
2 ol — e M
— At — —-1).
15(13) Ja — Ay (11 1 — ¢
(7)
After the collection stop, there is a processing
period (t,), the decay time of 24 h for particulate
samples or the processing time of a few hours for

noble gas samples. Considering decay corrections,
the activity for the parent isotope, Ajs(f2), and the
activity for the daughter isotope of parent-daughter
decay chain, A,,(#,), at the time of collection stop can
be estimated by Egs. (8) and (9), respectively.

Ars(h) = Ar(t3)e"™ (8)

Any(2)
= (Azs(ljg) — Ay(13) e )f 7 (1 - e*(ﬂf’”"m) > e
9)

Sampling is completed at the collection stop time.

Activities collected in the sample depend on decay
chains and further processing of samples. The
collected sample might be measured by using differ-
ent approaches, such as re-analysis in IMS
radionuclide laboratories. It would be very practical
to give the activities referenced at the time of
collection stop, especially for the estimation of
activity concentrations.

Applying Egs. (8) and (9) into Eq. (5), the
isotopic ratio of activity concentrations at the time
of collection stop, R(f»), based on the sample
measurement, is estimated by Eq. (10).

R B Jpl — e At g= T
([2) — 1 —MaTe p—7IaT
rMl—e e p

A2sT(t3) o) (/12 1—e i — 6(7,211)TP>:|

AlS(t:’)) a )Q — )\,1 /1—11 — e*/lz‘ca

(10)

where Aor(13) = Fx lijf,iw indicates the activity of

the daughter isotope determined by the peak counts
without the parent-daughter decay correction (sub-
script T), which is the same as Eq. (6).
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Applying Egs. (6) and (7) into Eq. (10), the
isotopic ratio of activity concentrations at the time of
collection stop is estimated by Eq. (11), based on net
numbers of peak counts.

/12 1— 67;“”"“ e—).,r,,
R(1z) = Tl—e e i
X2 1BR| /g1 — e #Ta 2
|:x_1 &BR, Zl — ™7 B Aoy — A

lal = e (i )|
Al — e #%

2.5. Analysis Procedure

(11)

Activities released from a nuclear event, activity
concentrations in the plume passing over an IMS
station, and activities collected in a sample at the IMS
station can be related based on an analysis procedure
including the activity evolution from an assumed
UNE, through ATM simulations, to sample measure-
ments. The activity concentrations in the plume serve
a key role between release and sample measurement.
On the one hand, activities released from a nuclear
explosion can be estimated based on an assumed
scenario in order to have the predicted activity
concentrations at a station based on the forward
ATM simulations. On the other hand, activities
collected in the sample are determined based on
spectra analysis and the accompanying activity
concentrations are estimated under the assumption
of the concentration profile during sampling. As
mentioned above, the isotopic ratio of activities
collected in the sample differs from the one of
activity concentrations in the plume as shown in
Egs. (1), (3), and (5). It is a backward procedure to
estimate the isotopic ratios of activity concentrations
in the plume, based on activities measured in the
sample, as shown in Fig. 1.

3. Source Term of a Nuclear Explosion
3.1. Schematic Sequence of an Underground Nuclear
Explosion

The sequence of cavity evolution following a
UNE is illustrated by (Carrigan et al., 2020). During
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Scenario (+t): Activities released into atmosphere are derived from a UNE scenario
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Figure 1
Schematic sequence of processes from the explosion (¢ = 0) to the release time (#;), the collection stop time (,), and the acquisition start time
(t3). In contrast, the analysis is performed in reverse order, from the activity measured in the sample back to the activity released. See the text
for d
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= Rainout
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The sequence of events giving rise to the zone of melt at the bottom of a UNE cavity and chimney is illustrated by (Schwartz et al., 1984) as
periods of a cavity expansion, b rock melting, ¢ cavity collapse, and d chimney formation. The conceptual model of source-term activities is
referred to Sun et al. (2021). R, D, and S in the cavity represent rainout, back diffusion, and seepage, respectively, in e

the rapid expansion of a detonation cavity following a
UNE (Fig. 2a), high pressure and temperature result
in the formation of a melt zone on the walls of the
cavity and form a melt puddle at the bottom of the
cavity resulting in a two-phase system with a volatile
gas and vapor overlying a zone of melted rock

(Fig. 2b). During the rapid cooling of the vapor
phase, the vaporized iodine precursors condense out,
mixing with the melt phase in the puddle, while some
small fraction of the radioxenon isotopes produced in
the puddle may possibly be transported back to the
gas phase in the cavity. Collapse of the cavity/
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chimney may enhance gas seepage and/or prompt
venting of radioxenon isotopes produced from decay/
ingrowth in the cavity (Fig. 2c, d).

