
AN ABSTRACT OF THE THESIS OF 

 

Steven A. Czyz for the degree of Master of Science in Nuclear Engineering 

presented on December 8, 2016. 

 

Title: A Compact Radioxenon Detection System Using CZT, an Array of SiPMs, 

and a Plastic Scintillator   

 

Abstract approved: 

 

            

Abi T. Farsoni 

 

Several radioxenon isotopes (131mXe, 133Xe, 133mXe, 135Xe) are characteristic 

byproducts of nuclear explosions, and due to their chemically nonreactive nature 

can easily escape from tests occurring underground and enter the atmosphere. It has 

been shown that by utilizing beta-gamma coincidence techniques, the 

Comprehensive Nuclear Test Ban Treaty Organization (CTBTO) can reliably 

detect the presence of these isotopes in the atmosphere to verify the nuclear nature 

of clandestine explosions.  

In an effort to mitigate conversion electron backscatter effects observed in 

a Two-Element CZT (TECZT) coincidence radioxenon detection system 



previously designed at Oregon State University, a new prototype beta-gamma 

coincidence detection system has been developed. The detection system consists of 

a coplanar CZT detector, an array of silicon photomultipliers (SiPMs), and a well-

type plastic scintillator. Radioactive gas samples are injected via a tube into the 

plastic scintillator gas cell, the base of which is coupled to the SiPM array for light 

readout. This scintillator is used to detect the full energy deposition of beta particles 

and conversion electrons without significantly attenuating gamma and X-rays. A 

coplanar CZT detector, chosen for its excellent energy resolution, simple readout 

electronics, and room temperature operation, is positioned beside the scintillator to 

detect gamma radiation and X-rays that are emitted in coincidence with the beta 

particles and conversion electrons. The system is directly mounted onto a custom 

printed circuit board (PCB) for low noise readout using a custom field-

programmable gate array (FPGA)-based dual-channel digital pulse processor. This 

allows for the capture of coincident events in real time.  

This thesis details the design, construction, and characterization of this 

prototype radioxenon detection system using lab check sources and radioxenon 

samples produced in the OSU TRIGA reactor, as well as a background 

measurement and a Minimum Detectable Concentration (MDC) calculation for 

135Xe 133Xe, and 133mXe. The system was shown to perform effective beta-gamma 

coincidence detection. Preliminary experiments yielded photopeak resolutions of 

33.4% full width at half max (FWHM) for 30 keV, 12.4% FWHM for 81 keV, 5.7% 

FWHM for 250 keV, and 3.1% FWHM for 662 keV, and an MDC of 6.931±0.104 

for 135Xe, 0.648±0.059 for 133Xe, and 0.169±0.054 for 133mXe.  These resolutions 

and the two latter MDCs are competitive with other radioxenon detection systems 

utilized in the International Monitoring System (IMS), and stand to improve with 

further efforts towards system optimization.
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A COMPACT RADIOXENON DETECTION SYSTEM USING CZT, AN 

ARRAY OF SIPMS, AND A PLASTIC SCINTILLATOR 

 

1. INTRODUCTION 

1.1. The Problem and the Solution 

With the mass urbanization of the modern era, a potential nuclear attack has 

never been more dangerous. In an effort to reduce the threat of nuclear attack and 

nuclear weapon development the Comprehensive Nuclear-Test-Ban Treaty 

(CTBT), an international treaty prohibiting all nuclear explosions on Earth, was 

established in 1996 [1]. The Comprehensive Nuclear-Test-Ban Treaty Organization 

(CTBTO) was established shortly thereafter to uphold these goals. The CTBTO is 

the administrative force behind an international verification regime, and manages 

(among other policy measures and facilities) the International Monitoring System 

(IMS) [2]. The IMS consists of 321 monitoring stations (of which 80 are 

radionuclide monitoring stations) and 16 laboratories worldwide, and work around 

the clock to monitor the earth for potential nuclear tests. The system uses a 

combination of seismic, hydroacoustic, infrasonic, and radionuclide data and 

measurements in order to detect explosive events and identify if said event is 

nuclear in nature.  

 

1.2. The Motivation 

Of the four methods of verification utilized by the IMS, only radionuclide 

stations can provide incontrovertible proof of a nuclear event. This is because 

fission of uranium and plutonium produces several isotopes of xenon gas (131mXe, 

133Xe, 133mXe, and 135Xe being of primary interest) in large quantities, and in 

isotopic ratios unique to a weapon detonation [3] [4]. As xenon is a noble gas, it is 

difficult to contain and inevitably escapes into the atmosphere, regardless of if the 
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test is performed underground. Taking advantage of these qualities, the IMS utilizes 

various radioxenon detection systems in order to collect, detect, and identify 

radioxenon in the atmosphere [5] [6] [7] [8]. These systems must be incredibly 

sensitive- capable of achieving a minimum detectable concentration (MDC) of 1 

mBq/m3 for the 133Xe isotope [9]. Though all the currently deployed systems in the 

IMS are capable of achieving this MDC, they each possess disadvantages. These 

disadvantages range from large system size, observation of memory effect, the 

necessity of gain matching and calibration for multiple photomultiplier tubes 

(PMTs), complex post processing, and the requirement of a liquid nitrogen cooling 

system.  

 

Figure 1- Radionuclide station RN33, Schauinsland/Freiburg, Germany [10] 

In an effort to expand and enhance the verification capabilities of the IMS, 

as well as to avoid some of the concerns stated above, a beta-gamma coincidence 

radioxenon detection system prototype utilizing two CZT crystals (TECZT) was 

previously designed, developed, and tested at Oregon State University [11]. 
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However, significant backscatter of conversion electrons was observed due to the 

high Z number of CZT, resulting in a detrimental effect on the MDC of the system. 

