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Abstract

This thesis investigates the ability of transparent surface coatings to reduce
xenon diffusion into plastic scintillators. The motivation for the work is im-
proved radioxenon monitoring equipment, used with in the framework of the
verification regime of the Comprehensive Nuclear-Test-Ban Treaty.

A large part of the equipment used in this context incorporates plastic scin-
tillators which are in direct contact with the radioactive gas to be detected.
One problem with such setup is that radioxenon diffuses into the plastic scintil-
lator material during the measurement, resulting in an unwanted memory effect
consisting of residual activity left in the detector.

In this work coatings of Al,O3 and SiOs, with thicknesses between 20 and
400 nm have been deposited onto flat plastic scintillator samples, and tested
with respect to their Xe diffusion barrier capabilities. All tested coatings were
found to reduce the memory effect, and 425 nm of Al;O3 showed the most
promise.

This coating was deposited onto a complete detector. Compared to uncoated
detectors, the coated one presented a memory effect reduction of a factor of 1000.

Simulations and measurements of the expected light collection efficiency of a
coated detector were also performed, since it is important that this property is
not degraded by the coating. It was shown that a smooth coating, with a similar
refractive index as the one of the plastic, should not significantly affect the light
collection and resolution. The resolution of the complete coated detector was
also measured, showing a resolution comparable to uncoated detectors.

The work conducted in this thesis proved that this coating approach is a
viable solution to the memory effect problem, given that the results are repro-
ducible, and that the quality of the coating is maintained over time.
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Chapter 1

Introduction

The aim of this work is to reduce unwanted diffusion of noble gases into plastic
scintillator materials. The motivation is to improve the monitoring of radioac-
tive xenon in the atmosphere, so that clandestine nuclear test explosions can be
discovered. Such monitoring is performed continuously within the verification
regime of the Comprehensive Nuclear-Test-Ban Treaty (CTBT) [1].

A large part of the equipment used for this purpose incorporates plastic
scintillators, which are in direct contact with the radioactive gas to be detected.
One major drawback with such detector setup is that xenon easily diffuses into
the porous plastic material [2]. The result is a residual activity left in the
detector during following measurements, leading to an elevated system detection
limit [3]. This residual activity is here referred to as the "Memory Effect”.

The low activity expected to reach a monitoring system from a nuclear explo-
sion, in combination with the sometimes high xenon background from nuclear
power plants and medical isotope production facilities [4, 5], makes the memory
effect an issue that is important to solve.

This work focuses on one particular detection system, the SAUNA system
which is developed by the Swedish Defence Research Agency [6]. SAUNA de-
tects radioxenon by means of a beta-gamma coincidence spectrometer, where a
cylindrical plastic scintillator cell acts as a container for the xenon sample during
the measurements. Beta particles and conversion electrons (CE) are detected
by this plastic scintillator, and coincident gammas and X-rays by a surrounding
Nal(T1) crystal.

Various solutions to the memory effect have been proposed, including ex-
change of the plastic scintillator for an inorganic scintillator, like scintillating
glass or YAP [7], or saturation of the plastic material with stable xenon. The
approach that was chosen for further studies was to coat the existing detector
with a film acting as a gas diffusion barrier. The advantage of this technique is
that it requires a minimal modification of the existing systems, and the analysis
of the data they produce. The only thing that needs to be exchanged is the
actual plastic scintillator cell. This approach has previously been tested with
various non-transparent metal coatings [7]. A theoretical study of graphene as
also been performed, showing that even a defect graphene sheet would work as
a sufficiently good barrier for this application [8].

In this thesis two transparent coating materials have been investigated;
Al;O3 and SiOs, deposited using Atomic Layer Deposition (ALD) and Plasma



Enhanced Chemical Vapor Deposition (PECVD), respectively. These materials
have been deposited onto plastic scintillator samples, as well as a complete de-
tector, and tested with respect to their ability of stopping xenon from diffusing
into the plastic scintillator material.

Apart from being a good Xe diffusion barrier, it is also important that the
coating does not impair the detector resolution. Both simulations and measure-
ments have been performed in order address this issue, and predict how the
light collection and resolution is affected by a coating.

The project has been a collaboration between Uppsala University, the Swedish
Defence Research Agency (FOI), and the University of Texas at Austin, USA.

The thesis is divided into 6 chapters, where Chapter 2 gives some background
information regarding nuclear disarmament and the verification regime of the
CTBT. Chapter 3 describes relevant theory regarding radioxenon detection, the
memory effect, and surface coatings as gas diffusion barriers. Chapter 4 de-
scribes simulations and measurements conducted in order to evaluate the effect
of a coating on the detector resolution. Chapter 5 contains a description of
measurements of xenon diffusion in coated and uncoated flat plastic scintilla-
tor samples, as well as a complete AloO3 coated detector. Finally, Chapter 6
contains some final conclusions, and an outlook for the future.



Chapter 2

Background - Nuclear
disarmament

In august 1945, during the final stages of the second world war, the United
States dropped 2 nuclear fission bombs over Japan. The uranium bomb ”Little
boy” exploded over Hiroshima on august 6th, and 3 days later the plutonium
bomb ”Fat man” was dropped over Nagasaki. The use of the nuclear bombs
resulted in the death of 210 000 people directly at the time of the explosions,
and 130 000 more within 5 years after the events [9].

After these events the work of preventing more countries to acquire the ex-
tremely powerful nuclear weapons begun. At the same time work was conducted
to spread knowledge and technology for peaceful nuclear energy. The technol-
ogy and physics basis is similar for the two applications, which has lead to a
need for strict control over nuclear materials and technologies, to assure that
they are used for the right purpose.

In 1957 the International Atomic Energy Agency (IAEA) was formed, with
the purpose of promoting research and development of nuclear technology for
peaceful uses, as well as to establish and develop safety standards [10]. TAEA
was later given the responsibility of applying safeguards for verification of com-
pliance with the Nuclear-Non-Proliferation Treaty (NPT) [11]. NPT is one of
the international treaties formed to prevent the proliferation of nuclear weapons.
This chapter will describe the NPT (Section 2.1), and the Comprehensive Nuclear-
Test-Ban Treaty (CTBT) in Section 2.2. The CTBT bans all nuclear explosions,
and is the treaty leading to the need of the work conducted in this thesis.

2.1 The Nuclear Non-Proliferation Treaty

In 1968 the Nuclear Non-Proliferation Treaty (NPT) was opened for signature,
and the treaty entried into force 2 years later [12]. Before 1968 USA, Russia
(as the Soviet Union), United Kingdom, France and China possessed nuclear
weapons. These countries were recognized by the NPT as the five Nuclear
Weapons States (NWS) [1]. The NWS are obliged by the treaty not to transfer
nuclear weapons to Non-Nuclear Weapons States (NNWS), or in any way assist
these countries in acquiring nuclear weapons [13]. The NNWS are obliged not
to manufacture or receive any nuclear weapons. The NPT thus resulted in that



many countries abandoned their nuclear weapons programs.

The NPT also encourages the charing of equipment and knowledge of nu-
clear technology for peaceful uses. The NPT does not however, contain a clear
obligation of nuclear disarmament for the NWS, but states that work should
be conducted towards total nuclear disarmament. In addition to the five rec-
ognized NWS, three additional countries have developed and tested nuclear
weapons after 1968; India, Pakistan, and the Democratic Peoples Republic of
Korea (DPRK). India and Pakistan never signed the NPT, and DPRK was a
member state but withdrew its membership in 2003. The only other country
in the world standing outside the treaty is Israel, who are believed to possess
nuclear weapons, but this has never been confirmed.

2.2 CTBT and nuclear testing

One shortcoming of the NPT is its lack of disarmament obligations for the NWS.
In order to address this the Comprehensive Nuclear-Test-Ban Treaty (CTBT)
was opened for signature in 1996. The CTBT bans all nuclear explosions in all
environments, and it has up until today been signed by 182 states and ratified
by 155 [1].

The treaty has not yet entried into force. It will do so 6 months after all 44
so called Annex 2 states have both signed and ratified the treaty. The Annex 2
states are those that in 1996 were on IAEA’s list of countries with nuclear
research or nuclear reactors. The states missing for entry into force are DPRK,
India and Pakistan who have neither signed nor ratified, and USA, China, Iran,
Israel, Egypt and Indonesia who have signed the treaty but not ratified it.

The CTBT is a continuation of the Partial Test Ban Treaty (PTBT), which
bans all nuclear test explosions except those underground. The motivation for
the PTBT was to slow down the nuclear arms race and to stop the nuclear
fallout into the atmosphere [1].

Between 1945 and 1996, more than 2000 nuclear tests were performed by
the 5 NWS, and one test each by India and Pakistan. Before 1963, when the
PTBT entried into force, most of the explosions were atmospheric, however after
1963 most tests have been conducted underground. Since the CTBT opened for
signature in 1996 only 5 tests have been conducted; one by India in 1998, two
by Pakistan the same year, and two by DPRK in 2006 and 2009.

2.2.1 Verification regime

When the CTBT entries into force there is a need for a verification regime in
order to verify its compliance. Right now such regime is being constructed by
the Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO) [1]. The
verification regime consists of an International Monitoring System (IMS), which,
when it is completed, will consist of 321 monitoring stations, supported by 16
radionuclide labs, spread over the world as shown in Figure 2.1.

The IMS is designed to detect energy release and radionuclide production,
which are two basic phenomena caused by a nuclear explosion. The energy
release is monitored using seismic, infrasound, and hydroacoustic measurement
systems.
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Figure 2.1: The International Monitoring System [1].

In order to distinguish a nuclear explosion from a conventional one, it is
necessary to detect radionuclides released in the explosion. This is done using
aerosol stations detecting airborne radioactive particles, and noble gas detection
systems monitoring radioxenon in the atmosphere.

To find the location and source term of an explosion, backtracking of the
radioactive plume can be performed using Atmospheric Transport Modeling
(ATM). To be able to detect an explosion anywhere on earth many of the IMS
stations are located in remote inaccessible areas. As of november 2011 almost
80% of the network is up and running.

The IMS could also be used for other purposes, such as tsunami alerts, or
radioactivity measurement after a nuclear accident. This was proven during,
and after, the Tohuku earthquake and tsunami, and the following accident in
the Fukushima power plant in 2011. The energy release from the earthquake and
radionuclides released from the power plant were detected, both in Japan and
in the rest of the world. The radionuclide stations allowed to follow the plume
of radioactivity released from Fukushima as it spread over the entire northern
hemisphere, both in the form of radioactive particles and as noble gases. It was
also clear from this experience that the IMS is not designed to detect such high
activities as those present in the vicinity of the Fukushima power plant.

Data from all the monitoring stations are continuously being sent via a
Global Communication Infrastructure (GCI), to the International Data Center
(IDC) located in Vienna, Austria, where it is processed and analyzed. Data
is also available to National Data Centres (NDC) in the member states, who
are able to perform independent analysis of the data. The Swedish Defence
Research Agency (FOI) are responsible for the Swedish NDC, and also operates
two IMS stations. One is a seismic station located in Hagfors, and the other one
is a radionuclide station in Kista consisting of both a particulate and a noble
gas detection system [14].



When the treaty entries into force, CTBTO will also be able to perform
On Site Inspections (OSI) when a violation of the treaty is suspected, and the
technology to aid such inspections is now being developed [1].