3.2. Bateman Equation

Released activities can be estimated based on
mass decay chains using the Bateman equation
Eq. (12) (Bateman, 1910; Kalinowski, 2011; Kali-
nowski & Pistner, 2006).

an(’) =
n n—1 n n—1
T 1
0 m,n —In2-t/t,,
OIS ) (9D 9l BTN § ey
k=1 1=k j=1 my i=1 Ting
1> <j

(12)

where, ¢ is the elapsed time relative to the time of
detonation; Ny, ,(t) is the number of the n-th nuclide
in the mass chain m at the time ¢; t,,,, is the half-life
of the n-th nuclide in the mass chain m. Independent
fission yields Ngl‘k and decay branching fractions b,,;
are taken from (England & Rider, 1994). The Bate-
man equation for a given mass chain is solved
numerically for each time frame. All possible paths
through the branches of the decay chain are treated
individually and the results are added up.

Due to the isotope separation from their precur-
sors, the parameters related to decay chains need to
be adjusted accordingly, such as assumed modes of
full- and part-ingrowth. For example, radioxenon
decay chains are evolving along with their iodine
precursors in the chimney after a UNE. However,
after release at the surface, iodine isotopes might be
separated completely and only the radioxenon iso-
topes are transported in the plume.

3.3. Analytical Solution Development

Carrigan et al. (2020) and Sun et al. (2021)
described source-term activities (rainout from cavity
to puddle, back diffusion from puddle to cavity, and
seepage from the cavity to host rock, see Fig. 2e)
together with radioactive decay/ingrowth using ordi-
nary differential equations (ODEs)
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de

o = Ac= (SAS™e. (13)

In Eq. (13), c is the vector of concentrations, f is
time, A is the reaction matrix describing radioactive
decay/ingrowth and source-term activities, S is the
matrix whose columns are the eigenvectors of A, s!
is the inverse matrix of S and A is the eigenvalue
matrix of A.

Defining a = S le,

da
—=A 14
5 = Aa (14)
is solved analytically. The solution of ¢ is derived
using “c =S a” as

exp(Ant) - 0
=S| 1 .

. S7'ep  (15)
0 <o exp(Ant)

where, ¢ is the vector of initial concentrations. For
details of the analytical formulation of S and S™!, the
reader is referred to Sun et al. (2015) and Sloan et al.
(2016).

3.4. Verification and Inter-Code Comparison

Because of the stiffness of ODEs involving a large
difference (e.g., 6-orders of magnitude) in half-lives,
an additional effort is required to obtain convergent
solutions numerically. Although advanced ODE
solvers are available (e.g., ode23s in MATLAB) for
dealing with possible stiff reactions, closed-form
solutions are preferred due to the extra computational
expense of numerical solutions. In addition, closed-
form solutions are required for the verification of
numerical codes, which can be utilized in solving
more complex and practical problems. For compar-
ison purposes, we simulated radioxenon mass using
both closed-form solution and solving ODEs using
ode23s (MathWorks, 2000) and compared solutions
in Fig. 3.

We simulated radioxenon production and decay
from decay chains 131, 133, and 135 in a closed
system using the independent yields and half-lives
provided by England and Rider (1994). For this
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Comparison of analytical and numerical solutions of radioxenon inventories in a closed cavity. a Radioxenon inventories from 1kt

235f;
U.

b Relative error between analytical and numerical solutions for 1kt **>"U. ¢ Radioxenon inventories from 1kt >**'Pu. d Relative error between
analytical and numerical solutions for 1kt ***'Pu. Solid and dashed lines in a and ¢ represent analytical and numerical solutions, respectively

benchmark problem, a few computer codes are
available. Among those codes, ORIGEN is the most
accepted computer code for calculating the buildup,
decay, and processing of radioactive materials.
ORIGEN uses a matrix exponential method to solve
a large system of coupled, linear, first-order ODEs
with constant coefficients. The main disadvantage of
the regular Taylor expansion used in ORIGEN is that
it is subject to roundoff error especially for stiff
systems. Similarly, numerical ODE solvers, such as
MATLAB ode23s using a low-order method, are
often used for simulating radionuclide decay and
ingrowth. For comparison purposes, MATLAB
ode23s is used by LLNL to obtain a numerical
solution. However, numerical solutions are subject to