In order to avoid this backscatter problem, a new prototype detection system 

utilizing a CZT crystal, an Array of SiPMs, and a Plastic scintillator, or the CASP 

system, has been designed, developed, and characterized. This new system is 

compact, low cost, capable of long term remote operation at room temperature, and 

by design completely circumvents the problem of conversion electron backscatter 

while still maintaining a respectable signal to noise ratio even at low energies as 

well as photopeak resolutions and MDC values competitive with the current state-

of-the-art systems. 

 

Figure 2- The assembled CASP system 

 

1.3. Goals 

This thesis covers the design, construction, and characterization of a prototype 

multi-material radioxenon detector utilizing a coplanar CZT crystal, plastic 
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scintillator, and array of silicon photomultipliers (SiPMs), as well as the custom 

printed circuit board (PCB) these components are mounted to. Specific efforts 

undertaken and described herein include: 

 General system design and material selection 

 Electronics design 

 Monte Carlo N-Particle code (MCNP) simulation  

 CZT and scintillator characterization via lab check sources 

 Optimization of photopeak resolution and signal-to-noise ratio via variation 

of applied voltages, subtractor gain, and filter parameters 

 Optimization of coincidence timing window 

 Sample measurements of sources and radioxenon  

 Region of Interest (ROI) determination, background measurement, and 

MDC calculation 
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2. LITERATURE REVIEW 

2.1. Detector Physics and Design Principles 

Detectors composed of multiple materials to maximize detection and 

identification capabilities of the unique radioxenon decay products have been 

utilized in various previous detection systems [12] [6] [7] [13] [14]. These multi-

material systems take advantage of beta-gamma coincident decays by utilizing one 

material that detects electrons at high efficiency, and another material that detects 

photons at a high efficiency. By using one of a variety of discrimination techniques 

to individually identify electron interactions and photon interactions, the system 

can detect radioxenon at very low concentrations.  

The detection system designed for this project utilizes these same principles, 

but takes advantage of modern materials and electronics to achieve high resolution 

and a low energy detection threshold at room temperature. Instead of utilizing a 

conventional PMT for light collection, the system utilizes an array of state-of-the-

art silicon photomultipliers, allowing for the device to be extremely compact but 

rugged and inexpensive. Rather than using an inorganic scintillator for photon 

detection, the device utilizes coplanar CZT to achieve excellent photopeak 

resolution even at room temperatures, while a custom PCB designed explicitly for 

low noise applications allows for the discrimination of noise from low energy X-

rays.  

In the following sections, the physics of beta-gamma coincidence will be 

explained and the reasoning behind the selection of materials will be elucidated 

through a discussion of their respective properties. The electronics utilized in the 

prototype design will be detailed, and various previous beta-gamma coincident 

radioxenon detectors will be investigated. 
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2.1.1. Beta-Gamma Coincidence 

2.1.1.1. Coincident Decay 

Various isotopes exhibit coincident decay behavior. True coincidence is 

defined as a circumstance when two or more detectable quanta arise from the same 

nuclear event within a source, with a virtually negligible delay between said events 

[15]. A familiar example of this is the decay properties of 60Co, which can be seen 

in Figure 3. Over 99% of the time, the isotope exhibits beta decay with a maximum 

beta energy of 0.31 MeV, which is immediately followed by the release of two 

unique gamma rays of 1.17 MeV and 1.33 MeV, respectively. This is considered 

true coincidence because all of these quanta are produced directly from one decay. 

This differs from, for example, a fission chain reaction, where the decay products 

from one event might cause another radioactive event to occur.  

 

Figure 3- Decay scheme of 60Co, exemplifying coincident decay through cascading photons [16] 

Perhaps the largest benefit of utilizing coincidence techniques in general is 

the ability to mitigate the influence of background on a spectrum. By requiring the 

occurrence of two uniquely identifiable events, each resulting in a deposition of a 

certain amount of energy, within a very small timing window, random background 

effects can be reduced by up to four orders of magnitude [4].  
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The radioxenon isotopes that exhibit beta-gamma coincident decay (which, 

for the sake of simplicity, will be the term invoked when discussing coincident 

events between conversion electrons and X-rays as well as betas and gammas) and 

can be utilized in atmospheric radioxenon measurement are 131mXe (t1/2 = 11.93 d), 

133Xe (t1/2 = 5.25 d), 133mXe (t1/2 = 2.19 d), and 135Xe (t1/2 = 9.14 h) [17]. The reason 

these four isotopes are utilized are due to their relatively long half-lives compared 

to other radioxenon isotopes (which are on the order of minutes). The decay 

properties of these isotopes can be seen in Table 1.  

Table 1- Decay properties of radioxenon isotopes of interest [18] 
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2.1.1.2. Radiation Properties 

Before a discussion of the utility of various detecting media is undertaken, 

it is important that a basic understanding of the properties of the radiation observed 

in radioxenon decay is established. 

Beta-minus radiation is a type of radiation where an unstable neutron rich 

nucleus decays through the conversion of a neutron to a proton, antineutrino, and 

electron (referred to as a beta particle). These electrons originate directly from the 

nucleus- not the electron shells. Beta particles are not emitted at an absolute specific 

energy; rather, the beta decay process as a whole occurs with a discrete amount of 

energy, known as the Q-value, which is shared between the daughter nucleus, the 

emitted beta particles, and the antineutrino. As such, beta particles are emitted with 

an energy defined using a spectrum, ranging from zero (where the full decay energy 

is shared between the daughter nucleus and the antineutrino, and the beta particle 

carries away no energy) to the full Q-value of the decay (where the energy carried 

away by the daughter nucleus and the antineutrino is zero) [19]. An example of this 

spectrum can be seen in the beta energy distribution of 36Cl, as shown in Figure 4.  