2.2.2 Monitoring equipment

The monitoring equipment used in the IMS are divided into 4 modalities; seis-
mic, hydroacoustic, infrasound, and radionuclide measurement stations. The
first three modalities are based on waveform analysis, dedicated to detect the
energy release from the explosion, taking place underground, underwater, or in
the atmosphere. The complementing radionuclide modality is needed to verify
the nuclear nature of an explosion [1].

Seismic monitoring

The seismic network consist of 170 measurement stations where seismic sensors
monitor waves propagating through earth [1]. The waves can originate from for
example explosions or earthquakes. The purpose of the seismic monitoring is
to discover underground nuclear explosions. One advantage of seismic waves
is that they travel very fast, an an event can be measured anywhere on earth
with in 10 minutes after occurring. There are both fast traveling body waves
inside the earth, and slower and more destructive surface waves. There are two
types of seismic monitoring stations used in the IMS, seismic arrays and three-
component sensors. Seismic arrays consist of various sensors spread over a wide
area, and three component sensors only contain one sensor and therefore have
a larger error, but are more cost-effective.

Hydroacoustic monitoring

Hydroacoustic monitoring stations measure acoustic energy traveling in water.
Since water very efficiently transport such energy, it is enough with 11 stations
to cover all oceans on earth [1]. Hydroacoustic signals can be used to discover
nuclear tests underwater, but also atmospheric and underground tests performed
near the ocean surface or near the coast, respectively.

There are two kinds of stations in the IMS measuring hydroacoustic waves.
The first type are seismic three-component sensors located on small islands with
steep slopes. They measure the acoustic wave as it is transformed into a seismic
one upon hitting land. The other type of systems are underwater hydrophones.
These consist of microphones located at a depth between 600 and 1200 meters.
From the microphones there are cables transferring the signal to an island, which
can be located as far as 100 km from the microphones.

Infrasound monitoring

The third wave-sensing modality in the IMS is infrasound monitoring. Infra-
sound is acoustic waves with very low frequency, not audible for the human
ear [1]. Infrasound can be generated both by natural sources like volcanoes,
earthquakes, and storms, and by man made sources like explosions and rocket
launching. The infrasonic waves are detected by sensors measuring micropres-
sure changes in the atmosphere. There are 60 infrasound stations in the IMS,



which can be used to detect atmospheric tests as well as shallow underground
explosions.

Radionuclide monitoring

The final modality is radionuclide monitoring. This modality is needed to verify
if an event picked up by the other 3 monitoring systems, is nuclear in nature
or not. The idea of the radionuclide network is to capture and measure the
radioactive debris which is released in the explosion, and spread in the atmo-
sphere by winds. The radioactivity can either be solid fission products attached
to dust particles, or radioactive noble gases. There are 80 stations monitoring
the radioactive particles [1]. This is done by sampling air and passing it through
a filter which captures a large part of the particles. This filter is exchanged ev-
ery day, and the radioisotopes it contains are identified through gamma ray
spectroscopy.

40 of the 80 radionuclide stations are to be equipped with additional ra-
dioxenon monitoring systems. These systems samples air, extracts a xenon
sample, and measures its activity. Four different radioxenon detection systems
have been developed specifically for use in the IMS, within the framework of
the International Noble Gas Experiment (INGE) [15]. The INGE collabora-
tion was formed in order to facilitate the development of equipment meeting
the specific requirements of use in the IMS. The IMS systems need to be able
to detect extremely low concentrations of airborn radioxenon, work automat-
ically 24 hours a day without the need of continuous maintenance, and have
a time resolution of no more than 24 hours. The developed systems are: the
Automatic Radioanalyzer for Isotopic Xenon (ARIX) [16], the Automated Ra-
dioxenon Sampler-Analyzer (ARSA) [17], the Swedish Automatic Unit for Noble
Gas Acquisition (SAUNA) [6], and the Systeme de Prélevement Automatique
en Ligne avec I’Analyse du Xénon (SPALAX) [18]. ARIX is developed by Kho-
plin Radium Institute (KRI), Russia, ARSA by the Pacific Northwest National
Laboratory (PNNL), USA, SAUNA by the Swedish Defence Research Agency
(FOI), Sweden, and SPALAX by Commisariat & I'Energic Atomique (CEA),
France.

As a support for the radionuclide network, there are 16 radionuclide lab-
oratories. These allow for reanalysis of suspicious samples, as well as routine
controls of the performance of the stations.

The remainder of this thesis will focus on equipment used for radioxenon
monitoring.



Chapter 3

Theory

This chapter contains theory relevant for the work conducted in this thesis.
In Sections 3.1 to 3.4 the reasons for monitoring radioxenon are explained, as
well as how it is detected in the IMS. Section 3.5 discusses radiation detection
in general, and scintillator detectors in particular. The radioxenon detection
in the SAUNA system is described in Section 3.6, and the memory effect in
Section 3.7. Finally the approach of using a surface coating as a xenon diffusion
barrier is discussed in Section 3.8.

3.1 Why detect radioxenon?

In the event of a nuclear explosion a variety of fission products are created. In
an underground explosion the majority of these will remain in the cavity formed
by the explosion, and can thus not be detected by the IMS. However, around
15% of the fission products come in the form of noble gases, which due to their
inert chemical properties can reach the surface and allow for detection. Even in
the event of a well contained explosion noble gases can travel through fractures
and faults in the soil, and be pumped to the surface with the aid of barometric
changes [19]. The detection of such gases can thus be crucial in order to identify
an explosion as nuclear.

One noble gas that is created in large amounts in a nuclear explosion is xenon,
since its mass is found close to the maximum of the fission mass yield curve for
both uranium and plutonium [20]. Around 20 different isotopes of xenon are
created in the event of a nuclear explosion, of which four have half lives that are
suitable for detection by the IMS. These are '*'™Xe (t;/5,=11.9 days), '**"Xe
(t1/2=2.2 days), '33Xe (t1/2=5.2 days), and *Xe (t;/2=9.1 h).

Half lives of the order of days are preferable since it is long enough for the
isotopes to travel large distances in the air before decaying, so that they can
reach an IMS measurement facility. It is also short enough so that xenon releases
from for example nuclear power plants decays relatively rapidly, and the normal
xenon background is kept at moderate levels [21].
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Figure 3.1: Decay schemes for *1™Xe and ¥3mXe. The decay to the ground
state takes place either through the emission of a gamma photon, or a conversion
electron in combination with Xe X-rays.

3.2 Radioxenon decay

As mentioned in Section 3.1 there are 4 radioxenon isotopes that are of interest
for detection by the IMS. These are 3'™Xe, 133mXe, 133Xe, and *°Xe, and in
this section their respective decays are explained. In Table 3.1 the energies and
yields of the dominant decays from each of the 4 isotopes are listed.

131m}(e and 133mXe

13ImYe and 133mXe are isomers of 3! Xe and '33Xe, respectively. An isomer
is a long lived excited state of a nucleus, sometimes also called a metastable
state [20]. The isomer decays to the ground state nucleus through isomeric
transition, where a gamma ray carrying the excitation energy is emitted.

Competing with the emission of a gamma ray is internal conversion, where
a conversion electron (CE) in combination with X-rays are emitted. In this
process the nucleus transfers its excitation energy to an electron in one of the
lower shells, which can then escape, and the atom is left ionized. The kinetic
energy of the emitted conversion electron correspond to the difference between
the excitation energy and the binding energy of the electron. The energy of all
CEs emitted from a certain shell, in internal conversion from a certain excited
state, is thus the same. The emission of the CE creates a vacancy in the shell
where it used to be bound. This vacancy is almost instantaneously filled with
an electron from an outer shell, resulting in the emission of characteristic X-rays
carrying the difference in binding energy between the different shells.

Figure 3.1 shows the decay schemes of the two radioxenon isomers. The
transition indicated by the arrow can, as explained, either take place through
the emission of a gamma ray carrying the full excitation energy, or internal
conversion. For both ¥ Xe and '33™Xe the decay to the ground state is domi-
nated by internal conversion. The most dominating CEs are the ones originating
from the K-shell, resulting conversion electrons with energies of 129 keV from
BlmXe and 199 keV from !33™Xe. The branching ratios for these decays are
61 and 63.5% respectively.

For both isomers the CEs are emitted together with Xe X-rays at around
30 keV. The ground state of ' Xe is stable, but the one of **Xe is not, and its
decay is described in the following paragraph.
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Table 3.1: The dominant decays from the radioxenon isotopes of interest for
detection by the IMS [22].

Isotope Half life Radiation Energy (keV) Intensity (%)
I3ImXe 11.930 d
gamma 163.93 1.98
CE 129.37 61.0
X-ray 29.46 154
X-ray 29.78 28.5
X-ray 33.63 8.3
X-ray 34.50 1.95
133mXe 2198 d
gamma 233.22 10.16
CE 198.66 63.5
X-ray 29.46 16.0
X-ray 29.78 29.7
X-ray 33.63 8.61
X-ray 34.50 2.03
133Xe 5.2474 d
beta 346.4 (endpoint) 99.12
gamma 79.61 0.28
gamma 80.99 37.0
CE 45.01 52.9
X-ray 30.63 13.54
X-ray 30.97 25.0
X-ray 34.99 7.31
X-ray 35.91 1.78
135Xe 9.14 h
beta 910 (endpoint) 96
gamma 249.77 90
gamma 608.15 2.9
CE 214 5.7
X-ray 30.63 1.49
X-ray 30.97 2.75
X-ray 34.99 0.49
X-ray 35.91 0.18

11



133X e and ¥°Xe

Both !33Xe and '3°Xe decay through 8~ emission. The effect of a 3~ decay
on the nucleus, is that one neutron is converted to a proton. In order to conserve
the total electric charge a negatively charged beta particle is also created [20].
The beta particle is identical to an electron, and it will be immediately ejected
from the nucleus. The energy difference @@ between the initial and final nuclear
states, is shared between the beta particle and an antineutrino also emitted in
the decay. The energy of the emitted beta particle thus ranges from zero up
to an endpoint energy defined by ). As opposed to conversion electrons which
have discrete energies, the beta spectrum is continuous between 0 and Q.

The daughter nucleus contains one less neutron, but an additional proton,
compared to its parent. The decay has thus resulted in the formation of a new
element.

Figure 3.2(a) shows the decay scheme of 133Xe. The daughter nucleus of
133X e is 133Cs, which is stable. There are various possible beta decays, but the
dominating one has an endpoint energy of 346.4 keV, taking place in 99.12%
of the decays (indicated by @ in the figure). This dominating decay leaves

the nucleus at a 80.99 keV excited state of !33Cs. The transition @ to the
ground state of 133Cs takes place either by emission of an 80.99 keV gamma,
or internal conversion with the emission of a CE in association with Cs X-rays.
The dominating CE has an energy of 45 keV and originates from the K-shell.
The beta and gamma decay has a total branching ratio of 37%, and the total
branching ratio of the beta, CE and X-ray decay is 53%.

135Xe has 13°Cs as daughter nucleus, and its decay scheme is shown in Fig-
ure 3.2(b). The decay is dominated by a 8~ with an endpoint energy of 910 keV

@, leaving the daughter nucleus at a 249.8 keV excited state.

The transition @ to the ground state takes place either through emission
of a 249.8 keV gamma, or internal conversion. For this isotope it is the gamma
emission that is dominating, having a total branching ratio of 90%. The daugh-
ter nucleus, 3°Cs, is in this case also radioactive, with a long half life of 2.3x 108
years.