high computational expense and convergence issues.
For this reason, analytical (closed-form) solutions are
preferred. The IDC (International Data Center) solu-
tion (Kalinowski, 2011; Kalinowski & Pistner, 2006)
and Yamba’s model (Yamba et al., 2016) are purely
analytical solutions modified from the Bateman
equation and implemented differently in a MATLAB
environment. The LLNL analytical model (Sloan
et al., 2016; Sun et al., 2015) is a flexible solution
using analytical singular-value decomposition. It is
purely functional and flexible to user-defined decay-
ingrowth structure. It is noted that the decay-ingrowth
of decay chains 131, 133, and 135 is a stiff problem
with minimum and maximum half-lives of 0.18
(s) and 11.84 (d). The time scale is 5.6832 x 10°



Vol. 180, (2023)

Characterization of CTBT-Relevant Radioxenon Detections

1529

102 F 10™ . . . . .
o ¢
(a) (b)
¢
1L
1 =
M M
= =
) o
24 >
£ 1S 1013 F 4
= 3
T g0 f I
LLNL (analytical) LLNL (analytical)
+ LLNL (numerical) + LLNL (numerical)
o InC o IDC
A Yamba Yamba
PNNL PNNL
¢ ORIGEN ¢{ ORIGEN
10° . . . ! . . . . ! \
0.5 1 15 2 25 0 05 1 1.5 2 25
x10° %105
15 o . 4 LLNL (analytical)
10%F (c) e 100 ¢ #  LLNL (numerical) | 7
¢ o InC
Yamba
FOL
{ ORIGEN
— —
o 10M | ] fou
jan} [as]
= =
o ]
>~ <
o g
a = 10"
13 4
10 LLNL (analytical)
+ LLNL (numerical)
o IDC
N Yamba
PNNL
¢ ORIGEN (d)
10 12 1 1 1 1 1 1 1 1 1 1
0.5 1 15 2 2.5 0 0.5 1 1.5 2 25
Time (s) x10° Time (s) x10°
Figure 4

Inter-code comparison of radioxenon ratio of activities (a 13“"Xe, b 133"“Xe, c 133Xe, and d 135Xe) for 1kt

times different and independent yields are also orders
of magnitude different. For this reason, the inter-code
comparison is plotted on log10 scale in Figs. 4 and 5
for 2**'U and **'Pu, respectively.

3.5. Impact of Source-Term Activities
on Relationship of Four Radioxenon Isotopes

Figure 6 shows the fully fractionated (instanta-
neously produced or independent yield) and
unfractionated (solid blue curve) evolutionary corre-
lations of '**™Xe/'*'™Xe and '*°Xe/'**Xe. Assuming
rainout rates of iodine precursors, back diffusion rate,
and seepage rate, Sun et al. (2021) compared the four
radioxenon plot with and without source-term

235fU

activities in Fig. 6. The four radioxenon plot depends
on sample locations and source-term activities.

4. Calculation of Isotopic Activity Ratios

The concentration and associated uncertainty
values are given in IDC analysis reports. The nominal
value ro and the associated uncertainty u(ro) of the
isotopic activity ratio are estimated by Eq. (16),
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o — 2 c>, the results of which in first order are then the
00— .
c s 5 values of Eq. (16). By extending the Taylor expan-
W2(rg) = rg (” (c1) | u(c2) _9 Cov(cy, C2)> sion to the second order, we obtain the ratio r and the
- 2 2 . . . .
ol ) c1¢2 associated uncertainty u(r), as shown in Eq. (17).

(16)

Notice that ry in Eq. (16) is calculated from the
values of activity concentrations, c¢; and c;, as taken
from analysis reports. However, R(f;) in Eq. (3) is
defined as the ratio of two random variables, i.e., the
activity concentrations C;(;) and C(t,). There is no
formula for calculating the expectation and variance
of a ratio of random variables without reference to
any specific probability distribution. The way for-
ward is to perform a Taylor expansion of
E[R(Cy, C,)] and Var[R(Cy, C,)] at the values ¢; and

u?(cr) ~ Cov(ey, )

r:r()(l—l— ),uz(r):r%

C% C1Co
2 2 2 2
(“ (;32) (1 L3l (51)>+M (;‘1) (1 g (?))
5} S S S
_2Cov(cl,cz)>.
C1C2

(17)

The biases are mainly dependent on the uncer-
tainty of the denominator, as shown in Eq. (17),
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Four radioxenon plot in the cavity with and without source-term
activities (re-plotted from Sun et al., 2021, Fig. 8a). The green
dashed line is the discrimination between civilian applications (left)
and UNEs (right). Other two dashed lines indicate the evolution of
the activity ratios of xenon isotopes created at detonation only

especially with large relative uncertainties of the
concentrations for low-level samples.