 

Figure 4- Beta spectrum of 36Cl [20] 

Beta decay often results in an unstable daughter nucleus, known as a nuclear 

isomer or a metastable state, which then undergoes further decay known as an 
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isomeric transition to a lower energy or ground state. Typically, this isomeric 

transition results in the production of one or multiple gamma rays of discrete energy. 

This phenomenon is exemplified by the decay of 60Co into 60Ni as seen in Figure 3 

above. The release of a beta and the subsequent and near instantaneous release of a 

gamma ray is a clear case of coincident decay behavior.  

Though the release of a gamma is the typical mode of de-excitation, there 

are sometimes competing processes for this decay. This is known as internal 

conversion, wherein the nuclear excitation energy is directly (i.e.: no intermediary 

gamma ray is generated, thus differentiating this decay mode from a simple 

observation of photoelectric effect) transferred from the nucleus to an electron in 

the orbital shells of the atom. This electron, known as the conversion electron, is 

monoenergetic, and is released with the energy of de-excitation minus the binding 

energy of the home electron shell. These conversion electrons appear in 

coincidence with a characteristic X-ray, generated as an electron from a higher 

orbital drops down to fill the gap left by the emission of the conversion electron. 

The energy of this X-ray is equal to the difference in binding energies of the two 

electron shells. As there are many possible sources for this replacement electron 

within the atom, the coincident X-ray observed can have one of several energies. 

However, due to the proximity of several of these energy levels the difference 

between the energy of these X-rays are often too small for the resolution of the 

detector to discriminate between. As such characteristic X-rays with tight energetic 

proximity are often considered collectively when considering coincident events, as 

seen in Table 1. 

 

2.1.1.3. Conversion Electron and Beta Detection: Plastic 

Scintillator 

Because electrons are charged particles of low mass, they tend to deposit 

energy in one of three ways: 
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 Bremsstrahlung radiation, wherein energy is radiated as low energy 

photons due to a deflection of electron path caused by nearby 

charged particles 

 Direct collision with orbital electrons 

 Direct interaction with a nucleus 

This combination of modes of interaction results in a convoluted path for electrons 

as they travel through a medium. Large angle deflections, particularly in media with 

a high atomic number, can result in the electron backscattering out of the material 

without full energy deposition. [21] As such, in order to detect the full energy of an 

electron it is ideal to have a material that is dominated by orbital electron collisions, 

as these collisions will result in the largest fractional energy deposition. Plastic 

scintillators, being comprised of organic molecules and light elements, are thus 

ideal for the detection of beta particles and conversion electrons (provided that the 

detection medium is of sufficient thickness).  

 The precise scintillation mechanism for an organic scintillator involves the 

transfer of energy from the primary or secondary radiation (produced via the direct 

electron-electron collisions) to the organic molecules via the excitation of the 

electron configuration of the molecules [22]. These excited configurations revert 

back to ground state through the emission of visible light via: 

 prompt fluorescence- the de-excitation from a higher energy singlet (spin 0) 

state to a lower energy state via the rapid (order of ns) release of a visible 

photon  

 phosphorescence- the inter-system transition of energy from a single state 

to a triplet (spin 1) state and subsequent de-excitation via photon release 

(hundreds of nanoseconds) at a different wavelength than fluorescence 

 delayed fluorescence- a second inter-system transition of energy from a 

triplet state back to a singlet state and subsequent de-excitation (hundreds 

of nanoseconds) [23] 
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The vast majority of de-excitations occur via prompt fluorescence, and which 

causes plastic scintillators to have a fast signal response and makes them an 

excellent choice as a trigger for a coincidence module.  

Plastic scintillators tend to have a lower light output than inorganic 

scintillators, and as such have poorer resolution. Plastic scintillators are also 

susceptible to damage from high radiation fields. However, advantages such as low 

cost, rapid response time, pulse shape discrimination capabilities, and the ability to 

easily shape the material to fit the application mean that plastic scintillators find 

wide spread use and are well suited for application in various radioxenon detection 

systems [22].  

Excitations and de-excitations occur many hundreds or thousands of times 

as the radiation particle deposits its energy within the scintillating body, producing 

many visible light photons. These photons must then be “read out” through some 

sort of light collection device.  

 

2.1.1.4. Light Readout: SiPM Array 

Photomultiplier tubes, or PMTs, have historically been the primary method 

of light collection, are still find widespread use today. Though solid state detectors 

first became available in the 1960s, high dark current and poor signal to noise ratios 

hampered their utility [24]. However, new advances in semiconductor and solid 

state detector design have helped mitigate these problems, and solid state detectors 

(specifically the silicon photomultiplier, or SiPM) have found more widespread use 

in scintillator-based detection systems.  

Solid state detectors work via a displacement of electrons in a lattice 

structure. By creating a junction using p- and n-type semiconductors and then 

providing a reverse bias (anode at n-side, cathode at p-side), a region is created 

where radiation interactions will produce electron-hole pairs in proportion to the 
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energy of the incident radiation. The electrons and holes produced will drift towards 

their respective electrodes, where the signal is collected [25]. This can be seen in 

Figure 5. 