3.3 Beta-Gamma coincidence spectroscopy

One problem with simultaneously measuring the decay of all four previously
described isotopes, is that they have overlapping spectra in both the electron
and photon domain (see Table 3.1). All four isotopes has X-ray emissions in
the 30 keV region. Although they have separate gamma lines, it can be difficult
to distinguish for example the 164 keV gamma peak from *'"Xe from the
ambient background, due to its very low intensity. This fact makes the use
of beta-gamma coincidence spectroscopy a convenient choice for measuring the
activity of each isotope [17, 23, 6].

When it comes to internal conversion, the X-rays are emitted very rapidly
after the CE. Furthermore, the lifetimes of the excited states of '33Cs, and
135Cs are of the order of nanoseconds. The result is that the beta decay, and
the following gamma or CE + X-ray are be emitted almost instantaneously.

A beta-gamma coincidence spectrometer generally incorporates multiple de-
tectors, where electrons are detected in one detector, and photons in the other.

12



383.8 keV/
0.87 % .
-
N
b . 160.6 keV
99.12% o
~
“a 3
@ 80.99 keV
1®

133CS
135X g
(b) ——
.
100 % “Soy
0.123 %
\\
N
o, \\\i
0075 %, 1062.4 keV
\\
" 981.3 keV/
SR
N
\\
099%. a ' 608.2 keV
\\\ l .
96% . ALY 408.0 keV
N
Su
@ 3 249.8 keV
A 4
135CS
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correspond to 8~ decay, and the solid ones are gamma transitions which in
some cases can be substituted by internal conversion. The red bold arrows
correspond to the strongest transitions for each of the isotopes.
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An event is recorded if an interaction has been detected in both detectors within
a short interval defined by a coincidence window. The coincidence window states
the time interval within which two events are considered to originate from the
same decay.

The result of the measurement is a two-dimensional (2D) spectrum where
each event is characterized by both a photon energy and an electron energy. An
added advantage of the coincidence technique is that the influence of ambient
background activity is drastically reduced, since all events without a coincident
complementary radiation are removed.

Figure 3.3 shows a schematic picture of a 2D coincidence spectrum containing
all four xenon isotopes. On the x-axis is the beta (or CE) energy of the event,
and on the y-axis is the gamma (or X-ray) energy. The different regions in the
figure corresponds to the dominating decays of each isotope:

131mXe (green): A 129 keV CE in coincidence with a Xe X-ray of around
30 keV.

133mXe (blue): A 199 keV CE in coincidence with a Xe X-ray of around
30 keV.

133X e (yellow): The decay from this isotope is seen in two different regions,
both originating from a beta decay with endpoint energy of 346 keV. The
beta decay can either be followed by a 81 keV gamma emission, or a 45 keV
CE together with a 30 keV X-ray, as explained in Section 3.2. The upper
region shows the beta distribution in coincidence with the 81 keV gamma
ray, and the lower region shows the same beta distribution in coincidence
with the CE and a 30 keV X-ray. The lower region is shifted in beta
energy since the 45 keV from the CE is added to the beta energy in each
event.

135X e (red): The dominating beta decay with endpoint energy of 910 keV is
detected in coincidence with a 250 keV gamma ray.

3.3.1 Determination of atmospheric concentrations

From a measured 2D-spectrum, with the characteristics of the one shown in Fig-
ure 3.3, the activities of each of the xenon isotopes can be determined, and from
these their atmospheric concentrations. For the Swedish IMS system SAUNA,
the analysis of the spectra is based on the so called Net Count Calculation
method [24, 25]. This method is based on 10 regions of interest (ROIs), defining
interesting parts of the spectrum, as shown in Figure 3.4.

Sometimes the sample can contain radon contamination, which contributes
to the background in the measured spectrum, through the decay of its daughters
214Bj and 2'4Pb. ROI 1 contains counts from 2'4Pb, and is used to correct for
the radon contamination. The other ROIs can be compared to Figure 3.3, and
are used to determine the activity of each of the four xenon isotopes. ROI 2
contains counts from 3°Xe, and ROI 3 counts from '33Xe. ROI 4 contains
counts from both 33Xe, 31" Xe, and 133" Xe, and therefore ROI 5-10 are used
to determine the number of counts related to each of these three isotopes.
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For each isotope ¢ the net number of counts ¢; corresponding to a certain
decay can be determined by correcting for interferences from other isotopes as
well as background.

From the net number of counts the atmospheric concentration C; of each of
the isotopes at the start sample collection, can be determined according to [24]:

C: = Cj >\2 tcoll
¢ 657ﬁ’y FchFA V ’

where the different parameters correspond to:

(3.1)

¢; = The net number of counts from a certain decay of isotope i.

€gy = The absolute detection efficiency in the ROI containing the decay of
interest.

B~y = The branching ratio of the decay.
A = The decay constant of isotope 1.

Fo = 1— e Meout g a factor correcting for decay of the sample activity during
the collection time t..;; of the air volume.

Fp = e Mrroc i a factor correcting for decay of the sample activity during the

processing time t,,,. of the xenon sample.

F4 = 1—e Mmeas s a factor correcting for decay of the sample activity during
the measurement time t,,.,s of the sample activity.

teont = The collection time of the air sample.

V' = The sampled air volume. V is found by dividing the volume of the xenon
sample with the known concentration of stable xenon in air. The volume of
the xenon sample is determined in the gas chromatograph in the processing
unit of the system, and the radioactive xenon only constitute a very small
fraction of the total xenon sample.

The main contributions to the uncertainty in a calculated concentration, are
the uncertainties in the net number of counts ¢, and in the air volume V' [6].

3.4 Source discrimination

Nuclear explosions are unfortunately not the only source of radioxenon in the
atmosphere, a fact that makes the task of identifying an event as nuclear rather
complicated. The mere detection of atmospheric radioxenon is thus not enough
to conclude that a nuclear explosion has taken place. The absolute activities
of the different isotopes are not of much help either, since the gases are often
very diluted before reaching an IMS station. This has lead to the use of isotopic
ratios to distinguish an explosion from a civilian source [26].

The main contributors to the global radioxenon background are nuclear
power plants (NPPs), and medical isotope production facilities (MIPFs) [5, 4].
Common for NPPs, MIPFs, and nuclear explosions is that in all cases xenon
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Table 3.2: Xenon yields and isotopic ratios from thermal fission of 235U [4].

Independent yield (%) Cumulative yield (%)

13ImYe 3.48E-07 4.05E-02
133m¥Xe 1.89E-03 1.89E-01
133Xe 6.66E-04 6.70E+00
135X e 7.85E-02 6.54E+00
133mYXe/IBImXe  5.43E+03 4.67E+00
135X e/133Xe 1.18E4-02 9.76E-01

is produced as by-product in neutron induced fission. The main difference be-
tween the three cases is the neutron irradiation time of the target. In uranium
or plutonium nuclear bombs this irradiation is almost instantaneous. The most
common reaction in MIPFs is neutron irradiation of a high enriched uranium
(HEU) target with the aim to produce %Mo. In this case the irradiation time
is on the order of days. The longest irradiation times are found in NPPs where
the irradiation time of the nuclear fuel is of the order of months or years. The
different irradiation times is something that has been found to have great impact
on the ratios between the different xenon isotopes [5, 4].

3.4.1 Nuclear explosions

In a nuclear explosion, radioxenon can be produced both as a direct fission
product in the explosion, or through decay from parent nuclei also created in
the explosion [21]. Because of this one usually speaks about two different fission
yields of a certain isotope; the independent yield and the cumulative yield. The
independent yield of an isotope is the number of nuclei created instantaneously,
expressed per fission taking place. The cumulative yield is the number of nuclei
that will ever exist as a result of the fission. Here the decay of all parent nuclei
are taken into account.

Table 3.2 lists the expected yields from all four isotopes in the case of thermal
fission of 23°U. Listed are also the expected isotopic ratios in the two cases which,
as can be seen, differs by an order of magnitude for both listed ratios.

The ratios measured by the IMS will thus depend on when the noble gases
were separated from their parents. In the case of full fractionation at the time
of the explosion only the independent yield will be observed. If on the other
hand the noble gases are contained in the cavity created by an underground
explosion, together with their parents for hours or days before being vented,
the ingrowth from parent nuclei will be significant. It is thus important to take
into account both cases when differentiating nuclear explosions from civilian
sources. A result from this behavior is that information on the leaking process
from an underground explosion, can be drawn from the measured ratios. The
different half lives of the four isotopes also causes the ratios to change over time
as the radioxenon decays. The result of this is that the ratios can also provide
information on the timing of the event.
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3.4.2 Nuclear power plants

For NPPs the radioxenon isotopic ratios reaches equilibrium values after a couple
of weeks of full power operation. During reactor shutdown and startup these
ratios can however change quite drastically, and it is thus not enough to only
consider the equilibrium value for source discrimination [5].

In Ref. [5] simulations of both expected reactor ratios in light water reactors,
and explosion ratios were performed, resulting in an approach that can be used
to differentiate between NPPs and a nuclear explosion. This approach is illus-
trated in Figure 3.5. Two isotopic ratios have been plotted against each other in
a log-log plot, where the isotope with the longer half life is in the denominator
on each axis. The red dashed line separates the ratios in a reactor domain to
the left of the line, and an explosion domain to the right. The slope of the sepa-
ration line is determined by the decay constants of the four isotopes, so that the
explosion ratios always end up in the explosion domain, independent of when
they are measured. Theoretically, all radioxenon created in the fuel matrix in
a nuclear reactor should end up to the left of the line, except during the first
20-30 days of irradiation of fresh fuel. The expected ratios during these first
days unfortunately overlap with the ones expected from a nuclear explosion.

The slope of the discrimination line is determined from the decay constants
of the four isotopes. The result is that the line will always be on the left side of
the explosion ratios even though these change in time. The blue line in the figure
represents the ratios from a nuclear explosion, where the dashed line shows the
behavior over time after full fractionation at the time of the explosion, and the
solid line when ingrowth from parent nuclei takes place. The dot represents the
time of the explosion, and both ratios decrease with time since the longer lived
isotope is in the denominator in both cases.

In this figure all four isotopes are used, but it is also possible to do simi-
lar graphs with less than four isotopes, if not all are measured. Such graphs
does however not provide as efficient screening as if all four isotopes are mea-
sured. This screening approach has been validated with measured radioxenon
concentrations, as well as reported annual releases from NPPs [27].

3.4.3 Medical isotope production facilities

Medical isotope production facilities have proven to be the major source of
radioxenon in the atmosphere, even though there are much fewer MIPFs than
NPPs on earth [4]. One problem with MIPF's is that the irradiation times of the
HEU target is only of the order of days, resulting in isotopic ratios very similar
to the ones expected from a nuclear explosion. The ratios expected in a release
from a MIPF are affected mostly by the irradiation times, and the delay lines
of the gas before being released into the atmosphere.

Suggestions to solve this issue are that the MIPFs prolong their irradiation
times and implement processes that reduce the xenon emissions. It would also
be very useful to measure the emissions of xenon in the stack, and use this
information together with atmospheric transport modeling in the analysis of
IMS data.
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Figure 3.5: Schematic picture illustrating the source discrimination approach
proposed by Kalinowski et. al., involving multiple isotopic ratios [5]. The red
dashed discrimination line divides the plot in a nuclear power plant domain
(left), and a nuclear explosion domain (right). The blue dot represent the time
of the explosion, and the lines the evolution in time of the expected ratios. The
solid line is when in-growth from parent nuclides takes place, and the dashed
one when the radioxenon gas is separated from the other fission products at the
time of the explosion.

