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a b s t r a c t

Fission gases such as 133Xe are used extensively for monitoring the world for signs of nuclear testing in
systems such as the International Monitoring System (IMS). These gases are also produced by nuclear
reactors and by fission production of 99Mo for medical use. Recently, medical isotope production facilities
have been identified as the major contributor to the background of radioactive xenon isotopes (radio-
xenon) in the atmosphere (Stocki et al., 2005; Saey, 2009). These releases pose a potential future problem
for monitoring nuclear explosions if not addressed. As a starting point, a maximum acceptable daily
xenon emission rate was calculated, that is both scientifically defendable as not adversely affecting the
IMS, but also consistent with what is possible to achieve in an operational environment. This study
concludes that an emission of 5 � 109 Bq/day from a medical isotope production facility would be both
an acceptable upper limit from the perspective of minimal impact to monitoring stations, but also
appears to be an achievable limit for large isotope producers.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The Comprehensive Nuclear-Test-Ban Treaty (CTBT) bans explo-
sions from any environment, including in the atmosphere, under-
water, andunderground.An international systemwasdesignedand is
now under construction intended for the verification of the treaty.
This International Monitoring System (IMS) is comprised of 321
stations (UNGA, 1996; Dahlman et al., 2009) at various locations
across the globe. The data collected by this system of sensors is
transmitted to an International Data Center, which analyzes the data
every day. The IMS comprised of four types of technologies designed
to detect nuclear explosions conducted in the various environs. For
detection of underground nuclear explosions, seismic sensors are
used to detect vibrations in the ground, hydrophones are used to
detect water pressure pulses from underwater detonations, micro-
phones are used to detect low frequency sounds from atmospheric
detonations, and a number of radionuclide sensors are used to detect
airborne nuclear debris that can be emitted from either atmospheric,
underwater, or underground detonations.

The seismic, hydrophonic and acoustic sensors cannot
discriminate nuclear explosions from phenomena such as the use of
r).

All rights reserved.
conventional explosives. Radionuclide sensors on the other hand,
can identify nuclear explosions and discriminate between
conventional explosions and actual nuclear explosions. The radio-
nuclide technology of the International Monitoring System (IMS)
consists of radionuclide particulate detectors (based on high reso-
lution gamma spectrometry) and radioxenon detectors (based on
high resolution gamma spectrometry or beta-gamma coincidence
counting). The particulate systems are designed to identify debris
from an atmospheric, shallow underground or shallow underwater
nuclear explosion, whereas the radioxenon systems can also
measure fission gases originating from deep underground or deep
underwater explosions. Radioactive xenon has been used effec-
tively for over a decade in the IMS, and various technologies and
algorithms have been used to detect and discriminate faint radio-
xenon emissions from other anthropogenic sources such as reactor
operations and medical isotope production (Kalinowski et al.,
2010).

Each year millions of procedures utilizing medical isotopes are
performed to address issues such as heart studies and other critical
activities. Among the isotopes used for medical procedures, 99mTc,
produced as decay product from 99Mo, is by far the most prevalent
(IAEA, 1989). There are two main production methods of 99Mo;
neutron capture on 98Mo and through uranium fission. In the latter
production route, the uranium targets are dissolved, followed by
chemical separation to obtain a purified 99Mo product (IAEA, 2004).
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However, the entire suite of fission products are also created during
this process, including fission gases such as radioxenon.

Other sources such as nuclear reactor operations release radio-
xenon, though the emissions from fission-based medical isotope
production are currently thought to be much higher (Saey, 2009).
The non-proliferation monitoring community has had to develop
a number of tools to discriminate radioxenon between civilian and
explosion sources. One of the most powerful techniques is through
the simultaneous measurement of multiple radioxenon isotopes
131mXe, 133Xe, 133mXe and 135Xe. In most cases, it is theoretically
possible to determine the source of the radioxenon by forming
ratios of the measured radioxenon airborne activity concentrations,
which are in the order of mBq/m3. Fig. 1 shows a schematic illus-
tration of multiple isotopic radioxenon correlation (MIRC) plots
that have been proposed to perform source determination using
radioxenon isotopes (Kalinowski et al., 2010). It can be seen in this
figure that the ratios originating from a nuclear power plant (NPP)
have a distinct and different signature than those from an explosion
or medical isotope production. In fact, these last two are very close
to each other. A high environmental background of radioxenonwill
make it even more difficult to discriminate them.