 

Figure 5- Operation of a reverse-biased solid state detector [25] 

Silicon photomultipliers are constructed from an array of extremely small 

(on the order of tens of micrometers) individual solid state detectors, known as 

pixels, operated with a reverse bias above the breakdown voltage. If a radiation 

quantum interacts within the depleted region (the electrically neutral region 

surrounding the p-n junction, which is enlarged due to the reverse biasing 

scheme), the charge carriers are accelerated towards their respective electrodes 

quickly enough to generate additional electron-hole pairs. These pairs can go on 

to create still more pairs; thus, a cascade effect is produced [26]. This increases 

the magnitude of the signal by many orders of magnitude, but at the cost of 

removing any energy information that could be gleaned about the incident 

radiation. In this way, each individual pixel functions in a manner analogous to a 

Geiger Mueller tube. The fact that each SiPM chip is composed of thousands of 

these unique pixels, each sensitive to single photon interactions, makes SiPMs 

ideal for coupling to scintillators. If the light output of a scintillator is linear with 

respect to energy deposition, then the SiPM, with its ability to “count” individual 

photons in a discrete manner, allows for the direct correlation of pixels fired with 

light generated in the scintillator, and thus with the amount of energy deposited in 

the scintillator. Figure 6 and Figure 7 show the physical layout of a typical SiPM 

detector. 
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Figure 6- Circuit diagram of a SiPM [27] 

 

Figure 7- A cross sectional view of a p-on-n SiPM [28] 

 Other advantages of SiPMs over the conventional PMT include [26]: 

 Insensitivity to magnetic fields- no dynode multiplication 

 Robust, light, and durable 

 Low cost 

 Low operational voltage- tens of volts as opposed to thousands 

 Will not be destroyed from exposure to ambient light 

 Superior uniformity in light response- discrete single photon response 

 Small and modular- ability to construct arrays of various sizes and shapes  
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SiPMs do not fill the role of PMTs in all aspects. It can be costly to create 

large arrays of SiPMs, and large SiPMs are more susceptible to effects of cross 

talk. Additionally, due to the lower application voltage the signal-to-noise ratio 

tends to be larger in SiPMs than in PMTs. However, for many applications (such 

as small systems like the radioxenon detection system that is the focus of this 

work) the advantages of SiPMs as light collection devices outweigh the 

disadvantages.  

 

2.1.1.5. X-ray and Gamma Detection: CZT 

X-rays and gamma rays primarily deposit energy in a medium via: 

 Photoelectric effect 

 Compton scatter 

 Pair production 

The dominant method of production is dependent both on the energy of the photon 

and the Z value of the medium. The relationship between interaction type, Z number, 

and photon energy is shown in Figure 8. 

 

Figure 8- Relationship between mode of energy deposition, Z number of absorber, and energy of 

incident photon [16] 

In order to detect photons with high resolution, photoelectric effect should 

be the dominant mode of energy deposition (due to the full transfer of photon 
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energy to an electron). In addition to this, a high resolution detector has a low 

ionization energy, which results in many electron-hole pairs being produced per 

quanta of energy deposited. It follows then that the medium used for photon 

detection should be high Z, in order to make photoelectric effect the dominant form 

of energy deposition, dense, in order to achieve the maximum attenuation of 

photons and secondary electrons, and have a low ionization energy. 

 Cadmium-Zinc-Tellurium, or CZT, is an excellent material for photon 

detection. It has a high density and high Z, which gives CZT detectors high 

resolution. It is a relatively low cost material, and the size of the bandgap is large 

enough such that it can be used at room temperature [29]. Additionally, CZT has a 

low ionization energy compared to many commonly used scintillation materials, 

resulting in a high resolution [11].  

 

2.1.1.6. Coplanar and Shockley-Ramo 

Unfortunately, due to low hole mobility CZT detectors can exhibit low-

energy skewing in spectra due to incomplete charge collection, as seen in  Figure 9 

[30]. In order to mitigate this problem, various methods such as pixelated anodes 

[31] and coplanar grids can be utilized to convert single charge carrier detectors 

[32]. This significantly improves the resolution of the detector.  

 

Figure 9- Low-energy tails due to incomplete charge collection due to low hole mobility in CZT [30] 
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The principle behind this increased resolution is the Shockley-Ramo 

theorem. This theorem states that charge is induced on an electrode based on the 

motion of charge carriers formed from incident radiation [33]. This induced charge 

is dependent on the number of charge carriers, the charge that each carrier carries, 

and the distance from the electrode. In a planar semiconductor sensitive to both 

electrons and holes (both with charge 𝑒0 ), the total charge Δ𝑄  induced by an 

interaction at a normalized distance Z from the cathode can be represented by eqn 

(1) [31]: 

 Δ𝑄 = 𝑛𝑒𝑒0(1 − 𝑍) − 𝑛ℎ𝑒0(0 − 𝑍) (1) 

where 𝑛ℎ is the number of holes and 𝑛𝑒 is the number of electrons. This equation 

can also be written in terms of the weighting potentials of the two electrodes: 

 Δ𝑄 = 𝜙1 + 𝜙2 (2) 

For collection of a full amplitude signal (and thus optimal resolution), 𝑛ℎ and 𝑛𝑒 

should be equal. Due to poor hole transport in CZT, 𝑛ℎ can be significantly lower 

than 𝑛𝑒. The second term in eqn (1) can be neglected, making the detector signal 

dependent on the collection of electrons; however, this makes the total charge 

collection, and thus signal amplitude, dependent on depth of interaction.  