3.4.4 The DPRK test in 2006

On october 9th in 2006, the Democratic Peoples Republic of Korea (DPRK)
announced that they had performed a nuclear test, and the event was also
detected by the seismic network in the IMS. At that time the closest noble
gas systems in operation were located in Ulaanbaatar (Mongolia), Spitsbergen
(Norway ), Stockholm (Sweden), and Yellowknife (Canada). Due to the winds at
the time the only place where radioxenon from the explosion was detected was
in Yellowknife, 7000 km away from the explosion site [28]. 133Xe was seen in
elevated concentrations around 2 weeks after the explosion, but none of the other
isotopes. The elevated activity concentration could however not be explained by
any other source in the vicinity of the noble gas system. Atmospheric transport
modeling also showed the xenon signal to be consistent with a release from
explosion site in DPRK at the time of the event.

A mobile SAUNA xenon sampler, [29], was also sent to South Korea, and
used to collect to xenon samples close to the DPRK border. The samples were
then transported to FOI in Sweden for analysis [30]. Samples were collected on
october 11-14, and analyzed on october 14-21. The measurements showed mea-
surable concentrations of !33Xe and '33™Xe consistent with a nuclear explosion.

The above mentioned measurements all contained xenon concentrations of
the order of mBq/m3, a fact stressing the importance of very low detection
limits of the IMS noble gas systems. The importance of knowledge of the ra-
dioxenon background, as well as potential radioxenon sources, in combination
with atmospheric transport modeling were also proven to be crucial in order to
identify the explosion as nuclear.
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3.5 Radiation detectors

To detect radiation such as the photons and electrons emitted in the decay of
radioxenon, some type of interaction with a detector material is needed. Elec-
trons are charged particles and will continuously interact with other electrons in
the material through the Coulomb force. These interactions causes them to lose
energy and deviate from their initial path. The lost energy results in ionization
and excitation of the atoms and molecules in the detector material [31].

Photons are not charged, and does not lose their energy continuously in the
material like electrons. Instead they are absorbed or scattered in single events,
where part, or all, of their energy is transferred to electrons (or nuclei) within
the detector medium. These secondary electrons will then deposit their energy
continuously in the material through coulomb interactions.

There are three main processes responsible for loss of photon energy in a
material:

Compton scattering: Is an elastic collision between the photon and an elec-
tron in the material. The photon will scatter and transfer some of its
energy to the electron. Compton scattering is less probable to occur for
higher photon energies.

Photoelectric absorption: Results in total absorption of the photon by an
electron initially bound to an atom. This electron is ejected with an
energy corresponding to the difference between the energy of the incident
photon, and the electron binding energy. The probability of photoelectric
absorption also decreases with increasing photon energy

Pair production: If the energy of the incoming photon is above 1.02 MeV
pair production can occur. Here the photon is completely absorbed and
its energy is converted into a an electron-positron pair.

In many cases the same photon undergoes various of the described processes
before all its energy is lost. The preferred interaction is the photoelectric ab-
sorption, since the full photon energy is deposited in one single event.

There are many different types of radiation detectors, for example semicon-
ductor detectors and ionization chambers [31]. Another common detector type
are scintillators, which are described in the following section.

3.5.1 Scintillators

Scintillators are characterized by their ability to reemit the absorbed energy in
the form of light, a process called fluorescence. The emitted light is transmitted
through the detector medium and reflected at surfaces, until it reaches some kind
of photosensor that can convert the light to an electrical signal. Sometimes the
coupling between the photosensor and the scintillator is aided by transparent
light guides [31].

Common light converters are photomultiplier tubes (PM-tubes), where the
scintillator light ejects photoelectrons from a photocathode, and the signal is
amplified in a dynode chain. Ideally the output is proportional to the amount
of incoming light. PM-tubes are generally most efficient for light in the visible
range.
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A good scintillator should have a high scintillation efficiency (i. e. light
yield), and be transparent to the wavelengths of its own emission [32]. It is also
important that a good optical match to the PM-tube is achieved [31].

Scintillators are generally divided into two groups, depending on their ma-
terial compositions; organic and inorganic scintillators. In both cases the emis-
sion of scintillation light takes place by de-excitation through transitions in the
electronic structure in the detector material. All non-radiative processes, that
compete with the fluorescence, such as conversion of the excitation energy to
heat, results in a lower light yield from the scintillator. This quenching can be
caused by for example impurities.

Organic scintillators

In organic scintillators light is emitted in transitions between levels in the elec-
tronic structure of organic molecules. Organic scintillators are mainly composed
of carbon and hydrogen, and thus have a low effective atomic number Z, which
results in low probability for all three previously described interactions between
photons and a detector material. Therefore it is not common to use organic
scintillators for photon detection. They are however widely used for detection
of other types of radiation (alpha, beta, other charged particles, and neutrons).

Organic scintillators can either be pure organic crystals, or the scintillating
molecules can be solved in a liquid or plastic. Plastic scintillators are widely
used since they are easy to manufacture in different shapes and sizes [31].

In the case of liquid and plastic scintillators, the conversion of radiation
energy to scintillator light is a three step process (for pure crystals the second
step is omitted).

First the energy of the incident radiation is absorbed, mainly by the solvent
molecules since they constitute the major fraction of the material. Secondly the
excitation energy migrates to the scintillator molecules, which de-excite and emit
photons in the third step. The energy of the emitted photons is determined by
the difference in energy between the excited and ground states of the molecules.
The organic molecules are chosen such that this energy corresponds to visible
light.

Sometimes an additional constituent is added to the solution, acting as a
wavelength shifter. These molecules absorb the scintillator light and re-emit it
at a different wavelength. This can be useful to match the light with the highest
sensitivity of the PM-tubes.

Inorganic scintillators

The effect of radiation incident on an inorganic crystal, is that electrons are
elevated from the valence band to the conduction band. The result are so called
electron-hole pairs, consisting of an extra electron in the conduction band, and
a vacancy in the valence band. The de-excitation, and emission of scintillator
photons, occurs when these electron-hole pairs recombine.

Inorganic scintillators can either be self activated, or they can be doped. In
self activated scintillators the recombination takes place by the electron jumping
from the bottom of the conduction band to the top of the valence band, and the
energy of the emitted photon will correspond to the band gap of the crystal.
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Figure 3.6: Schematic picture of the scintillation process in an activated inor-
ganic crystal. In step 1 an electron is excited to the conduction band, leaving
a hole in the valence band. In step 2 the electron-hole pair migrates to an ac-
tivator site, where the hole ionizes the activator. The electron then recombines
with the hole with the emission of a photon. The energy of the photon is char-
acterized by the energy levels of the activator, and is lower than the full band
gap of the crystal.

In doped (activated) scintillators impurities are introduced into the host
crystal. These impurities can have energy levels within the bandgap of the
crystal, offering an alternative way for de-excitation with the emission of photons
with an energy level lower than the full band gap of the crystal (see Figure 3.6).
The composition of the crystal and the choice of activators can be tailored such
that the emitted photons are in the visible range.

3.5.2 Detector resolution

The resolution is an important property of a radiation detector. It determines
the ability of the detector to distinguish between particles of different energies.
In many detectors, for example scintillators, the resolution reflects the spread
in the pulse height generated by the detector as response to a particle of certain
type and energy [31].

In a radiation detector, the particle energy is transformed into charge car-
riers, where the number of charge carriers (i.e. amount of charge Q) produced
is related to the particle energy. In the case of scintillators this is a two-step
process, where the particle energy is first transformed to light, which in turn is
converted to electrons at the photocathode of the PM-tube. In this case it is
the photoelectrons that are the charge carriers. To process the signal from the
detector, it is generally coupled to a preamplifier, where a capacitor is loaded
with the charge Q and subsequently discharges. The maximum voltage over
the capacitor during this process is ideally proportional to the charge Q, and
thus also the energy of the detected particle. The output from the preamplifier
is a series of pulses, with pulse heights reflecting the energy of each detected
particle. The pulses are normally collected in a histogram according to their
pulse heights.

Ideally, the response to identical particles would always be the same, and the
spectrum generated by a monoenergetic source would be a sharp spike. Such
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Figure 3.7: Pulse heigh spectrum illustrating the definition of the FWHM.

ideal situation is unfortunately not possible to achieve. The reason for this is
that all detectors present some degree of statistical fluctuations in the number
of charge carriers produced for a specific particle energy. These fluctuations can
be assumed to follow poisson statistics, so the number of charge carriers created
in response to a certain particle energy varies around the mean number N, with
a standard deviation given by o = v/N. The resulting peak in the pulse height
spectrum thus have a width corresponding to o = v/N, if the only contribution
to the peak broadening are the statistical fluctuations in the number of charge
carriers. There are generally also other sources of fluctuations such as drifts in
the operating parameters and electronic noise, which result in additional peak
broadening.

The final resolution R of the detector, for a certain energy is defined as:

FWHM
R= q, (3.2)
where Hj is the average pulse height and FWHM is the Full Width Half
Maximum, which is defined as the width of the peak at the level defined by half
the peak maximum, see Figure 3.7. If the peak shape is gaussian FWHM =
2v/2In20 ~ 2.350 is valid.
If there are various contributions to the broadening of the peak, and if these
are symmetrical and independent, the shape of the peak tend to be gaussian
with a FW H M;otq; defined by:

FWHMZ, ., = FWHM{ + FWHMj; + FWHM;... (3.3)
where FW H M; correspond to the contribution .

Resolution in scintillator detector systems

Scintillators are detectors that have relatively poor resolution, and therefore
broad peaks compared to high resolution detectors. In most cases the dominant
contributions to peak broadening in scintillators are:
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e Statistical fluctuations in the number of photoelectrons created at the
photocathode per event.

e Variations in response over the active volume of the detector. These vari-
ations are usually dominated by non-uniform light collection efficiency.

e Electronic noise in the components used in the detector system.

e Drifts in operating parameters during the course of the measurement. For
scintillator detector systems these drifts are usually related to the PM-
tubes.

The dominating contribution is generally the photoelectron statistics. The
spatial variations in detector response can also be a significant contribution for
large detectors, or detectors with complex shape. Both these contributions are
governed by the collection of the scintillator light created in the detector. The
light collection efficiency is defined as the fraction of all created photons that
reaches the photocathodes and are converted to electrons. A high light collection
efficiency results in a large number of photoelectrons created per event. The
statistical variance in the number of created photoelectrons is, according to
poisson statistics, given by ¢ = v/N, and the relative variance thus decreases
with an increased number of photoelectrons N. In addition to a high light
collection efficiency, it is also important that it is uniform over the active volume
of the detector. A spread in the number of photons reaching the PM-tube
depending on where in the detector the interaction took place, will also add to
the peak broadening.

A less than perfect light collection can be due to self absorption in the scin-
tillator material, or losses at the surfaces of the material. Self absorption can be
due to overlapping absorption and emission spectra, impurities in the material
or inherent absorption in the solvent (in the case of organic scintillators) [33].
These losses are however usually only significant for large scintillators.