Understanding the isotopic ratios so detection of radioxenons
released as a by-product of fission-based medical isotope produc-
tion can be accounted for is important; however, a better solution is
likely to reduce emissions at the source. Even a perfect under-
standing of each source and measurement of all of the relevant
radioxenons will potentially produce an unpredictable effect at
large distances due to the potential mixing of multiple sources,
uncertainties in atmospheric transport, and the statistical uncer-
tainty in computed ratios when background levels are high. In
effect, high levels of background from legitimate activities such as
medical isotope production, even if the source is known, will
adversely affect the ability to determine the addition of small
signals coming from illicit activities such as nuclear explosions. The
only solution to the problem is to reduce legitimate civilian efflu-
ents at the source.
Fig. 1. Schematic illustration of the discrimination phase space of isotopic ratios of
radioactive xenon isotopes originally proposed by Kalinowski et al.
Emissions reduction requires investment by the producers in
most cases. Although essentially all production facilities are
thought to have some emissions reduction technology, building or
retrofitting current systems to meet some standard takes resources
that might not exist especially if the driver for reducing emissions is
not health and safety related. A relevant question is, therefore, what
level of daily emission is acceptable so that the nuclear explosion
monitoring mission is not greatly impacted, and is it possible to
reduce emissions to that level in any conventional way? The
following sections of this paper address that issue e the acceptable
level of radioxenon that can be emitted from known, planned, or
arbitrary location isotope production facilities will be calculated.

2. The International Monitoring System

The IMS currently has 40 radioxenon measurement stations
planned for installation before entry-into-force (EIF) of the Treaty,
and a plan for an additional 40 will be reviewed after EIF
(Comprehensive Nuclear-Test-Ban Treaty, 1996). The locations of
the radioxenon stations were set in the treaty before backgrounds
were understood either in terms of magnitude or sources. The
current requirement for minimum detection concentration (MDC)
thresholds is 1 mBq/m3 for 133Xe, though most of the systems
exceed (are better than) this requirement by a factor of nearly 10
(w0.1 mBq/m3) (Ringbom et al., 2003).

The current IMS radioxenon network is very sensitive compared
to other airborne radiation sensors, though as high a detection
sensitivity as possible is needed for these systems. The benefit of
using highly sensitive systems was seen following the Democratic
People’s Republic of Korea (DPRK) nuclear test of 2006, which was
reported by a Swedish noble gas system using similar technology as
that used in the IMS (Ringbom et al., 2009), as well as a system in
Yellowknife, Canada (Saey et al., 2007). Conversely in 2009 during
a second DPRK nuclear test, no xenon emissions whatsoever were
reported following the DPRK announcement arguing that if radio-
xenon emissions occurred from that event, then lower detection
thresholds may have been useful. Also, since the CTBT does not
specify a lower threshold for nuclear tests, very small tests should
be detectable and so more sensitive measurement capability is
needed.

The need for additional sensitivity can be visualized from
coverage maps of the IMS made by several groups. An example of
one of these maps in shown in NAS (2012), which shows the
percentage chance that a small nuclear explosion would be detec-
ted at one or more IMS station. These maps show two features
relevant to this issue; first there are areas in which the global
coverage could be better, which argues for more stations being
necessary, and second, the assumed emission strength in this
calculation is similar to that from medical isotope production
facilities.

While the needs for improved monitoring are increasing, the
needs for medical isotopes such as 99Mo are also increasing. This
means that the detection of xenon effluents from medical isotope
production will be more common as more stations are commis-
sioned, and as isotope production occurs at new locations. Indeed
the IMS currently detects xenon isotopes at many stations,
presumably originating from isotope production.