To eliminate this problem, a coplanar anode grid can be used, as seen in 

Figure 10. By splitting an anode into two interstitial grids and providing a small 

difference in voltage between the “collecting” grid and “non-collecting” grid, the 

weighting potential for electrons across the thickness of the crystal body can be 

made roughly the same for both grids except very close to the anode surface (at 

which depth the electrons will collect on the collecting grid). The two grid signals 

can then be subtracted from each other. This effectively sets the value of Z in eqn 

(1) as a constant, which produces a signal with an amplitude that is independent of 

depth of interaction (excepting interactions that occur exceptionally close to the 

anode surface) and only dependent on the number of electrons generated by the 

incident radiation. This behavior is illustrated in Figure 11. 
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Figure 10- A typical coplanar anode grid pattern, with a collecting grid and a non-collecting grid 

 

 

Figure 11- Top: a side view of a coplanar grid design; Bottom: a depiction of the weighting potentials 

of the cathode (𝝓𝟏), collecting grid (𝝓𝟐), and non-collecting grid (𝝓𝟑) [31] 
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2.1.2. ROI, and MDC Calculations  

In order to find the Minimum Detectable Concentration (MDC) of 

radioxenon isotopes in the detection system, a formula was developed and utilized 

for the ARSA system, and applied to each of the 5 coincidence regions of interest 

(ROIs) in a two-dimensional beta-gamma coincidence map [34]. The coincident 

decays that these 5 ROIs are derived from can be seen in Table 1; though there are 

6 coincident decays of note for the 4 radioisotopes, the coincident decay for 135Xe 

that includes the conversion electron occurs at such a low branching ratio (5.7%) 

compared to the other coincident decays that it is not considered. The width of each 

ROI is defined by a channel width that is twice the FWHM of the peak of interest. 

This is why having a good resolution is so important, particularly at low energies: 

a high-resolution system will allow for the definition of smaller ROIs. This has the 

twofold benefit of reducing potential ROI overlap between radioxenon, as well as 

reducing the probability that any coincident background events will have the 

energies that result in a coincident event that falls within the ROI, thereby 

improving MDC. 

When calculating MDC to evaluate detector performance, many parameters 

defined for the ARSA system are used. This is due to the assumed use of equipment 

that is already in place, such as filtration systems. The use of said values and the 

scaling of values to match the parameters of the CASP system as appropriate has 

been shown to be a reliable and standard way for calculating MDC values for the 

purposes of preliminary comparisons to other detection systems [11] [35]. 

The MDC calculation is conducted using eqn.  

(3) [34]: 
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𝑀𝐷𝐶(

𝑚𝐵𝑞

𝑚𝑎𝑖𝑟
3 )

= [
2.71 + 4.65𝜎0

𝜀𝛾𝜀𝛽𝛾𝐵𝑅𝛽𝐵𝑅

] [
𝜆2

(1 − 𝑒𝑥𝑝(−𝜆𝑇𝑐))𝑒𝑥𝑝(−𝜆𝑇𝑝)(1 − 𝑒𝑥𝑝(−𝜆𝑇𝐴))
] [

𝑇𝑐 ∗ 1000

𝑉𝑎𝑖𝑟

] 

 

(3) 

 

where: 

 𝜎0: √
𝑇𝐴

𝑇𝐵
𝐵𝑐𝑘𝐶𝑛𝑡𝑠 + 𝜎𝐵𝑐𝑘𝐶𝑛𝑡𝑠

2  

 𝜀𝛾: Efficiency for detection of 𝛾 in CZT (from MCNP, Table 4) 

 𝜀𝛽: Efficiency for detection of 𝛽 in Plastic (from MCNP, Table 4) 

 𝛾𝐵𝑅: Branching ratio of 𝛾 of interest (Table 1) 

 𝛽𝐵𝑅: Branching ratio of 𝛽 of interest (Table 1) 

 𝜆: Decay constant of isotope of interest [s-1]  

 𝑇𝑐: Collection time of xenon sample [s] (8 h) 

 𝑇𝑝: Processing time of gas [s] (5.45 h) 

 𝑇𝐴: Counts acquisition time [s] (24 h) 

 𝑉𝑎𝑖𝑟: Collected air volume+ [m3] (10.1 m3)   

+factor scaled by the ratio of the CASP active gas volume to the ARSA active gas 

volume 

And: 

 𝐵𝑐𝑘𝐶𝑛𝑡𝑠: Summation of the total number of counts observed in the ROI of 

interest during the background measurement 

 𝑇𝐵: Background measuring time [s] (48 h) 

 𝜎𝐵𝑐𝑘𝐶𝑛𝑡𝑠: √
𝑇𝐴

𝑇𝐵
𝐵𝑐𝑘𝐶𝑛𝑡𝑠 

133Xe has two signature ROIs: one of the 0-346 keV beta spectrum and a 45 

keV electron in coincidence with 30 keV X-rays, and one of the 0-346 keV beta 
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spectrum in coincidence with 81 keV gamma rays. For this isotope, a single MDC 

is calculated by taking the weighted average of the errors of the two ROIs [11], as 

seen in eqn (4): 

 
𝑀𝐷𝐶133𝑋𝑒 (

𝑚𝐵𝑞

𝑚𝑎𝑖𝑟
3 ) = √

1

(𝑀𝐷𝐶133𝑋𝑒
30 𝑘𝑒𝑉)

−2
+ (𝑀𝐷𝐶133𝑋𝑒

81 𝑘𝑒𝑉)
−2 

(4) 

 

It is important to note that the MDC calculations that are conducted using 

the data from these measurements assume that memory effect (a phenomenon 

where a radioactive isotope diffuses into the detection medium and decays 

following evacuation of the gas cell, thereby interfering with future measurements), 

from atmospheric radon and that there is no ROI interference due to the decays of 

different radioxenon isotopes. This assumption can be made because the 

radioxenon samples are injected one at a time, and are not sampled from the 

atmosphere (which would introduce radon to the system and produce background 

due to memory effect).  

 

2.1.3. Pulse Processing and Electronics 

In order to take charge generated in the detectors and read out pulses, 

processing electronics are required.  