Differing from the analytical approach described
above, a numerical approach utilizing the MCM can
accomplish the propagation of probability distribu-
tions (ISO/IEC, 2008). The analysis model is
dependent on the measurement process and the
spectrum analysis of the sample. First, the values of
input parameters, such as activity concentrations
from the analysis report or original peak counts from
the spectrum, are sampled based on associated
probability distributions. Then the distributions of
isotopic activity ratios and/or explosion times are
derived. Finally, the mean values of isotopic activity
ratios and/or detonation times, associated uncertain-
ties and limits of the coverage interval are estimated
accordingly (Liu & Kalinowski, 2021).

5. Results and Discussion

5.1. Observations at IMS Stations

After more than 50 days following the announced
third DPRK nuclear test event in 2013, three
consecutive Level C samples at JPX38 and two
consecutive Level C samples at RUXS8 were
considered that might have originated from this event
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Figure 7
Decay consistent analysis of isotopic activity ratios for three Level
C samples at JPX38, two Level C samples at RUX58 as well as the
Level B samples in the period. Level B samples marked by a blue
dotted box are associated with the level C samples at JPX38,
confirmed by the so-called possible source region analysis resulting
from ATM simulations (Kijima et al., 2022). The ratio values are
given with second order polynomial and the error bars are the limits
of the coverage interval with 95%

(Carrigan et al., 2016, 2020; Ringbom et al., 2014).
These five samples as well as the samples related to
the Fukushima nuclear disaster and daily radioxenon
background at IMS stations are provided as examples
demonstrating the described procedures of the iso-
topic activity ratio analysis.

5.2. Sample Association with the Same Event

The consistency of activity ratios across multiple
isotope observations with respect to a given radioac-
tive decay curve is a plausible indication that these
isotopes have originated from the same source. For
three level C samples (red dot) from JPX38 in Fig. 7,
the blue decay curve was estimated using the second
sample due to smaller relative uncertainties of
concentrations, including the blue bandwidth (the
upper and lower limits of the coverage interval under
the probability of 95%). For two samples from
RUXS8 (red squares), the second sample was used to
derive the green decay curve and its bandwidth. The
isotopic activity ratios of three Level C samples at
JPX38 are consistent with a blue decay curve within
the blue bandwidth, and two Level C samples at
RUX58 with the green decay curve and its band-
width. The blue bandwidth does not overlap with the
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Isotopic activity ratios of *'™Xe to '**Xe in daily samples at
JPX38. The values of isotopic activity ratios related to DPRK2013
are in the range of daily samples during the selected period (the day
zero is the date of the announced DPRK2013 event). Ratio values
are presented with the nominal values, but their associated
uncertainties are not given, which are in the range of (16%,
140%) with the median of 59% in one standard uncertainty

green bandwidth. This indicates that there were two
distinct releases at the DPRK test site from the
viewpoint of decay-consistent isotopic activity ratios.

Moreover, ATM simulations might improve con-
fidence in sample association by identifying the air
masses that link a release to multiple samples. It
might be possible that the Level B samples that
overlap with the blue bandwidth can be associated
with these three Level C samples at JPX38. For this
confirmation, a so-called possible source region
(PSR) analysis is performed based on correlation
algorithms used on SRS fields and radionuclide
observations. The results of PSR analysis, see
Fig. 8 in (Kijima et al., 2022), indicate that the level
B samples marked by a blue dotted box in Fig. 7 are
associated with the three level C samples at JPX38.
So, it might be possible that these samples originate
from the same release. On the other hand, the Level B
samples marked by black dotted boxes in Fig. 7 are
not associated with these Level C samples indicating
they have not originated from the same release.

The criteria for associating relevant episode
samples using consistent isotopic activity ratios as
well as the analysis procedure combined with ATM
simulations are investigated in an ongoing study.

Pure Appl. Geophys.