Under the rubric of cooperation under the CTBT, several indi-
viduals and groups have addressed the issue of isotope production
and its influence on the global radioxenon background. The issue
was highlighted at the 2011 CTBT International Science Sympo-
sium. Also, an annual Workshop on the Signatures of Industrial and
Medical Isotope Production (WOSMIP) was first held in 2009 and is
dedicated to the topic of understanding emissions from medical
isotope production and their impact. As part of these discussions,

https://www.researchgate.net/publication/225955971_Discrimination_of_Nuclear_Explosions_against_Civilian_Sources_Based_on_Atmospheric_Xenon_Isotopic_Activity_Ratios?el=1_x_8&enrichId=rgreq-a7b31c67a2641d604d0b416d2d82e2a5-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg5NDM3NztBUzoxMDMwOTcyNzE1ODY4MjdAMTQwMTU5MTcxNDIyOQ==
https://www.researchgate.net/publication/223410112_SAUNA-a_system_for_automatic_sampling_processing_and_analysis_of_radioactive_xenon?el=1_x_8&enrichId=rgreq-a7b31c67a2641d604d0b416d2d82e2a5-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg5NDM3NztBUzoxMDMwOTcyNzE1ODY4MjdAMTQwMTU5MTcxNDIyOQ==
https://www.researchgate.net/publication/24031340_The_influence_of_radiopharmaceutical_isotope_production_on_the_global_radioxenon_background?el=1_x_8&enrichId=rgreq-a7b31c67a2641d604d0b416d2d82e2a5-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg5NDM3NztBUzoxMDMwOTcyNzE1ODY4MjdAMTQwMTU5MTcxNDIyOQ==
https://www.researchgate.net/publication/233935552_Measurements_of_radioxenon_in_ground_level_air_in_South_Korea_following_the_claimed_nuclear_test_in_North_Korea_on_October_9_2006?el=1_x_8&enrichId=rgreq-a7b31c67a2641d604d0b416d2d82e2a5-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg5NDM3NztBUzoxMDMwOTcyNzE1ODY4MjdAMTQwMTU5MTcxNDIyOQ==


T.W. Bowyer et al. / Journal of Environmental Radioactivity 115 (2013) 192e200194
willing partners in the monitoring and production communities
have come together with the intent to exchange ideas and agree on
issues such as the maximum effluent that could be released from
isotope production facilities, which will not adversely affect the
monitoring community (Matthews et al., 2012).
3. Sources of radioxenon and how they are differentiated

Other authors have estimated the relative amount of xenon
release from various sources including medical isotope production,
nuclear power reactor operation, and nuclear explosions. It should
be noted that because of the short half-life of the xenon isotopes of
interest for detecting nuclear explosions that nuclear fuel reproc-
essing does not emit high amounts of the radioxenons because
cooling times of fuel are typically many months or more. Table 1,
largely compiled from references (Kalinowski and Pistner, 2006)
and (Saey, 2009) summarizes the releases from various sources.

Although Table 1 can be used as a guide, the problem caused by
xenon isotope release is complex for a number of reasons. Since the
goal for verification of the CTBT is discrimination of nuclear
explosions from background events, many authors have worked
throughout the past nearly 20 years to devise ways to differentiate
nuclear explosions from these sources (e.g., Bowyer, et al., 1997,
1999, 2002; Auer et al., 2004; Kalinowski et al., 2010; Saey et al.,
2010). The main technique has been through the close examina-
tion of the isotopic ratios of xenon. Fig. 1 shows a schematic illus-
tration of the main idea posited by many authors, namely that by
the simultaneous measurement of 3 or 4 xenon isotopes, that
explosions can be confidently differentiated from other sources. As
can be seen from Fig. 1, the xenon signature from medical isotope
production falls at an awkward part of the multi-isotopic phase
space. In addition, the isotopic ratios from the various sources can
vary over orders of magnitude, and under certain conditions could
even invalidate Fig. 1.

While the data taken from large and controlled nuclear tests are
consistent with the multiple isotopic discrimination formalism, it
appears that when multiple isotopes are detected that it should be
possible to discriminate between explosion and other phenomena.
The reality is that operationally, the detection of multiple isotopes
has not been reliable in all cases; therefore, othermeans are needed
to increase confidence when radioxenon is detected. Specifically,
following the 2006 DPRK announced nuclear test, two separate
groups reported xenon detections, one of which was based on two
isotopes (133Xe and 133mXe) (Ringbom et al., 2009), and the other
based on only one (133Xe) (Saey et al., 2007).