Since light is emitted in all angles in a scintillation event, part of the created
light will inevitably undergo surface interactions before reaching the PM-tubes.
When light hits a surface it can either be reflected back into the material, or
it can be transmitted into the adjacent medium. If the incident angle is larger
than a certain critical angle, total internal reflection occurs. If the incident
angle is smaller than the critical angle part of the light is reflected, and part is
transmitted into the adjacent medium, according to Fresnels formulae [31]. The
critical angle 6. is determined from Snell’s law of refraction to:

0, =sin! 2, (3.4)
niy

where n1 and ns are the refractive indices of the scintillator and the adjacent
medium, respectively. In order to increase the light collection efficiency an
external reflector is often used to recapture some of the transmitted light. The
reflector can be either specular or diffuse, but it has been shown that often a
diffuse reflector is to prefer, since these spread the light in arbitrary angles, and
the risk of the light being trapped by multiple internal reflections is smaller.
There are various different external reflectors used, like white paint, aluminum
foil, and teflon tape.
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One surface where total internal reflection is not desirable is the interface
between the scintillator and the photocathode of the PM-tube. The photocath-
ode often has a glass window with a refractive index similar to those of many
scintillators. Even if this is the case, it is important that there is no gap be-
tween the two materials since this will increase the risk of light being reflected
back into the scintillator. To avoid this problem optical grease, and/or optical
pillows with refractive indices close to the one of the scintillator are often used,
in order to assure that there is no air between the scintillator and the PM-tube.

It should also be noted that an increased number of surface reflection in-
creases the mean path travelled by the photons, which will make self absorption
more significant.

3.6 Radioxenon detection using the SAUNA sys-
tem

Almost half of the radioxenon detection systems used within the IMS are SAUNA
systems. The prototype SAUNA was developed by the Swedish Defence Re-
search Agency (FOI) [6]. The system was commercialized in 2004, and the cur-
rent version, SAUNA II, is manufactured by the company Gammadata SAUNA
Systems [29].

The system consists of three main parts, performing sampling, processing
and activity measurement of a xenon sample. In the sampling and processing
units a xenon sample of typically 1.3 cm? is extracted from around 15 m? of
air. The xenon sample is then introduced into a detector where the activities of
18lmYe 133mXe 133Xe and 13°Xe are measured during 11 hours.

The detector is a beta-gamma coincidence spectrometer consisting of a 6.2 cm
cylindrical plastic scintillator cell, inserted into a drilled hole in a Nal(T1) crys-
tal, as illustrated in Figure 3.8. The plastic scintillator cell also acts as a con-
tainer for the xenon sample during the measurement.

Electrons are less penetrating than photons, so the beta particles and con-
version electrons are detected by the plastic scintillator cell, and the gammas
and X-rays by the NaI(T1) crystal. The thickness of the walls of the plastic scin-
tillator cell is 1 mm, chosen so that the 346 keV electrons from the S~ decay of
133X e are fully stopped.

The Nal(T1) is read out by one PM-tube, and the plastic scintillator cell by
two (one at each end). An event is recorded in the 2D histogram if a signal is
measured in all three PM-tubes in coincidence. The detector design is based on
the one used in the american ARSA system [17].

The system contains 2 identical detector units working in parallel where one
detector measures the gas background in the empty detector while the other one
measures a sample, and vice versa. The gas background measurement is needed
to correct for residual activity left in the detector from previous samples. This
residual activity is here referred to as the memory effect, which is described
further in Section 3.7.

3
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Figure 3.8: The SAUNA detector. The xenon sample is located inside the plastic
scintillator cell during the measurement. The Signal from the Nal(T1) crystal
is read out by one PM-tube, and the signal from the plastic scintillator by two
PM-tubes.

3.7 The memory effect

One problem with the current design of the SAUNA system is that part of
the xenon sample diffuses into the plastic scintillator material of the beta cell
during the measurements [2]. This is also a problem for the ARSA and the ARIX
systems, which also contains beta gamma coincidence spectrometers involving
plastic scintillators [34, 35].

Today this memory effect is compensated for by measuring a gas background
measurement of the evacuated cell, prior to each sample measurement. The
residual activity in the gas background measurement can then be subtracted
from the sample activity. For this reason, the SAUNA system contains two
detectors working in parallel to allow for continuous monitoring. This approach
is however not ideal, and leads to an elevation of the system detection limit.

Figure 3.9 shows the count rate of !*3Xe in the ROI at 81 keV gamma
energy and 0-346 keV beta energy (ROI 3 in Figure 3.4), in a series of sample
measurements, and gas background measurements. The data is taken from an
IMS SAUNA system installed in Charlottesville, VA, USA. The shown count
rate is the net count rate, where background counts and interferences from
other isotopes have been subtracted from the total measured number of counts
in the ROL. It is from this figure clearly seen that a high count rate in a sample
measurement is followed by an elevated count rate also in the following gas
background measurement. It is also seen that a strong sample leaves traces of
residual activity in the gas background various measurements ahead.

In Figure 3.10 part of the data in Figure 3.9 has been used to plot the '33Xe
count rate in the gas background measurements as a function of the count rate in
the previous sample measurement. Only the data where the sample count rate

26



0.2

Il sample 1.06 cps
0.15F -

8_ 0.1 -
o
o 005 l f
[ [ .
= 002 :
3 I Gas background 0.035 cps
O 0.0151 -
ko)
Z o001t R

0.005+ | | | | | ‘ -

0 50 100 150 200 250

Sample number

Figure 3.9: The memory effect illustrated through a series of sample (top), and
gas background measurements (bottom). Note that the scales on the y-axes are
different.

is above 0.035 cps has been used, in order to investigate how much of the sample
activity is left in the cell in the subsequent gas background. The gas background
measurements with residual activity from sample measurements further back in
time are thus not included. The discrimination value was chosen by visually
inspecting the data set shown in Figure 3.9.

The data has been fitted with a linear function, with a resulting slope of
0.032. A rough estimate of the memory effect, defined as fraction of the sample
activity left in the cell in the following gas background measurement, is thus
3-4%.
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Figure 3.10: '?3Xe count rate in a series of gas background measurements, as a
function of the count rate in the previous sample measurement.
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As previously mentioned, the ultimate result of the memory effect is that
it elevates the detection limit of the system, even if it is compensated for by
subtraction of the gas background counts [3].

When it comes to the limits of detectability, there are two quantities that
are of interest, the critical limit L., and the minimum detectable concentration,
MDC.

The critical limit L. is determined by the statistical fluctuations in the num-
ber of background counts in a given ROI. The net number of counts in an ROI
is the total number of counts minus the background counts. If the net number
of counts exceeds the L., it is assumed that some real activity is present in the
sample [36, 31]. It is common to define L. as the critical limit ensuring a false
positive rate of no more than 5%, given by:

L. = 2.3303,, (3.5)

where oy is the standard deviation associated with the number of back-
ground counts.

The MDC is the real activity concentration needed to ensure a reasonably low
false negative rate, given the critical limit L.. Due to the statistical fluctuations
always present in any counting system, the observed number of counts from a
given source will vary around the true mean number of counts. The minimum
value for the mean net number of counts ¢,,;,, that ensures a false negative rate
of less than 5%, when L, is defined according to Eq. 3.5, can be defined as [36]:

Comin = 4.650, + 2.71 (3.6)

The MDC is calculated by substituting the net number of counts ¢ in Eq 3.1
for ¢pmin, and is thus given in mBq/m? [24].

A full derivation of Eq. 3.5 and 3.6 can be found in Refs. [31] and [36].

Figure 3.11 shows L. of 33Xe, as a function of the atmospheric '33Xe con-
centration (C) in the previous sample measurement. Here the L. is expressed
as an atmospheric concentration, obtained by substituting ¢ in Eq 3.1 for the
L. defined in Eq. 3.5. The data is taken from the same measurements as used
in Figures 3.9 and 3.10.

In Figure 3.10 it was shown that in the case of only short term memory
effect, the gas background depends linearly on the activity measured in the
previous sample. If counting statistics is the only source of fluctuations in the
background, o4 is given by the square root of the number of background counts.
Since the background depends linearly on the sample activity concentration, it
is reasonable to express L. as a function of v/C.

In Figure 3.11 the L. data has been fitted with a first order polynomial,
where v/C is the variable. The constant is included to account for the constant
detector background not affected by C'. Only the data where the activity con-
centration in the sample was above 2 mBq/m?® was included in the fit, in order
to remove data points where L. is elevated due to long term memory effect from
samples measured further back in time. These points are seen in the figure as
high L. values for very low concentrations. The discrimination limit was chosen
through ocular inspection of the data set.

In the case of this SAUNA system located in Charlottesville, a typical sample
contains a few mBq/m? of 133Xe, which results in a critical limit between 0.1
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Figure 3.11: The critical limit for detection L. as a function of the atmospheric
activity concentration (C) of the previous sample. The line corresponds to a
linear fit of L. as a function of v/C for all samples with a concentration above
2 mBq/m3.

and 0.2 mBq/m3. As seen in Figure 3.11, a high sample activity of around
300 mBq/m? increases this limit by almost a factor of 4.

The radioxenon detection systems used in the IMS are required to have an
MDC of less or equal that 1 mBq/m?, for 133Xe [34]. From Egs. 3.5 and 3.6 it
is seen that the MDC value is more than twice the value of L., and the high
concentration in this data set thus results in an MDC very close to the required
limit.

In order to assure a high reliability of the system it would thus be a great
improvement if the memory effect could be removed. A lower detection limit
would also result in lower uncertainties for the measured radioxenon concentra-
tions, which could be important in order to identify the source of the radioactive
gas, as described in Section 3.4.

In an ideal system with no memory effect, the gas background measurements
would be obsolete. A memory effect reduction could thus allow for removal
or reduction of the gas background measurements, leading to longer sample
measurement times.

An additional motivation for memory effect reduction are the systems cur-
rently under development for use in On Site Inspections. Such systems are based
on subsoil sampling close to a suspected nuclear explosion site. The amounts of
radioactive xenon would thus be much higher than what is observed in the IMS
systems, and the memory effect would therefor also be higher.

Finally, a system without memory effect would allow for recalibration or
quality controls of the systems using radioactive gases. With the memory effect,
such experiment would result in residual activity left in the detector for months.

There are various possible approaches for achieving a memory effect reduc-
tion. In Ref. [7] the plastic scintillator cell was exchanged for an inorganic
cerium doped scintillator made of yttrium aluminum perovskite (YAP). This
YAP cell presented a very small memory effect. However, with the detector
geometry used, the X-rays at around 30 keV were absorbed in the YAP cell due
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to its high effective atomic number. The X-rays could thus not be detected in
the surrounding Nal(Tl) crystal, and a much thinner YAP cell would be needed
for the technique to work.

Inorganic scintillating glass is another alternative material, but also this
detector would need to be very thin in order to let the X-rays through.

Another possible solution is to saturate the plastic detector with stable
xenon, so that there is no room for the radioactive atoms. This solution would
however require incorporation of stable xenon exposure in the system processes
in order to keep the cell saturated.

The approach that has been adopted in this work, is to coat the existing
plastic scintillator cell with a material working as a gas diffusion barrier. An
advantage with this solution is that it requires minimal changes of the existing
system. The only thing that needs to be exchanged is the plastic scintillator
cell. Provided that a barrier is achieved without impairing detector resolution
and efficiency the analysis of the measurement data does no need to be altered
either.

3.8 Surface coatings as diffusion barriers

The approach adopted in the work presented in this thesis is to coat the surfaces
of the plastic scintillator exposed to the radioxenon sample with a material
that is able to stop the xenon diffusion. This has previously been tested with
pure metals that were deposited onto a plastic scintillator using electron beam
lithography [7]. The problem with these coatings were that some of them easily
flaked off, and that the light collection in the detector was impaired. For the
work presented in this thesis the choice of coating materials was based on a
number of desirable characteristics:

e The coating should be a good gas diffusion barrier.

e It should be transparent to the scintillator light, so that part of the signal
is not lost in the coating. This requirement is fulfilled by materials having
a band gap above 3.2 eV, which is the energy of 380 nm photons at the
high energy end of the emission spectrum of BC-404 [37].

e The refractive index of the coating should be close to 1.58, which is the
refractive index of BC-404, to minimize the risk of disturbing the light
collection in the detector.

e The technique used to deposit the coating material should work at a rela-
tively low temperature, since the softening point of the plastic scintillator
material is as low as 70°C.

e The coating technique needs to be able to coat the inside of a cylinder
with a uniform film. This requirement eliminates all coating techniques
that requires line of sight.