5.3. Combined Analysis Between Activity
Concentrations and Isotopic Activity Ratios

The activity ratios of '*'™Xe/'**Xe of the three
level C samples at JPX38 related to the DPRK2013
event shown in Fig. 8 are between 0.1 and 1. This is
within the range of daily values at JPX38 during the
selected period. Whereas Fig. 9 shows an example of
the activity ratios of '*'™Xe/'**Xe are increasing with
time because they are related to the release sources
from the Fukushima nuclear disaster. There were
several releases. The main reason for the linear shape
of the entries is the dilution and the decay over time
when the plume traveled through the atmosphere. The
ratios related to earlier releases in Fig. 9 are also in
the range between 0.1 and 1 in Fig. 8. Considering
the activity concentration values instead of the
isotopic activity ratios, the daily samples are clearly
separated from the Fukushima nuclear disaster and
the DPRK2013 samples, as demonstrated in Fig. 10.
The activity concentrations of both >'™Xe and '**Xe
in the three level C samples associated with
DPRK?2013 (red triangles) lie outside of the domain
of the general radioxenon background at JPX38 (blue
dots) as well as below the ones from the Fukushima
nuclear accident (purple diamond). Therefore, both
values of isotopic activity ratios and associated
activity concentrations need to be scrutinized with
respect to assumed scenarios and related ATM
simulations.

5.4. Estimation of the Elapsed Time since the Time
of Detonation

In one case study, the isotopic activity ratio and
elapsed time for one of the samples related to the
DPRK?2013 nuclear test event were estimated using
the MCM. For the sample at JPX38 at 19:00 on 8
April 2013 (collection stop), the concentrations are
133%e 3.05 + 0.14 (one standard deviation unless
otherwise stated) and '*'™Xe 0.57 + 0.11 (mBgq
m ). For the isotopic ratio of '**Xe to '*'™Xe in
Egs. (16) and (17), the nominal and second order
polynomial values are 5.35 £ 1.06 and 5.55 £+ 1.20,
respectively. The bias is due to the relative uncer-
tainty of 19% for '*'™Xe in the denominator.
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Figure 9
Isotopic activity ratios of *'™Xe to '**Xe in samples at JPX38 from 1 April to 30 June 2011 are increasing with time due to the release

sources from the Fukushima nuclear disaster. Ratio values are presented with the nominal values, but their associated uncertainties are not
given, which are in the range of (5%, 39%) with the median of 15% in one standard uncertainty

The isotopic ratios in the activity concentration
model in Eq. (3) were estimated by the MCM, where
Gaussian distributions for two activity concentrations
were used. Both distributions of isotopic activity
ratios and elapsed times were estimated accordingly,
which differ slightly from the fitted Gaussian curves
in Fig. 11a, b. This is due to the exponentials and
logarithms involved as well as the relative uncer-
tainty of 19% for '*'™Xe. The isotopic ratio of
activity  concentrations of '¥Xe/"'™Xe s
5.59 £ 1.29, different from the nominal value of
5.35 &£ 1.06 but within one standard uncertainty.
Under a simplified full-ingrowth model, the mean
values of elapsed times since the time of detonation
are 47.3 + 2.5 and 45.5 £ 2.4 days for the fission
material 23U and **°Pu respectively, which are close
to the actual 54.5 days. The parameters and assump-
tions involved need to be further investigated, such as
the model based on activities or net numbers of peak
counts, or even directly based on the gross numbers
of peak counts in the net count calculation method

used for the beta-gamma coincidence spectrum
analysis.

5.5. Four Radioxenon Plot

In the case of the DPRK2013 event, only radio-
xenon isotopes 133%e and *'™Xe were detected,
therefore, the four radioxenon plot was not applica-
ble. In the case of Fukushima nuclear accident in
2011, all four radioxenon isotopes were detected in a
few samples at JPX38. Due to the scale of this
incident, anomalous radioxenon detections were
frequently observed. As shown in Fig. 12, the
detections from the Fukushima nuclear disaster are
in the domain of nuclear facility releases, inside the
evolution trajectory of the isotopic activity ratios
through three reactor circles of LWR burn-up for
3.2% **'U enrichment.
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Four radioxenon plot of '**Xe/'**Xe versus '**™Xe/'*'™Xe. The evolution curves of the isotopic activity ratios for the two scenarios of 2**'Pu

are included: UNE release at 24 h after detonation and underwater nuclear explosion (UWNE) immediate release (Burnett et al., 2019). The
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isotopes were detected in a few samples at JPX38 after the Fukushima nuclear disaster in 2011 (Uncertainties of the isotopic activity ratios
with two standard uncertainty)

6. Further Studies maximum isotopic activity ratio boundaries as a
function of time.
6.1. Requirements of Isotopic Activity Ratio Analysis Libraries of scenarios for source term evolution

are generated from the method coupling isotopic
activity evolution of the gas-phase radioactive inven-
tory to realistic physical models of cavity evolution.
The input data will be aggregated to determine the
envelope of isotopic activity ratios associated with
UNE:s. The output is a score for the consistency of the
observations within the boundaries of all possible
nuclear explosion signals.