 

2.1.3.1. PCB Mounting 

The detector and analog processing electronics are mounted directly on a 

printed circuit board (PCB), as close to the detection media as possible. This will 

allow for the minimization of trace length, thereby reducing capacitance and 

improving the signal to noise ratio, and by extension the resolution and MDC of 

the system. The PCB mounted electronics required are: 
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 Charge sensitive preamplifiers for the SiPM array, as well as for 

both the collecting and noncollecting grids on the CZT crystal 

 Subtraction circuit, for the extraction of the depth independent 

signal from the anode, with trimmer for grid gain adjustment 

 High voltage power supply connection points 

2.1.3.2. Digital Pulse Processor and FPGA 

Conversion of the analog signal to a digital signal is important for efficient 

real time data processing capabilities. To this end a digital pulse processor, capable 

of converting analog signals to digital signals and feeding them to a field-

programmable gate array (FPGA) for coincidence detection and other further 

processing, is necessary. FPGAs offer a high speed, low-cost, and highly 

customizable method for parallel digital signal processing [36]. FPGAs implement 

custom hardware functionality, but are “constructed” using hardware description 

languages, such as Verilog and VDHL. FPGA parameters can be adjusted in real 

time using a PC user interface, using programming languages such as MATLAB or 

Python. By converting analog signals to digital signals and utilizing an FPGA to 

perform further processing in the digital domain, adjustment of processing 

parameters such as coincidence timing windows and filter parameters for the 

modification of trigger filters become trivial tasks. 

 

2.2. Previous Beta-Gamma Coincidence Detection Systems 

Though high resolution gamma spectroscopy has been successfully utilized 

for radioxenon detection in SPALAX [8], beta-gamma coincidence techniques are 

far and away the most dominant form of radioxenon detection. Two of the three 

detectors currently deployed in the IMS are beta-gamma coincidence systems- 

SAUNA and ARIX (the other being SPALAX) [5]. Beyond direct deployment in 

IMS, various other research efforts have been conducted in the past two decades in 

an effort to improve radioxenon detection capabilities. 
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2.2.1. ARSA 

The Automated Radioxenon Sampler/Analyzer (ARSA) was initially 

designed by PNNL in 1997 [12], with further advancements being made in 2007 in 

order to simplify design and extend applicability for use as an environmental 

sampling device [37]. The original design consisted of 4 gas cells made of BC-404 

for beta and conversion electron detection, each with an internal volume of 4.0 cm3 

and with walls 1.2 mm thick, each providing near 4π solid angle. These beta cells 

are placed between 2 optically separated NaI(Tl) crystal plates, used for photon 

detection purposes. Each plate is coupled to a pair of 3” PMTs, for light collection. 

The system utilizes the difference in fast plastic scintillator pulses and much slower 

NaI(Tl) pulses in order to register beta-gamma coincidence events. A schematic of 

the original ARSA system is shown in Figure 12. 

 

Figure 12- The ARSA detection module [12] 
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The gas processing component of the ARSA system utilizes two parallel 

atmospheric sampling units, each of which samples for 6 hours. Including flushing 

time, ARSA is capable of running 3 samples/24 hours.  

Though ARSA has not been deployed in the IMS, it has been deployed in 

several other locations and has been shown to be capable of detecting radioxenon 

in quantities in line with CTBTO standards. Additionally, the ARSA design and 

beta-gamma spectrum analysis techniques have served as a basis for various 

subsequent radioxenon detector designs. 

 

2.2.2. SAUNA 

The Swedish Automatic Unit for Noble gas Acquisition (SAUNA) system 

was developed by the Swedish Defense Research Agency in 2003 [6]. Since its 

original conception, the SAUNA has been updated to SAUNA II, and a mobile 

sampling unit and lab have been developed to further expand the applicability of 

the system [38].  

The SAUNA system is fully automatic, small, low power, and has as few 

sensitive parts as possible. It utilizes 135Xe/133Xe and 133mXe/133Xe ratios in order 

to determine if the radioxenon being detected is from a reactor release or a 

detonation. SAUNA consists of 2 gas cells made of BC-404 for beta and conversion 

electron detection, each with an internal volume of 6.4 cm3 and with 1 mm thick 

walls. The ends of the beta cells are attached to PMTs. Each cell is placed inside a 

hole bored through the sides of one of two cylindrical NaI(Tl) crystal, each of which 

is attached to a single light guide and PMT. The inside of the hole is coated in a 0.2 

mm layer of aluminum, in order to increase light collection efficiency in the plastic 

scintillators without absorbing a significant amount of low energy X-rays. A 

depiction of the detectors utilized by SAUNA is shown in Figure 13. 
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Figure 13- The SAUNA detectors [6] 

SAUNA, like ARSA, utilizes the combination of a pair of 6-hour 

atmosphere samples, extracting 0.5 cm3 of xenon from 7 m3 of air, which is then 

combined with helium as a carrier gas and injected into the gas cell. The full 

SAUNA II system utilized in the IMS can be seen in Figure 14. 

 

Figure 14- SAUNA II IMS system [38] 

The system was run continuously for roughly 5 months, and the average 

MDC for all four isotopes has been shown to achieve sub-1 mBq/m3 levels [6]. 

However, it was found that SAUNA was susceptible to memory effect (a process 

where xenon sample diffuses into the plastic scintillator material of the beta cell 

and subsequently decay, elevating the detection limit of the system [39]) during the 
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measurements from particularly strong atmospheric samples; a 48 mBq/m3 sample 

resulted in ~10% of the xenon left in the cell during the next measurement.  

 

2.2.3. ARIX 

The Automatic Radioanalyzer for Isotopic Xenon (ARIX) was developed 

at the Khlopin Radium Institute in Russia in 2005 [40] [41], and later improved in 

2007 [7]. The ARIX-03F consists of two independently functioning parts: a 

compact and portable sampling module and a semi-automatic sample-preparation 

and analyzer module. The sample preparation utilizes low-temperature adsorption 

on activated charcoal in order to extract xenon from a 6 m3 stream of air. Not unlike 

ARSA and SAUNA, ARIX utilizes a NaI(Tl) crystal with a well, in which a thin 

walled (0.3 mm thick) aluminum cylinder with the inner surface coated with a 0.1 

mm thick polystyrene organic scintillator is placed. This thickness was found to be 

adequate for initiating easily detectable optical signals for coincidence detection. 