The detection of a single xenon isotope might be quite definitive
especially if the information is combined with atmospheric trans-
port modeling. For example, the Yellowknife, Canada detections
following the 2006 DPRK event were analyzed without any isotopic
ratio information and confidently determined by the authors to
originate from the Korean peninsula. If medical isotope production
Table 1
Releases of radioactive xenon isotopes from various activities (see Kalinowski and Pistne

Activity or event Order of magnitude of

Average Nuclear Power Reactor 109

Estimated Release from 2006 North
Korean Nuclear Explosion

1014�1015

Range of Releases from Fission-Based
Isotope Production

1012�1014

Maximum Release Possible from a “Small’
(1-kiloton) Atmospheric Nuclear Explosion

1016

Fukushima Nuclear Accident 1019
continues to increase and the globe is ultimately ‘flooded’ with
xenon, this type of analysis might be much more difficult to
perform because multiple sources will be difficult to confidently
rule out. In addition, evenwith the use of multiple isotopes, if a high
non-relevant background exists, the probability that simultaneous
detections from civil and clandestine nuclear testing may be
unacceptably high.

While there will usually be other corroborating measurements,
such as seismic, to improve the confidence of xenonmeasurements,
it is desirable for the data to be capable of standing on its own.
4. The need for a limit?

The dose rate to humans from radioactive xenon isotopes in air
is extremely low compared to other sources, primarily because
xenon is a noble gas and does not appreciably concentrate in the
body. The dose rate from emersion in air from radioxenon is so low,
approximately 10�15 Sv/s Bq m�3 (Eckerman and Ryman, 1993),
that daily radioxenon emissions from isotope facilities can be quite
high compared to other releases (Schauer and Linton, 2009), such
as radioiodines which can concentrate in the body.

Because of the low dose to the public from the radioxenons and
the needed extreme high sensitivity of the IMS stations, there are
no applicable health and safety regulatory limits that help the
situation and this type of regulation is debatably not of interest to
States regulatory authorities. As an example, even the extremely
high xenon concentrations measured in North America from the
Fukushima accident were below health and safety limits, but the
levels were so high that xenon was detected at levels
exceeding �100,000 the detection limits of the equipment.
However, the hope is that a voluntary limit could be established to
address the issue from the perspective of the monitoring commu-
nity, but also be acceptable to the isotope production community.
Setting a voluntary limit has a number of advantages to both the
nuclear non-proliferation and the medical isotope production
communities.

First, if radioxenon emissions from medical isotope production
were voluntarily limited to some value consistent with needs of
international treaty monitoring, States which produce medical
isotopes (and consequently producers), will be less likely to be
subject to increased scrutiny if their emissions are detected by
systems such as the International Monitoring Systems. Second,
because of the heightened sensitivity following the Fukushima
nuclear accident and other nuclear accidents that have occurred in
Europe, Russia, and the United States, the pressure on the nuclear
industry is very high to reduce emissions. Transparency in emis-
sions, as well as good faith efforts to reduce emissions below those
even mandated by regulatory authorities may be looked at by the
public with favor. Lastly, voluntary emissions limits may preclude
national regulations from imposing strict levels that could
adversely affect their ability to produce the needed isotopes.
r, 2006; Saey, 2009; Bowyer et al., 2012).

daily release (Bq) Global effects

Detectable locally and regionally
Detectable with sensitive equipment taken
near to the detonation location

Worldwide detection at every IMS station in
the Northern Hemisphere
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Once it has been established that there is some value in a volun-
tary limit, the question is “what should that limit be?” The remainder
of this paper evaluates anumberofways to arrive at anobjective limit
that both seems likely to be achievable and also is consistentwith the
current and future monitoring needs.