In the applications related to IMS observations,
this envelope can be constrained with the aid of
available observational data. Estimates of the com-
position of prompt releases will be less affected by
uncertainty in parameters controlling cavity-

The isotopic activity ratio analysis needs to
combine the two ends of the source term and sample
measurements for a possible match. A robust method
is required that tests the isotopic activity ratios of
samples against prepared information aggregated
from a comprehensive set of all relevant release
scenarios that could possibly explain the ratios
detected at IMS radionuclide stations. Recent
research results on the source mechanisms, including
in-growth and decay, cavity-melt fractionation and
seepage of cavity gases, are used to develop best-
estimate input source terms as well as minimum and
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evolution and gas leakage than late-time releases as
represented by the DPRK2013 detection. Using
isotopic analysis of the sample and related ATM
simulations, the isotopic activity ratios at the source
can be reconstructed as a function of time and
geographic location. With additional information
from waveform technologies this can be further
constrained. For screening purposes, the recon-
structed are compared with the
envelope of possible isotopic activity ratios to
provide a probabilistic estimate that the observations
are associated with a UNE.

For characterization of a specific event, this
comparison can be used to assist States Signatories
in testing the hypothesis of an UNE being the source.

source ratios
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Figure 13
The standard 4-isotope plot shows the England & Rider-based
model (black dashes) of radioxenon evolution assuming a well-
mixed post-detonation cavity with no leakage of gases. A
“discrimination line” (red dashes) lies to the left separating the E
& R isotopic evolution model from most, if not all, atmospheric
signals associated with civilian radionuclide sources (Kalinowski
et al.,, 2010). Cyan-colored lines are two different isotopic
evolution paths predicted by Carrigan et al. (2020) assuming
different “rainout rates” of condensing refractory precursors of
radioxenon into underlying molten rock with faster condensation
and rainout moving the path to the right of the plot. Magenta-
colored lines represent the evolutionary paths of radioxenon
trapped in the underlying molten rock, which is a result of the
rainout process and the initial partitioning of part of the radioactive
inventory into the melt (Carrigan et al., 2020). Finally, the
independent yield (I.Y.) (blue-dashed line) represents the evolu-
tionary path of radioxenon isotopes produced at the time of
detonation and before significant decay of precursors of radio-
xenon. Daily timelines are shown by the cyan-colored dot-dashed
lines. Replotted from Fig. 5 of Carrigan et al. (2020)
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6.2. Advanced Analysis Using Complicated Activity
Evolution Models

In the case of detection of UNEs involving the
observation of explosion-produced radionuclides in
atmospheric air samples, radionuclide interference
can come from sources such as medical isotope
production facilities and commercial nuclear reactors
(Saey & de Geer, 2005). Fortunately, comparing
certain ratios of different radioxenon isotopes (**'™
133, 133m. 135%¢) due to commercial sources against
values predicted by a radioactive-decay-chain model
of post-detonation isotopic evolution indicates that
many, if not all, civilian sources of atmospheric
background can be distinguished from UNE sources
by a “discrimination” line (Kalinowski et al., 2010)
as illustrated in Fig. 12, and more scenarios in
Fig. 13. The decay-chain model, mathematically
represented by a version of the Bateman equation
(Sun et al., 2015; Sloan et al., 2016), is based on the
compilation of radioactive-decay data by England
and Rider (1994) of those elements in the decay chain
of a UNE. However, Carrigan et al. (2020) pointed
out that this decay-chain model includes two assump-
tions that are not likely to be rigorously satisfied. The
first requires refractory precursors (e.g., Sn, In, Sb,
Te) to remain well mixed with gases including iodine
and its radioxenon daughters during the evolution of
the radionuclide inventory in the post-detonation
cavity, while the second assumption requires gases
not to leak from the cavity during the period of
evolution.