Two transparent coatings were chosen for further investigation, AloOg3 de-
posited using Atomic Layer Deposition (ALD), and SiO4 deposited with Plasma
Enhanced Chemical Vapor Deposition. Both these coatings are used as gas dif-
fusion barriers in a variety of applications. The materials have also previously
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been deposited onto polymers in for example food packaging and organic light
emitting devices [38, 39].

3.8.1 Atomic Layer Deposition

Atomic Layer Deposition (ALD) is a technique that is widely used to deposit
thin films [40]. In this process the substrate to be coated is sequentially exposed
to the reactant gases, which are called precursors.

The reactions between the surface of the substrate and the precursors are
self-terminating, in the sense that only one atomic layer is deposited in each
exposure, regardless of its duration (given that sufficient time is allowed for
the surface to be covered with one layer). In Figure 3.12 the ALD process is
illustrated in 4 steps.

Step 1: In the first step the substrate is exposed to the first precursor gas. The
gas molecules reacts with the surface of the substrate an an atomic layer
is formed.

Step 2: After the exposure of the first reactant the ALD reactor is flushed
with an inert gas in order to remove excess precursor molecules, as well
as by-products from the reaction. Since the substrate-precursor reaction
is self-terminating, the substrate is left covered with one monolayer of
molecules.

Step 3: The substrate is exposed to the second precursor gas which reacts with
the surface.

Step 4: The excess precursor gas and reaction by-products are again removed
from the ALD reactor. The result is a monolayer of the desired coating

material.
1 2.
LN of
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4. 3
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Figure 3.12: The ALD process.

This 4 step cycle is repeated until the desired film thickness is achieved, and
the result is an amorphous film. The process is ideally linear with one monolayer
of the film deposited in each cycle. Depending on the substrate this linearity
is however often not achieved in the first cycles when the substrate material is
still affecting the reaction.

31



One big advantage of the ALD process is that it is possible to coat very
complex surfaces with a coherent film, and that very thin films can be achieved
with high control over the coating thickness.

Depending on which type of film that is to be deposited, different precursor
gases are used. In the case of the Al;O3 films made in this work the precursors
are trimethylaluminum (TMA) and water.

One added advantage of the ALD technique for this particular application
is that it has been proven to work at temperatures down to 33°C [41].

3.8.2 Plasma Enhanced Chemical Vapor Deposition

Plasma Enhanced Chemical Vapor Deposition (PECVD) is another widely used
thin film deposition technique. In the PECVD process the substrate is exposed
to a flow of mixed precursors in gas phase, and the reactivity of the gases is
enhanced by the creation of a plasma [42]. PECVD can thus be performed at
lower temperatures than conventional CVD where the reactivity is thermally
increased. This is why PECVD is a better choice for applications where the
substrate is sensitive to high temperatures.

One possible disadvantage of the PECVD technique is that it could be diffi-
cult for the plasma to reach into the plastic cylinder used in the SAUNA system,
and cover it with a uniform film.

Further details about the PECVD process, and the equipment used to pro-
duce the coatings tested in this work, can be found in Ref. [43].
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Chapter 4

Light transport properties
of coated plastic
scintillators

For the coating approach, described in Section 3.8, to be a viable solution to
the memory effect problem, it is important that the resolution of the detector is
not impaired by the coating. This is especially true since the two CE peaks at
129 and 199 keV from the decay of 13'™Xe and 133™Xe needs to be sufficiently
separated. There is a requirement of a resolution of the 129 keV CE peak below
40 keV for systems used in the IMS [34].

In this work, the resolution of the SAUNA beta detector is assumed to
be dominated by photoelectron statistics, as well as variations in the detector
response depending on the spatial location of the particle interaction. Both
these factors are governed by the light collection in the detector, which can be
studied independently of the rest of the detector setup, both through simulations
and measurements.

Apart from the factors listed in Section 3.5.2, other possible contributors to
the CE peak broadening in this particular system are:

e Mismatching between the two PM-tubes used to convert the light signal
from the scintillator. Given equal quantum efficiencies of the two PM-
tubes, and spatial symmetry in light collection efficiency, the gain of the
two PM-tubes should ideally be the same [44].

e Self absorption in the xenon gas, due to interactions between the radiation
to be detected and the xenon atoms. Normally the xenon sample in the
cell is around 1.3 ecm?, of which the major part is stable xenon. The
resolution of the 129 keV CE peak has been measured for such ”normal”
sample, containing a small amount of 3'™Xe, as well as a sample with
no stable xenon, but the same radioactive content. The difference in the
129 keV CE resolution between the two measurements were only 1%.

In order to address this issue at an early stage in the project, as well as
to find possible restrictions and recommendations for coating parameters, a
study of the light collection was performed, by means of both simulations and
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measurements. This study is described in Paper II and will also be summarized
in the present chapter. At the end of the project, when a full detector had
been coated, its resolutions was measured, and the results are presented in this
chapter as well as in Paper III.

4.1 Simulations

4.1.1 Detect2000

Simulations were performed using the ray-tracing Monte Carlo code Detect2000 [45].
With this code it is possible to track individual photons as they travel through a
user defined geometry. By defining the refractive indices and absorption lengths

in all materials, as well as optical properties of all surfaces, light losses due to
absorption or escape can be simulated. Photons are recorded as detected if they
reach a surface defined as a photocathode. If the quantum efficiency of the pho-
tocathode is known it is then possible to determine the number of photoelectrons
created for a given number of created scintillator photons.

The surface models used in the simulations were the POLISH and GROUND
models that are implemented in Detect2000 [45]. When a photon encounters a
surface it is first determined if it is to be reflected, or transmitted into the next
medium. The probability for reflection is determined using Fresnel’s formula:

R 1 S’L:nQ(Hi —6;) n tan?(0; — 0;) ’ (41
2| sin?(0; + 0:)  tan?(6; + 6;)

where 60; is the angle of incidence and 6, is the transmission angle. The
angles are defined with respect to the normal of a local micro-facet.

For the POLISH surface model this micro-facet is always parallel to the
macro surface, and thus defines a totally smooth surface. The GROUND surface
model represents a rough surface, and the normal of the micro-facet is sampled
from a Lambertian distribution around the normal of the macro surface.

In both cases the complementary probability of transmission is given by
T =1— R. The transmission angle is determined from Snell’s law of refraction,
and the photon can still be internally reflected if the angle of incidence is smaller
than the critical angle for total internal reflection, defined in Eq. 3.4.

If the neighboring medium is vacuum, an external reflection coefficient can
be defined, giving the probability that an escaped photon is reflected back into
where it came from. The reflection angle is sampled from a Lambertian distri-
bution, and the reflector is thus diffuse. This reflection coefficient can be used
to simulate an external diffuse reflector, in this work the teflon tape that is
wrapped around the detector.

4.1.2 Setup of simulations

The geometry of the plastic scintillator cell was implemented, with and without
coating, as shown in Figure 4.1. Apart from the plastic scintillator material,
optical pillows connecting the detector to the photocathodes of the PM-tubes
were implemented, as well as an external diffuse reflector representing the teflon
tape which is wrapped around a real detector. Photons were started from various
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Figure 4.1: The implemented detector geometry without (top), and with (bot-
tom) coating. The dots represents photon starting points.

positions in the geometry, so that the spatial dependence of the light collection
efficiency could be evaluated. The starting points are shown in Figure 4.1.
Various simulations were performed, varying the thickness of the coating, its
refractive index, and the quality of the surface of the plastic scintillator as well
as the coating. Further details about the simulations can be found in Paper II.

4.1.3 Analysis and Results

Figure 4.2 shows the results from the simulations of an uncoated detector, with
either a polished or a rough surface. The light collection efficiency ¢ was calcu-
lated as the fraction of all started photons reaching a PM-tube. It is seen that
the surface quality of the plastic strongly affects the light collection, both when
it comes to uniformity and the absolute value. Corresponding plots of the light
collection efficiencies for coated detectors can be found in Paper II.

From the simulated light collection efficiencies, the resulting CE resolution
at 129 keV was calculated for each simulated detector configuration, by us-
ing the expected light yield from such electrons and the quantum efficiency of
the PM-tubes. The calculations only took into account the contributions from
photoelectron statistics, and spatial variations in detector response. Other con-
tributing factors are as previously mentioned, assumed to be minor compared
to these.

In the calculations it was assumed that both contributions were gaussian, so
that Eq. 3.3 and FWHM = 2.350 could be used.

For the contribution from photoelectron statistics this is a common assump-
tion to do, since the number of created photoelectrons resulting from photons
generated in a particular point in the detector, follows poisson statistics.

For the contribution from spatial variations in the detector response, the
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Figure 4.2: Light collection efficiencies as a function of photon starting point,
in uncoated detectors with either polished of rough surfaces. (a) shows starting
points in the endcap, and (b) starting points along the cylinder.

gaussian assumption is however a source of error, since the distributions are not
gaussian. Figure 4.3 shows the distribution due to spatial variations, around
the average light collection efficiency, for the two uncoated detectors.

Number of photon starting points

0.5 0.6 0.7 0.8 0.9
Light collection efficiency, &

Figure 4.3: Distribution of the light collection efficiency depending on spatial
variations in detector response. The top histogram is the distribution in a
polished cell, and the bottom one the distribution in a rough cell.

A more detailed description of the calculations and the resulting resolutions
for all simulated detector configurations, can be found in Paper II.
The main conclusions drawn from the simulations were:

e The light collection efficiency is highly dependent on the surface quality
of both the plastic scintillator, and the coating. This is true both when it
comes to the absolute efficiency, and the spatial variations.
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e In the case of smooth surfaces the resolution is dominated by the photo-
electron statistics, and when rough surfaces are involved spatial variations
is the dominating contribution.

e A coating with a rough surface impairs the light collection, regardless of
the quality of the plastic surface. However, if a smooth coating is achieved
on a rough plastic surface, the light collection can be improved by the
coating.

e A good optical match between the refractive indices of the plastic scintil-
lator and the coating is important. Furthermore, it is preferable that the
refractive index of the coating is higher than the one of the plastic, rather
than lower.

e For the coating thicknesses below 1 pm simulated here, the light collection
efficiency is not significantly dependent on the coating thickness.

To summarize, it was found that if a smooth coating with a refractive index
close to the one of the plastic is achieved, the light collection efficiency is not
expected to be significantly impaired.

The roughness of a flat scintillator sample was later studied using Atomic
Force Microscopy (AFM), both before and after it was coated with 210 nm
Al;O3. Figure 4.4 shows the results from these measurements, and it is clearly
visible that the coating has a smoothening effect on the scintillator surface. This
is very promising from a light collection point of view.
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Figure 4.4: AFM pictures of a BC-404 sample before (left) and after (right)
coating with 210 nm Al;Og.

Another observation from the simulations were that for the polished cell,
the light collection efficiency was lower in the endcaps than in the cylinder (see
Figure 4.2), even though the endcaps are closer to the PM-tubes. The loss of
light was found to occur in the optical pillows, which are not wrapped in teflon
tape. If the reflective tape was extended to cover also the optical pillows in the
simulations, the light collection efficiency from starting points in the endcaps
were found to be higher, and also more uniform.