5. Figures of merit

In order to answer the question of the upper limit of acceptable
emissions from uranium-based 99Mo production, we have per-
formed a series of atmospheric transport calculations. These
atmospheric transport calculations are used to demonstrate the
effect of varying levels of emissions on the current IMS locations
Fig. 2. a. Global maximum calculated daily concentration of 133Xe expected emission from cu
calculated concentration of 133Xe expected emission from current isotope producers (se
concentration of 133Xe expected emission from current and future isotope producers (see te
133Xe expected emission from current and future isotope producers (see text), assuming re
emission from current and future isotope producers (see text), assuming releases of 1012 B
that are planned to have radioxenon monitoring capabilities, the
possible future IMS locations, and the global background caused by
the production at any location on earth. Our analysis is focused on
the emission and transport of 133Xe, which has a 5-day half-life. In
our atmospheric transport calculations, we have not used transport
of multiple isotopes in this analysis and at this time do not think
that inclusion of these isotopes will significantly change our
conclusions. The other xenon isotopes such as 135Xe may slightly
improve the situation because they might be used to discriminate
sources, however, other factors such as shorter half-lives, have the
opposite effect and hence they are more of a local phenomenon. In
other words, the calculations will most likely yield a reasonable
estimate of the maximum desired emissions based on 133Xe alone.
rrent isotope producers (see text), assuming releases of 109 Bq/day. b. Global maximum
e text), assuming releases of 5 � 109 Bq/day. c. Global maximum calculated daily
xt), assuming releases of 1010 Bq/day. d. Global maximum calculated concentration of
leases of 1011 Bq/day. e. Global maximum calculated concentration of 133Xe expected
q/day.
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6. Calculations

We based our calculations on the widely available and accepted
Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)
model, parallel version 4.9, maintained by the U.S. National
Oceanographic and Atmospheric Administration (Draxler and Hess,
1998; HYSPLIT, 2011). We performed the transport runs on a 168
compute-node Linux cluster with 2.8MHz CPU’s and 340 Gb of total
memory. The model used 3-h archived meteorological data on
a 110-km global grid produced by the Global Data Assimilation
System for the U.S. National Weather Service’s National Centers for
Environmental Prediction. The archived meteorological data are
available for use in the HYSPLIT model via download from a web
server (GDAS, 2012).

The HYSPLIT model can be run in either particle or puff mode.
The particle mode transports a specified number of representative
particles and tracks the position of each particle over time.
The particle mode tends to more accurately represent plume
dilution than the puff mode at the cost of increased processor time.
Model results reported in this paper use a 1� latitude by 1� longi-
tude transport grid and reported concentrations are averaged over
the bottom 100 m of the atmospheric column. The top of the 23-
layer atmospheric model domain was set at 10,000 m above
ground level. Wet and dry deposition mechanisms were not
included for transport runs of the noble gas xenon.

The transport runs reported in this paper all track plumes for 21
days after a release of 133Xe. The effects of radioactive decay and
atmospheric dilution combine to push plumes of the size consid-
ered in this paper well below detection limits by the end of the 21
days. Daily and season variations in atmospheric conditions were
addressed by performing transport using meteorological data for
all of 2009 and 2010. For this study, each medical isotope produc-
tion facility was assumed to emit a given quantity of 133Xe five days
per week. Thus, about 540 model runs were performed for each
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medical isotope production facility and these plumes were super-
imposed to estimate concentrations at sampling locations. Other
transport runs addressed the movement of 133Xe released from
operating nuclear power plants. Approximately 750 model runs
were made for this purpose. We used a simplified source term of
109 Bq/day (Kalinowski and Tuma, 2009) of 133Xe for each reactor
and we modeled 434 operating power reactors at 191 different
reactor complexes (IAEA, 2011).

7. Interpretation of the modeled results

In an attempt to calculate a representation of how varying daily
release amounts affect monitoring on a global scale, we have
chosen to plot the maximum calculated concentration at each
Fig. 3. Locations of the medical isotope production facilities (red circles with crosses) and
references to colour in this figure legend, the reader is referred to the web version of this
location on earth over a two year period (2009 and 2010). Fig. 2(a)e
(e) shows the resulting calculated maximum concentrations of
133Xe in mBq/m3 from medical isotope production facilities at
known and possible future locations for various release amounts
(109 Bq/day, 5 � 109 Bq/day, 1010 Bq/day, 1011 Bq/day, 1012 Bq/day),
assumed for this calculation to be equal at every location. These
color contours in these figures should be compared against both the
current minimum detectable concentrations (w0.1 mBq/m3) of the
best IMS radioxenon monitoring equipment, and also possible
future advances in our ability to monitor for nuclear explosions.
These plots can also be compared to the amount of radioxenon
likely to be emitted from a nuclear test. Although the latter answer
is much harder to determine because emissions can vary from
below detectable (“0” Bq) to the full inventory of a blast (w1016 Bq/
nuclear power plants (black stars) used in our modeling. (For interpretation of the
article.)
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kiloton), one could compare this to the estimated emission from the
2006 DPRK nuclear test that emitted approximately 1013e1015 Bq.