The inner volume of this gas cell was 7.3 cm3 in the original design, but has since 

been decreased to 6 cm3. Two PMTs, one for the beta cell and one for the gamma 

cell, are optically coupled to the respective detecting bodies. A structural diagram 

of the ARIX detector module can be seen in Figure 15. 

 

Figure 15- The detector unit for the ARIX radioxenon detection system [40] 
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The MDC for 133Xe from an 18-hour measurement using the original design was 

found to be 0.9 mBq/m3. 

 

2.2.4. Phoswich and Phoswatch 

The phoswich detector is a detector consisting of multiple materials coupled 

to a single PMT. The materials utilized in the detector are sensitive to different 

types of radiation, and the pulses generated in the materials can be investigated 

using various pulse shape analysis techniques in order to characterize the incident 

radiation [13]. The use of a single PMT allows for the simplification of hardware 

and calibration necessary for the system [42]. PhosWatch is a well-type phoswich 

detector, packaged in a commercial off-the-shelf form, that was designed, 

developed, and tested by XIA specifically for use in radioxenon monitoring [43]. 

PhosWatch includes a phoswich detector encased in lead shielding (to decrease 

background), readout electronics, and a pulse shape analysis functions for beta-

gamma coincidence detection. Several phoswich geometries, all of which used CsI 

as the photon detection medium and BC-404 as the beta detection medium, were 

tested in conjunction with various PMTs [44]. The geometry utilized that achieved 

the best performance is shown in Figure 16. This PhosWatch design achieved MDC 

values of 0.5-0.6 mBq/m3 for 133Xe [45].  

 

Figure 16- Geometry of PhosWatch well detector [44] 
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The design has more recently been further improved with respect to size, 

shielding thickness, cost, complexity, portability, and issues regarding memory 

effect while still achieving the CTBTO MDC requirements for 133Xe [14]. 

 

2.2.5. TECZT 

The Two-Element CZT-based Radioxenon Detection System (TECZT) is a 

beta-gamma coincidence detector designed and developed at Oregon State 

University in 2016 [11]. The detection system utilizes two face-to-face 1 cm3 

coplanar CZT crystals surrounding a 1 cm3 gas cell, and is a prototype design for a 

future 6 CZT system.  

 

Figure 17- TECZT detector, with quarter for scale [11] 

The system was designed as a compact, low cost alternative to other IMS 

radioxenon detection systems, and is capable of high resolution room temperature 

operation. Unlike the detection systems discussed above, the TECZT utilizes a pair 

of CZT as opposed to a mixed media approach for coincidence detection. The use 

of solid state detectors eliminates the need for PMTs, which reduces cost, size, 

complexity, and issues related to gain matching. Additionally, the lack of a 

scintillator means that the system is immune to memory effect. This design allows 

for coincident detection regardless of which CZT element the radiation interacts in. 
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However, due to the high-Z nature of CZT, backscatter of conversion electrons was 

observed between the two detectors. The resulting incomplete energy desposition 

from the conversion electrons causes interference with other ROIs, which degrades 

the MDC of the system. 

 

Figure 18- Response of the TECZT detector, running in coincidence mode (such that non-coincidence 

events are rejected), to 131mXe. The lines between 30 keV and 129 keV are due to incomplete energy 

deposition from backscattered conversion electrons. [11] 

Though the TECZT design did not achieve the minimum MDC dermined 

by CTBTO, using experimental data and MCNP simulation it was predicted that a 

6 CZT version (providing a 4π solid angle) would result in MDCs comparable or 

better than various other state-of-the-art radioxenon detection systems. 
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3. MATERIALS AND METHODS 

Following the in-depth literature review conducted and demonstrated above, 

and based on references to this past work, analysis of geometries via MCNP 

simulation, availability of materials, and time concerns, a prototype compact multi-

material radioxenon detection system was designed and constructed. 

The core design philosophy of the system stems from the desire to have two 

detection mediums, with each medium having as high an efficiency for the full 

energy deposition of one type of radiation as possible while having as little 

efficiency for the other type of radiation as possible. Because all the coincident 

decays in the radioxenon isotopes of interest include an electron and a photon, and 

because electrons have a much lower penetration depth than photons, it logically 

follows that the best approach would be to surround a gas cell with a nearly 4π 

efficiency electron detection medium that would be virtually transparent to photons, 

and then surround this medium with a photon detecting medium. This would 

provide maximum beta and conversion electron detection efficiency and virtually 

guarantee that any events occurring in the photon detecting medium are indeed 

photons.   

The ideal final design of the system involves a cylindrical plastic scintillator, 

optically coupled to a PCB mounted SiPM array, which serves as a gas cell. 

Radioxenon gas is injected into the gas cell via a valve connected to a small inlet 

hole in the top of the scintillator. The scintillator is laterally surrounded by 4 

coplanar CZT crystals, in order to maximize photon detection efficiency. The 

design, and various possible coincident events, are shown in Figure 19. 
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Figure 19- Cross sectional sketch of the radioxenon detection system 

 

3.1. Prototype Design 

The use of multiple CZT in the final design chiefly serves the purpose of 

increasing the solid angle of the photon detecting medium. As such, it was 

concluded that utilizing the 4π plastic scintillator as the gas cell and a single CZT 

as a photon detecting medium was sufficient for a proof-of-concept prototype 

design. A cross sectional view of the prototype design, taken from a solid works 

model, is shown in Figure 20. 