It should be noted that the surface properties used in the simulations are
two extremes. It is not likely that a real detector is well described by either
of these. This was also confirmed by comparing the calculated resolutions for
uncoated detectors with real measurements. Normal CE resolutions of SAUNA
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systems in operation lie between the two simulated extremes, indicating that a
real cell might be better described by something in between the POLISH and
GROUND surface models used here. However, the purpose of the simulations
was not to exactly reproduce the performance of a real detector, but rather to
investigate if the light collection efficiency would be impaired by a coating. It
is believed that this was captured despite the simplified surface models.

An additional shortcoming of the simulation code is that it does not account
for thin film interference, which could be an issue since the proposed coating
thicknesses are of the same order of magnitude as the wavelength of the scintil-
lator light.

4.2 Measurements on a simplified geometry

In addition to the simulations, measurements were conducted in order to eval-
uate how the interactions between the scintillating photons and the scintillator
surface would be affected by a coating. This was done by using a simplified ge-
ometry of flat plastic scintillator samples with the dimensions 30x20x 100 mm.
The idea was to se if the amount of internally reflected light would change if a
sample was coated. For the measurement, some samples were coated with 20
or 70 nm of Al;O3 using ALD at 45 or 65°C. Some samples were only heated
to these temperatures without being coated, in order to see if the heating itself
was responsible for any damage. Finally, some samples were left uncoated. All
samples were measured both before, and after the coating/heating procedure.

4.2.1 Measurement setup

The measurements consisted in sending light into one end of the sample and
then measure what came out at the other end. Light of specific wavelengths
was created by passing white light through a diffraction grating. A schematic
picture of the measurement setups is shown in Figure 4.5. Two different setups
were used, chosen to assure that at least part of the light would undergo some
surface interactions.

The first approach was to use light of a wavelength within the absorption
spectrum of the scintillator, and in that way create scintillating light emitted in
all directions, assuring that part of it would interact with a surface.

The other approach was to use visible light but, letting it hit the sample at
a certain angle, and in that way increase the probability of surface interactions.

—|
UV-light Sample

Detector

p

%etector

Visible light

Figure 4.5: Schematic view of the experimental setup used in the measurements.
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4.2.2 Results

The qualitative conclusions that could be drawn from the measurements were
that no drastic optical degradation of the plastic scintillator samples occurred
by coating them, and that the null hypothesis of no degradation at all can not
be ruled out, which are both results in favor of the coating approach.

It was unfortunately not possible to draw any quantitative conclusions. The
measurements were performed various times, and it was difficult to reproduce
the results. An explanation for this could be that the systematical errors were
larger than the statistical ones, as well as the differences in performance be-
tween the different samples. Possible systematical errors included difficulties in
positioning the sample at the exact same position relative to the light source
and the detector, as well as possible damage to the samples while handling them
during and between the measurements.

4.3 Measurements with a complete detector

At the end of this project one complete detector was coated with 425 nm Al;Os.
In Chapter 5 measurements of the memory effect in this detector are described.
In this section measurements of the resolution of this coated detector are de-
scribed. Further details about the measurement can be found in Paper III.

The coated detector was mounted in a SAUNA Nal(T1) crystal and coupled
to PM-tubes and the setup was operated in beta gamma coincidence mode.
Further details about the setup can be found in Paper III, and Chapter 5.

The resolution of the detector was measured by introducing '3'™Xe into
the detector, and subsequent analysis of the measured 129 keV CE peak. The
measurement was done twice, with 2.5 months separation. In Figure 4.6 the
resulting resolutions are shown, together with the 129 keV CE resolutions in
operational SAUNA systems. The IMS systems are required to have a resolution
no larger than 40 keV at this energy [34]. The CE resolution at 129 keV of the
full coated detector was around 33 keV in both measurements. This value is
below the mean resolution of uncoated detectors, and within the resolution
interval presented by these.
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Figure 4.6: The 129 keV Ce resolution in uncoated SAUNA detectors, and in a
coated one. The dashed lines represent the one sigma interval around the mean
for the uncoated detectors.
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Chapter 5

Memory effect in coated
plastic scintillators

This chapter presents measurements performed to evaluate the ability of AlyOg,
and SiO, coatings to reduce xenon diffusion, and hence the memory effect. Fur-
ther details on the performed experiments and results can be found in Paper I
and Paper III. Paper I describes measurements performed on flat plastic scintil-
lator samples, and Paper III describes similar measurements conducted using a
complete detector coated with the most promising coating identified in Paper I.

5.1 Coatings

Several flat plastic scintillator samples, with the same geometry as the endcaps
in the complete detector (see Figure 5.1) were coated with AloOs, or SiO3. The
samples were either of the material BC-444, or BC-404.

The BC-444 samples were milled from a cast scintillator sheet to the desired
geometry, and the BC-404 samples were ordered from the normal manufacturer
of the detectors used in the SAUNA systems. The thicknesses of the coatings
varied between approximately 20 and 400 nm. Further details on the different
samples can be found in Paper I.

All parts of one complete detector, as shown in Figure 5.1 were coated with
425 nm Al;Og3, since this was found to be the most promising coating.

The Al;O3 coatings were made with ALD at the Department of Materials
Chemistry, Uppsala University, and later by the private company Nanexa AB.
The SiO4 coatings were made using PECVD, at the Microelectronics Research
Center, University of Texas at Austin, USA.

5.2 Experimental: flat endcap samples

The measurements of the memory effect in flat samples were conducted inde-
pendently at FOI in Sweden, and at the University of Texas at Austin in USA.
In this chapter only the measurements performed at FOI will be described, and
a detailed description of the measurements conducted in Texas can be found in
Ref. [43]. Further details abut all measurements can be found in Paper I
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Figure 5.1: Schematic picture of the parts of the plastic scintillator cell, which
consists of a hollow cylinder and two endcaps.

@

Figure 5.2: The aluminum cell with a plastic endcap attached to its open end
@. The cell was introduced into the drilled hole in the Nal(T1) crystal @

The approach adopted for the experiments performed at FOI was to expose
both coated and uncoated plastic samples to radioactive xenon, and then mea-
sure the residual activity in the plastic after the exposure. The memory effect
could then be calculated as the fraction of the exposure activity that was left
in the cell as residual activity.

The plastic samples were glued onto open-ended aluminum cylinders, in
order to create a gas tight cell.

The cell was connected to a gas transfer system built for the purpose of
the experiment, through which gases could be transferred into the cell. The
system also incorporated a micro pump which was used to evacuate the cell.
The pressure inside the cell was monitored by a pressure sensor.

The cell was placed inside the well of a SAUNA Nal(T1) detector which was
used for activity measurements. Pictures of the aluminum cell and the NaI(T1)
detector are shown in Figure 5.2.

The measurement of the memory effect in each sample was carried out by
introducing around 7 kBq of 133Xe into the cell, along with helium to a pressure
of around 0.9 bar. The gas was then left in the cell for a 7 hour exposure. During
this time the activity of the injected gas was measured. After the exposure the
gas was evacuated through repeated pumping and flushing with helium. After
the sample evacuation the residual activity in the cell was measured during at
least 15 hours. The activity measurements were done using the Nal(T1) detector,
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measuring gamma radiation from the decay of 133Xe.

Two samples with each coating material and thickness were measured, as
well as three uncoated samples. In addition, an Al sample was measured in the
same way, and was used to estimate the lower limit of the memory effect that
could be measured using this technique.

5.3 Experimental: complete detector

The coated parts of the full detector were assembled using optical cement,
wrapped in reflective teflon tape and placed in a light tight housing.

The memory effect in the full detector was measured in three slightly different
ways, all based on the exposure to 33Xe.

The first measurement was the same as the one described in the previous
section, with the aluminum cell exchanged for the full detector and its housing.
This measurement was done so that the results from flat samples and a full cell
could be compared without having to consider possible systematical errors.

In the following measurements the cell was coupled to PM-tubes and the
measurements were done in beta-gamma coincidence mode, using both the
NaI(T1) and the plastic scintillator itself. This setup allowed both to mea-
sure the memory effect, and the resolution of the detector. The coincidence
measurements were performed twice, with different pump-and-flush cycles.

The procedure of the measurements was the same as described in Section 5.2,
with the exception that a much lower activity was introduced into the cell in the
beta-gamma measurements, since the detector background is drastically reduced
with this technique.

Figure 5.3 shows the different parts used in the mounting of the detector.

Figure 5.3: The different parts of the mounted detector. @ is the cell, before
being wrapped in teflon tape. The cell is inserted in a light tight housing, @
Two supports @ are used to keep the PM-tubes @ in place.
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5.4 Analysis

In all measurements, the decay branch of '>3Xe characterized by a beta endpoint
energy of 346 keV together with an 81 keV gamma ray, was used in the analysis
(see Section 3.2). The analysis procedure and calculation of the memory effect
was slightly different if only a gamma spectrum was recorded, or if the detector
was operated in beta-gamma coincidence mode. In either case the final memory
effect was calculated as the ratio between the exposure activity, Aczpo and the
residual activity Ayesiq according to:

A'r‘eside/\td

ME = 7 (5.1)

Ae$po
where the factor eM¢ is decay correcting the residual activity for the time,
tq, between the start of the two measurements, and A is the decay constant of
133X€.
The activities at the start of each measurement were calculated according
to:

B AN
- E"Y(l — e_AtTeal)

where «y is the branching ratio of the decay, t,.q; is the real data acquisition
time, ¢ is the absolute detection efficiency, and N is the dead time corrected
detected number of counts corresponding to the decay in question.

The absolute detection efficiency was different in the exposure measurement
and in the residual activity measurement. During the exposure the activity was
distributed in the gas contained in the cell, but the residual activity was located
only in the walls of the cell. The absolute detection efficiency in each case was
calculated using MCNP5 [46].

(5.2)

5.4.1 Gamma spectra

For the gamma spectra the number of counts, N, were determined from the
area of the 81 keV gamma peak. The exposure and residual activity spectra
from each measurement were very different in terms of the sample activity, and
were therefore treated differently in the analysis.

The spectra recorded during the exposure measurement contained very large
peaks which were easily distinguished from the detector background. The peaks
were fitted with a peak shape P(x) composed of a gaussian G(z), and a tail
function T'(z) defined as:

= V%ge:cp(— (@ ;{:230)2)4- (5.3)
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where er fc is the complementary error function defined by:

erfe(x) = % /:O et at (5.4)

The tail function T'(x) represents events with incomplete charge collection.
The fit parameters where the area of the gaussian peak A, its standard deviation
o, and the centroid xg. H; is related to the height of the tail function, and Ty its
slope [47]. Both H; and T were set to fixed values common for all measurements.

Together with the peak shape function, a second order polynomial back-
ground was included in the fit.

The analysis of the residual activity measurements was further complicated
by the sometimes very low activities, in combination with a background peak
at approximately the same position as the ?3Xe 81 keV gamma peak.

To obtain a peak area related to the decay under study despite these difficul-
ties, a detector background histogram was included in the fit. The background
used was measured for a period of 14 days, and thus had good statistics.

Apart from the fit parameters in the peak shape P(x), a scaling factor and a
shift factor for the background histogram were fitted. The shift parameter was
used since the measurements were conducted over the course of several months,
and small drifts in the energy scale were observed during this time.

The analysis described in this section was used to analyze all the measure-
ments of endcaps, and the first measurement of the memory effect in the full
detector.