Although the modeled releases are not realistic in every case (in
fact many isotope producers emit far more radioxenon than shown)
(Saey, 2009), the important parameter for these plots is the extent of
the colored contours compared to the w0.1 mBq/m3 minimum
detectable concentration for the IMS sensors. In Fig. 2(a) and (b),
a release of 109 Bq/day, it appears that concentrations exceed
0.1 mBq/m3 very near the emission points, with the possible
exception of northern Europe at �109 Bq/day where we assumed
more than one production location. At higher release levels; 1010e
1012 Bq/day, the situation is far worse from the perspective of
impact exceeding local/regional effect. For example, at a release of
1010 Bq/day in southern Africa, the concentration of 133Xewill exceed
the detection level of the IMS-like sensors across a span approxi-
mately 6 � 105 km2, compared with the approximately 2 � 106 km2

covered by each IMS sensor.1 At levels of 1011 Bq/day, the expected
133Xe concentrations extend across the country and continent at the
0.1 mBq/m3 level and emissions from individual plants are indis-
tinguishable from each other. At the highest level we considered
(1012 Bq/day), the expected maximum concentrations are 10e100
times higher than the detection limits of the IMS equipment and
compete with the emissions from known previous nuclear tests.

Although visualizing the emissions in this way is instructive,
there are some weaknesses to this graphical interpretation of the
results. The contours in Fig. 2(a) and (b) show the maximum
concentrations (averaged over two years of meteorological data)
and much of the time, the concentrations might be lower, on the
other hand, this representation does show the maximum effect at
given release amounts.

We used the same modeled data to estimate the number of
detections that would occur across the IMS locations in a more
realistic way. Although the aforementioned technique has the
advantage of being a more global look at the problem andmakes no
assumptions about the detection locations, plotting the maximum
concentration as in Fig. 2(a)e(e) tends to wash out some of the
details in a real world case. In this alternate approach, we modeled
and tracked plumes for 21 days following emissions from the
current and planned medical isotope production facilities2 versus
release size and recorded the number of times that at least one IMS
sampler would detect the event versus release level. We also
calculated the number of estimated detections from releases from
nuclear reactors shown in Fig. 3, which were assumed to release
approximately 109 Bq/day.

Fig. 4 shows approximately 2000 detections of 133Xe per year
(average of 5 per day) at the 79 locations3 in the IMS from
a combination of nuclear reactors and medical isotope production;
equivalent to approximately 7% of the network locations detecting
133Xe one any one day. Although this number might seem high,
references show (Auer et al., 2004) that at some locations xenon is
detected nearly every day, and at other locations, 133Xe is nearly
never detected, such as in the South Pacific, far from any sources.
The interesting feature of this plot is that the amount of detections
from medical isotope production appears to generate a significant
number of detections (a few percent of the total detections) at
about 5 � 109 Bq/day. Note e because the current medical isotope
1 This number assumes 79 stations covering 1.4 � 108 km2 of dry land.
2 The current and possible future locations we have chosen for this calculation

are in Argentina, Australia, Belgium, Brazil, Canada, China, Egypt, Indonesia, Iran,
Libya, Netherlands, Pakistan, Russia, South Africa, and the United States.

3 There are presumably 80 radionuclide stations allowed in the IMS, however, the
Treaty only specifies 79 locations at the current time. Of the 80 stations, only 40 of
them will initially have radioxenon monitoring capabilities, though after entry-
into-force of Treaty an additional 40 radioxenon stations will be considered.
emissions are much higher than 5 � 109 Bq/day, the actual effect
currently from medical isotope production is thought to be much
more than shown in the figure and has been noted by Saey (2009).
However, this plot does imply that at levels near or below
5 � 109 Bq/day, the effect of releases from medical isotope
production facilities isn’t large compared to total releases from
nuclear reactors. This is in large part due to the difference in the
large number of reactors versus the limited number of medical
isotope production facilities used for this calculation.