6.3. Boundary Estimation Under Different Scenarios
and Methods

Recently, the potential effects on the evolution of
isotopic activity ratios of deviations from both
assumptions (i.e., no leakage from the cavity and a
well-mixed cavity) have begun to be explored. It has
been known for decades from radiochemical studies
of drill cores (e.g., Borg, 1975; Johnson & Violet,
1958) that a substantial portion of the post-detonation
radioactive inventory is partitioned into a melt zone
that forms at the bottom of the detonation cavity. The
possibility that partitioning of the radioactive inven-
tory or deviation from the well-mixed state might
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Evolution of the isotopic activity ratio '*'™Xe to '**Xe in a
detonation cavity is plotted against time for nuclear yields of 1 and
10 kt subject to assumed conditions of rainout and continuing loss
of radionuclide inventory from the gas/vapor phase with leakage
into the zone of containment. The idealized England and Rider
model (i.e., full inventory remains well mixed with no long-term
leakage from cavity) has been plotted (red dashed line) for
comparison with the other cases. The rate of rainout or loss of
refractory precursor inventory from the well-mixed state generally
varies from the case of no rainout (system remains well-mixed)
above the E & R line to rapid rainout below that line. The RUX58
measurements of the isotopic ratio resulting from the DPRK2013
event, which are interpreted as samples released from the cavity,
are included for reference with the red box representing the
estimated range of error for those measurements. While the curves
presented are appropriate for a***"U detonation, it is unknown what
kind of fission event actually occurred. Cavity-gas seepage rates are
only estimated for the DPRK2013 event. Replotted from Fig. 6 of
Carrigan et al. (2020)

affect observable radioxenon activity ratios has been
proposed by de Geer (2013) to interpret atmospheric
radioxenon observations from DPRK UNEs. The
exact nature of the process of partitioning or sepa-
ration of refractory parents from radioxenon
daughters is uncertain, but basic process models have
been created and evaluated with the intent of
estimating the impact of deviations from the well-
mixed state (Carrigan et al., 2020). Figure 14 shows
the effects of condensation and rainout of refractory
parents during cooling of the gas phase followed by
their capture in the melt zone of the detonation
cavity. The main effect of partitioning by condensa-
tion and rainout of refractories is to shift the England
& Rider evolutionary curve from its position near the
discrimination line further to the right toward the
independent yield (I.Y.) line. The extent of the
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rightward shift depends on how quickly condensation
and rainout can occur following detonation. For the
example considered by Carrigan et al. (2020), the
cyan lines show what happens when a condensing
species has rainout half-life in the gas phase of
approximately 700 s (label: 1.E-3) and 0.7 s (label: 1)
(Fig. 13). To move any further rightward requires
more rapid cooling to the starting point of precursor
condensation. This result suggests that considering
deviations from the assumption of a well-mixed
radioactive inventory will generally increase the
separation on the four radioxenon plot (Fig. 13)
between atmospheric isotopic “noise” and the post-
detonation radioxenon evolutionary curve.

It was found that relaxing the assumption of no
leakage from the detonation cavity causes isotopic
evolution to become dependent on nuclear yield
through post-detonation heating and the resulting
multiphase, thermally driven flow, which affects the
time-dependent leakage rate (Sun and Carrigan,
2016; Carrigan et al., 2016). The DPRK2013 UNE
was evaluated given evidence for long-term leakage
from the cavity. Radionuclide observations of the
nuclear test were unusual as radioxenon was not
observed in the atmosphere until almost two months
following the detonation with detections occurring
first at JPX38 and a few days later at RUXS58
(Ringbom et al., 2014). The measured ratios were
somewhat different, leading to a possible interpreta-
tion by Ringbom and colleagues that the radioxenon
measured first at JPX38, from what was evidently a
well-contained UNE, was released in opening and
ventilating the tunnel complex at the DPRK test site
while the RUX58 observation, with large measure-
ment errors (Ringbom et al., 2014), came from a
location in the DPRK tunnel complex nearer to the
point of detonation. Using their leaky reactor model
in a variational study, Carrigan et al. (2016) reached a
similar conclusion except that the RUX58 measure-
ments were found to best agree with radioxenon
evolution in the actual detonation cavity or chimney
itself, for a yield of 5-8 kilotons, which happens to be
in approximate agreement with the seismic yield
estimates for that event (Oswald, 2013; Ringbom
et al.,, 2014). This led to the hypothesis that the
RUXS58 measurements resulted from a prompt release
caused by drilling back into the detonation cavity, a
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common post-detonation procedure for nuclear test
evaluation.