5.4.2 Beta-gamma coincidence spectra

The beta-gamma spectra measured using the full coated detector were analyzed
in a different way. Instead of fitting a function to a peak, the number of counts
in a region of interest (ROI) covering the decay of interest, were used. The
analysis is based on the Net Count Calculation method which is used to analyze
SAUNA IMS data [24, 25].

The ROI included the 81 keV gamma peak in coincidence with the beta
distribution with endpoint energy of 346 keV (corresponding to ROI3 in Fig-
ure 3.4).

The ROI also contains background counts which needs to be subtracted be-
fore calculating the activity according to Eq. 5.2. The background contains
two components. The first is a constant background that is determined by the
ambient background radiation at the location of the system, referred to as the
detector background. The second component is a gas background which con-
tains 133Xe memory effect from previous measurements. The latter component
is not constant in time, but will decrease due to decay. Figure 5.4 shows the
components present in each measurement. The area under the activity graphs
correspond to the number of counts from each contribution in each measure-
ment.

To calculate the memory effect, 4 measurements were used in the analysis:

Detector background: A background measured during 8 days before the de-
tector had been exposed to any activity. The same detector background
was used in the analysis of all measurements.
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Figure 5.4: Schematic view of the different activity components in each mea-
surement. The residual activity measurement will be the gas background for
the subsequent measurement.

Gas background: A measurement of an empty cell, containing residual activ-
ity from previous measurements, in addition to the detector background.
The activity in this measurement that exceeds the constant detector back-
ground decreases in time according to the decay constant of 33Xe.

Exposure measurement: Measurement of the exposure activity, together with
the detector background and residual activity from previous measure-
ments.

Residual activity measurement: Measurement of the residual activity left
in the cell after the exposure, together with the detector background, and
a contribution from the memory effect already present in the cell before
the exposure measurement.

The activity values that were used in Eq. 5.1 were the exposure activity,
Aczpo, at the start of the exposure measurement, and the residual activity,
Aresid, at the start of the residual activity measurement. The respective start
times are indicated by t3 and t5 in Figure 5.4.

The net number of counts, Nezpo and Nyesiq, were calculated from the mea-
sured number of counts, Se¢zpo and Syesiq, by subtraction of both detector back-
ground and gas background counts.

The background subtraction was performed according to:

tS (1 _ ef)‘tv{vial) < tM
N=G§_Teap o=l = _ J(pp_ Zrealpy) 5.5
trDeal (1 - e_Atfgal) t?eal ( )

where D and M are the number of counts in the detector background, and
gas background measurements, respectively. t,.,; are the real data acquisition
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times in each measurement. The factor e 7 is used to correct for decay of the
gas background activity from the start of the gas background measurement to
the start of the sample measurement. 7 is thus either the time interval between
t1 and t3, or the time between t1 and t5, for the exposure and residual activity,
respectively.

5.5 Results and discussion

5.5.1 Endcaps

In Figure 5.5 the results from the memory effect measurements of endcaps are
shown. The uncertainties in the memory effect values were calculated by propa-
gating the uncertainties in the peak areas, as well as in the dead time correction
factor, into the final result.
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Figure 5.5: Results from the memory effect measurements of flat plastic scintil-
lator samples. The values are given as the percentage of exposure activity left
in the cell after sample evacuation. The left y-axis shows the measured memory
effect, and the right y-axis shows the expected memory effect in a complete de-
tector, taking into account the different surface areas of the two cases. The error
bars in the y-direction includes statistical errors only, and are included for all
data points but not visible for all. The error bars in the x-direction corresponds
to the uncertainties in the determination of the coating thicknesses. Note that
the scale on the y-axes is logarithmic.

Measurements were conducted on both coated and uncoated samples, as well
as a plain Al sample used to estimate the smallest plastic related memory effect
that could be measured using this method. All the measurements shown in the

figure correspond to individual samples, and each sample was only measured
once.
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Figure 5.6: Examples of the measured gamma spectra. In each panel all spectra
are scaled to the same live time.

Top: Exposure spectrum (green), residual activity in an uncoated sample (yel-
low), and the residual activity in a sample coated with 425 nm Al;O3 (blue).
Bottom: The same residual activity in a coated sample as in the top panel (blue)
but on a linear scale, together with a background spectrum (cyan). Shown is also
the residual activity when the background has been subtracted from the blue
spectrum (magenta). The arrows indicate the residual activity corresponding
to the memory effect in a sample coated with 425 nm Al;Os.

It is seen that all coated samples have a lower memory effect than the un-
coated ones. For the Al;O3 samples, a decreased memory effect with increasing
coating thickness can be observed. The thickest AloO3 coatings of 425 nm show
a memory effect lower than what is seen in a plain Al sample, indicating that
almost no Xe has diffused into the plastic scintillator material. The memory
effect using this thickness is a factor of 100 lower than what was observed in
the uncoated samples. The SiO9 coatings did not show as good diffusion barrier
properties as the AloO3 coatings.

Shown are also the expected memory effect in a complete detector, which
has been estimated by scaling the measured memory effect with the difference in
surface area between the two cases. The memory effect in an uncoated complete
detector is from these measurements expected to lie around 5%, which is in
quite good agreement with what is usually observed in the operational SAUNA
systems.

It should be noted that for some coating thicknesses the results differ quite
a lot between the two measured samples of the same type. One reason for this
could be cracks or other imperfections of the samples affecting the results.

In Figure 5.6 some example spectra are shown. It is from this picture clearly
visible how extremely low the memory effect in the sample coated with 425 nm
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Al,O3 is. It is almost not possible to distinguish the excess activity from the
detector background. In the exposure spectrum sown in the figure, a chance
coincidence peak can be observed. The counts in this peak are not accounted
for in the analysis, and thus adds a systematical error to the results.

5.5.2 Complete detector, and a comparison between all
measurements

Figure 5.7 shows the exposure and residual activity measured in the full coated
detector. Also from this picture it is clear that the memory effect in the coated
detector is very small.
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Figure 5.7: Beta-gamma coincidence spectra measured using the full coated
detector. Left: 7 hour measurements of the exposure activity. Right: 44 hour
measurement of the residual activity. The black rectangles correspond to the
ROIs used in the analysis. Note that the scales are different in the two plots.

In Table 5.1 the memory effects from the three measurements of the full
coated detector, are compared to the measurements of the endcaps. It is seen
that the memory effect in a full detector estimated from measurements of coated
endcaps, is a factor of 10 higher than what was measured in the complete coated
detector.

The memory effect measured in the full coated detector is a factor of 1000
lower than what is usually seen in operational systems. One explanation for
this discrepancy between measured and estimated values, could be that the very
small memory effect in these measurements is related to something other than
the actual plastic. The measurement of the Al endcap support this reasoning,
since the memory effect in this sample is of the same order of magnitude as in
the 425 nm Al;Og3 coated plastic sample. This indicates that the low measured
residual activity in all these cases are radioxenon left in other parts of the
experimental setup, for example the glue used to assemble the cell.

The two beta-gamma coincidence measurements of the memory effect in the
full detector are consistent, with overlapping errors, indicating that the different
pump-and-flush cycles used does not affect the memory effect much. However,
the memory effect in the full detector measured in gamma mode was a factor
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Table 5.1: Memory effects in endcaps and full detector. All coatings are 425 nm
Al;03. The estimated memory effects in a full detector are calculated from the
measurements of endcaps by scaling with the difference in plastic surface area
exposed to radioxenon. It should be noted that the three measurements on a
full detector were done on one singe detector, while the measurements of the
endcaps are all individual samples.

Sample Measurement Measured memory effect Estimated memory effect
technique in sample (%) in full detector (%)
Full coated detector 0.0048 £ 0.00016 0.0048 + 0.00016
8-~ 0.0019 £ 0.00041 0.0019 £ 0.00041
8-~ 0.0025 4 0.00042 0.0025 £ 0.00042
Uncoated endcap ¥ 0.28 £ 0.0014 5.0 + 0.024
5y 0.33 £ 0.0015 5.9 4+ 0.026
5y 0.28 £+ 0.0012 5.0 £ 0.021
Coated endcap 5y 0.0023 £ 0.00014 0.041 + 0.0025
~ 0.0023 £+ 0.00022 0.041 £ 0.0038
Al endcap vy 0.0037 £+ 0.00013 n.a.

of two higher than the beta-gamma coincidence measurements. The reason for
this difference is not known.

It should be noted that all memory effects measured in this work are slight
underestimations of the memory effect expected in a real system. The reason is
that during the experiments the exposure time was only 7 hours, but in a real
system the samples are measured for 11 hours.

5.5.3 Degradation in time

For the coatings to be a viable solution to the memory effect, it is important
that they maintain their quality for a longer period of time. Measurements
of both the resolution and the memory effect of the full coated detector were
performed with 2.5 months separation, and during this time no degradation of
either of the qualities were observed.

However, for the coated endcaps, the coatings on some samples started to
crack after some time, and re-measurement of these samples also showed an
elevated memory effect. As mentioned in Section 5.1, the measured endcaps were
both BC-404 endcaps identical to the ones used in the SAUNA system, and BC-
444 endcaps fabricated in a workshop from a cast sheet of scintillator material.
It was the BC-444 endcaps that presented the degradation. One explanation
could be that there is some residual stress from the milling of these samples,
causing the coatings to crack. Further investigations are however needed in
order to find out the reason for the degradation, and to evaluate if it might be
a problem also for the BC-404 endcaps and the cylinder.
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Chapter 6

Conclusions and outlook

In this work we have proposed and demonstrated a solution to the memory effect
problem in the radioxenon detection systems used within the verification regime
of the CTBT. The proposed solution consist in coating the plastic scintillator
detector in a transparent coating. In this work AlyO3 has been proven to be a
good coating material for this application.

Measurements of the memory effect in a detector coated with 425 nm Al;Og,
showed a memory effect reduction of a factor of 1000 compared to what has
previously been observed in uncoated detectors. It was also shown that the
resolution of this detector was comparable to uncoated detectors.

If these qualities can be maintained for a longer period of time, and be
reproduced, it is believed that this approach would be a viable solution to the
memory effect problem in the SAUNA system.

Further steps that need to be taken before using coated detectors in the field,
is to evaluate the long term performance of the detector as well as to investigate
the reproducibility of the method. The measurements conducted in this work
are based on one single full coated detector.

The light collection simulations showed that if a smooth coating is achieved,
with a refractive index close to the one of the plastic, the detector resolution
is not expected to be significantly degraded by the coating. It was seen from
AFM pictures, that the coating does have a smoothening effect on the plastic
surface, which is a promising result. Measurements of the full detector also
showed a good detector resolution. However, since the resolution measurement
was only performed on one single detector, it is difficult to draw any conclusions
on the effect of the coating on the resolution. The resolution has been shown
to vary between individual detectors, depending on the quality of the plastic
scintillator, and it is not clear how this particular one would have performed
without the coating.

In order to investigate this further it would be needed to measure the resolu-
tion with another technique, that does not require the detector to be assembled
to a gas tight cell. A radioactive point source could be used outside the detector,
which in that case would not have to be glued together. This approach would
allow to measure the same detector both before and after coating deposition.
One could also measure the resolution as a function of position of the source and
in that way evaluate the dependence on spatial variations in detector response.
Such measurements could also be used as input to simulations, in order to find
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more realistic surface settings.

The coating thickness of 425 nm is larger than what is used for gas diffusion
reduction in other applications. In order to investigate the reason for this it is
planned to perform molecular dynamics simulations on AlyO3 exposed to xenon,
as well as the plastic/AloO3 system exposed to xenon. Such calculations could
help in further optimization of the method.
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