There are a number of important things to remember in the
comparison of NPPs and medical isotope production facilities. As
shown in Fig. 4, the signatures arising from isotope production, in
addition to being far more intense in terms of release size, also are
much closer to the discrimination line between civil activities and
nuclear explosions. In other words, the xenon isotopic ratios from
medical isotopic production are more similar to releases from
nuclear weapons test than the radioxenons emitted from nuclear
reactors. It should be noted however, that occasionally nuclear
reactors, especially during start-up and shut-down operations can
emit xenon isotopes that appear more explosion-like than during
normal operations (Auer et al., 2004).

We have also calculated the percentage of days in over the two-
year modeling period in which each of the 79 IMS radionuclide
stations would detect emissions from the current and planned
medical isotope production facilities versus release size and the
results are shown in Fig. 5. It is clear that there are some stations
that will detect isotope production much more often than others,
obviously from stations that are located close the emission points.
However, the situation under consideration now is that a medical
isotope production facility could conceivably be constructed at any
location in the world, even if close to an IMS location. This plot
indicates that the cumulative percentage of days that one of the 79
stations may get a positive hit from a medical isotope production
facility is about 10% at 109 Bq/day (for 5 of 7 days), and at
1010 Bq/day is much higher, but still dominated by detections at
only a handful of stations. At 1011 Bq/day, however, a larger number
of significant detections occur.

All-in-all, our calculations seem to point to an emission level
near 5 � 109 Bq/day as a reasonable voluntary level from the
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Fig. 5. Percentage of days that modeled concentrations of 133Xe are at or above
0.1 mBq/m3 at 79 IMS radionuclide stations using releases five days per week from
medical isotope production facilities. Each line represents a different IMS station, but
the labels for each station have been suppressed because this calculation is
hypothetical.
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perspective of monitoring for nuclear testing based on the
following objective criteria: 1) at levels below 5 � 109 Bq/day, the
average 133Xe concentrations appear to be mainly localized to the
emission location; 2) the additional effect of medical isotope
production emissions above those from nuclear reactors appear to
reach significance (10% effect) at this level; and 3) the average
emission from a nuclear reactor is near 109 Bq/day.

Aside from the issue of the maximum recommended voluntary
limit, the real issue is whether and how this could be accomplished
in the real world. It appears that based on reporting from the 2009
WOSMIP workshop that some large 99Mo production facilities can
reach levels averaging below 5�109 Bq/day (Matthews et al., 2012)
This is encouraging and gives some credence to a voluntary limit
value.

From a purely atmospheric monitoring-centric view, a question
that could be asked is whether a location-specific voluntary emis-
sion level could be set, so that production, perhaps performed on
a remote South Pacific island might be preferable. Obviously, the
more remote the production is (i.e., away frommonitoring stations)
the more likely it is that the emissions will not cause a significant
effect. However, considering that the CTBT requires global coverage,
biasing the voluntary limit using remoteness criterion probably is
not legitimate. In addition, because of the necessity of locating
isotope production facilities near populations, likely this is not
viable anyhow. Another question is how a 5 � 109 Bq/day limit may
be implemented. Many open questions still remain including how
the average concentration would be determined (i.e., what time
frame is the average calculated over?).

8. Conclusions

Medical isotopes, and specifically the production of 99Mo via
the fission of uranium targets, are clearly important for mankind.
While this important industry is supplying isotopes for medical
procedures, an unwanted and problematic consequence is that
emissions from this process interferes with the world’s ability to
detect nuclear explosions and hence there are competing
humanitarian issues. Current and future producers need to know
the level of emissions that are likely to not interfere with the non-
proliferation mission, and therefore we have presented an objec-
tive set of calculations to attempt to answer this question. We
propose and show that an emission level near or below 5�109 Bq/
day seems to strike a balance between what can be attained in
large scale production and what appears to affect the International
Monitoring System of the Comprehensive Nuclear-Test-Ban
Treaty. We hope that these calculations might be discussed in
the scientific community and solutions found to reduce emissions
at the current and future isotope production facilities to these
levels or below.
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