6.4. Radioxenon Background Estimation
and Subtraction

One of the issues in the isotopic activity ratio
analysis is whether the contribution of the radioxenon
background needs to be subtracted. Simulations are
performed with ATM to determine an activity
concentration and its associated uncertainty from
known releases of nuclear facilities to each IMS
sample measurement, resulting in a residual between
the IMS observation and ATM simulated concentra-
tion. Then, event discrimination can be performed
based on the residual. However, there might be
relatively large fluctuations in ATM simulated activ-
ity concentrations in some cases, resulting in outliers
in the distributions of the residuals. In light of this
issue, ATM simulations were performed to estimate
the activity concentrations originating from hypo-
thetical radioxenon releases of pre-defined UNEs as
well as releases from known sources of nuclear
facilities, resulting in synthetic activity concentra-
tions at IMS stations. An ongoing study aims to get a
better estimation of the radioxenon background to
distinguish between known sources and potential
(hidden or weaker) UNE signals. This will be done by
exploring several methods that include statistical
uncertainty for ATM simulated activity concentra-
tions. Ultimately, the activity ratios of detected
radioxenon isotopes are compared between the real
IMS observations (typical radioxenon background),
simulated concentrations from hypothetical nuclear
explosion sources (pure signals without radioxenon
background) and synthetic ones.

6.5. Data Fusion Between Radionuclide
Observations and Waveform Events

The IMS network continuously monitors the
globe for nuclear explosions through seismic, hydroa-
coustic, infrasound (SHI), and radionuclide
measurements to detect signals from possible nuclear
explosions. SHI monitoring stations continuously
record waveform signals and the events identified
using three technologies are fused into a combined
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event bulletin. Due to the differing nature of SHI and
radionuclide measurements, the results are reported
in separate bulletins. In order to fully characterize a
hypothetical UNE, the radionuclide detections must
be matched to an event that was constructed from the
waveform data of the SHI networks. The IDC
regularly performs data fusion between radionuclide
detections and waveform-based events using the
source-receptor-sensitivity fields from the ATM sim-
ulations. In the scenarios considered here, a UNE
creates an immediate seismic signal, but with an
a-priori unknown time until the release of radionu-
clides. The data fusion pipeline at the IDC accounts
for possible delayed releases of up to 60 days, but
additional information is required to more precisely
determine which waveform-based event should be
associated with given radionuclide detections. The
results described here, in particular the determination
of the release (containment) time and the detonation
time, can provide further information to the data
fusion algorithm.

7. Conclusions

For both discrimination of a nuclear explosion
source and estimation of the time of detonation, the
first step is to estimate the isotopic activity ratio at the
time of collection stop, which is based on activity
concentrations in the plume of air. The isotopic ratio
of two activity concentrations can be expressed by a
non-linear model. Estimating the ratio value and
associated uncertainty requires high-order Taylor
expansion terms, such as the second-order polyno-
mial. Therefore, the ratio and associated uncertainty
are dependent not only on concentrations but also on
their uncertainties and covariances. For isotopic
activity ratio analysis, it would be more practical to
use the MCM based on activities measured in the
sample or associated peak counts in the spectrum
analysis directly, especially for uncertainty estima-
tion related to the elapsed time since the detonation
time. The features of isotopic ratios of activities
measured at the acquisition start time are different
from the isotopic ratios of activities at the release
time and activity concentrations in the plume of air at
the time of collection stop. ATM connects the activity
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evolution from the activity released at the explosion
site through the activity concentration in the plume at
IMS stations. The activity concentrations in the
plume of air are used in isotopic activity ratio anal-
ysis for characterization of a nuclear release event.
The event dating is based on a unique equation of the
isotopic activity ratio with time under an assumed
scenario. If the same decay chain is assumed in both
before release and during atmospheric transport, the
elapsed time can be estimated numerically by solving
the Bateman equations. The uncertainty estimation
can be performed using the MCM because of non-
linear functions involved.

Characterization of radioxenon detections at IMS
stations requires connecting or relating physical
processes at the two ends of the lifetime of radio-
xenon isotopes and their isotopic activity ratios. The
one end is the radioisotope generation by a nuclear
explosion, the other end is their measurement in IMS
samples. Mathematical modelling is used to explore
the relationship between both ends, including ATM.
Investigating IMS noble gas samples for possible
nuclear test signatures requires all possible under-
ground nuclear test scenarios to be tested.
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