 

Figure 20- A cross section of the prototype design, made in solid works 
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The design utilizes a cylindrical plastic scintillator gas cell with a total 

height of 22 mm and an outer diameter of 18.79 mm. The scintillator walls are 2 

mm thick, and the internal volume is 3.1 cm3. The top of the scintillator has a hole 

3 mm in diameter, to which an outward facing barb is glued such that an inlet tube 

and valve can be connected to allow for the injection of radioxenon gas. The entire 

outside of the scintillator except the bottom is wrapped in several layers of Teflon 

tape, in order to enhance light collection. The bottom of the scintillator is coupled 

to a 3 x 3 array of 6 x 6 mm2 SiPMs using optical gel. The SiPMs are directly 

mounted to a custom PCB, designed at Oregon State University. The PCB contains 

the analog conditioning circuitry for the SiPM array and coplanar CZT, including 

charge sensitive preamplifiers for both branches and a subtraction circuit for the 

CZT branch. Immediately adjacent to the plastic scintillator is a 1 x 1 x 1 cm3 

coplanar CZT, with the cathode side of the detector facing inward in order to 

minimize depositions close to the anode (which would depreciate photopeak 

resolution). The entire system is held together by a 3D printed plastic holder, and 

placed in a grounded metal box. The analog signals are passed from the PCB to a 

digital pulse processor, which hosts a FPGA controlled in real time using a 

MATLAB based PC user interface.  

 

3.1.1. SiPMs- SensL J-Series 6 x 6 mm2 3x3 Array 

SiPMs were selected in favor of a PMT for the light readout of the plastic 

scintillator due to their comparative size, low cost, low power demands, and 

ruggedness. By using a tiled array of SiPMs, it was possible to mount all detector 

components and analog conditioning electronics on a single PCB, something that 

would be impossible with a PMT due to the length of the tube necessitated by the 

multiplication dynodes. 

 The SensL J-series P-on-N diode sensors were selected due to their low 

dark count rates (80-157 kHz/mm2), high photon detection efficiency (>50% at 420 
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nm), and a high-density fill factor of microcells (75%) [46]. More than anything 

else, this model was selected for the fact that the dead-space between the sensor 

active area and the edge of the package has been minimized. The active area of a 

nominally 6 x 6 mm2 tile is 6.07 x 6.07 mm2, while the total package dimensions 

are 6.13 x 6.13 mm2. This allows for extremely close tiling of SiPMs, resulting in 

the maximum active area and the best light collection efficiency possible. 

Because the ideal detection system can accommodate a 2.1 x 2.1 cm2 face 

CZT, the SiPM array was designed to match the dimensions of the CZT as closely 

as possible, while still allowing for 4 CZT crystals to surround the array and 

coupled scintillator without gaps between the corners of the crystals. Thus, a 3 x 3 

array of the 6 x 6 mm2 MicroFJ-60035-TSV-A1 SiPMs was constructed. The 9 

SiPMs were connected in parallel, sharing a common anode and cathode. Based on 

the pitch of 6.13 mm and the manufacturer recommended spacing of 0.2 mm [47], 

the constructed array had dimensions of 18.79 x 18.79 mm2. 

 

3.1.2. Plastic Scintillator- EJ-212 

In order to maximize light collection, the plastic scintillator utilized in the 

system should have a diameter matched as closely as possible (but does not exceed) 

to the dimensions of the SiPM array. This ascertains that the entire base of the 

scintillator is exposed to the photon sensitive devices. Thus, the plastic scintillator 

was chosen to have an external diameter of 18.79 mm. Due to the original plan to 

build a prototype closely matched to the ideal system and would use a 2 x 2 cm2 

face CZT (it was later discovered that the CZT ordered with said dimensions was 

actually manufactured with dimensions of 2.1 x 2.1 cm2), in order to appropriately 

match the CZT dimensions the scintillator was designed such that the height of the 

base to the top totaled 20 mm. The later addition of the top disk, made from the 

same material as the rest of the scintillator body, increased the height to 22 mm. 

Past work indicates that plastic scintillator thicknesses ranging between 1-2.5 mm 
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are sufficient for detection of electrons and betas produced by radioxenon decay 

without significantly attenuating low energy X-rays [6] [12] [43] [45], and so the 

walls and base of the plastic scintillator were selected to be 2 mm in thickness.  

 

Figure 21- The EJ-212 plastic scintillator, with quarter for scale 

It has been shown in previous work that the plastic scintillator BC-404 

works very well in radioxenon detection applications [6] [12] [44]. However, these 

detectors made use of PMTs, as opposed to SiPMs. In order to achieve the best 

resolution, it is necessary to detect as many photons generated in the scintillating 

medium as possible. This is accomplished by selecting the light collection device 

such that the best photon detection efficiency occurs at the same wavelength as the 

maximum of the emission spectrum of the scintillator. Upon examining the photon 

detection efficiency spectrum for the MicroFJ SiPM and the emission spectra of 

other plastic scintillators, it was concluded that the emission spectrum of BC-400 

was a better match for the SiPMs than BC-404, and so BC-400 was to be used 

instead. Difficulties in machining such a small scintillator prevented the acquisition 

of BC-400; however, it was found that EJ-212, manufactured by Eljen Technology, 

exhibited similar properties to the BC-400 scintillator, and was a sufficient 

replacement.  
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Figure 22- The emission spectrum of the EJ-212 plastic scintillator [48] and the photon detection 

efficiency of the SensL MicroFJ-60035 SiPM [46], with the maxima indicated in both plots with a red 

line. As it can be seen, the maxima correlate almost exactly 

The base of the scintillator and the walls were separately machined, and 

connected by Eljen Technology using EJ-500 optical cement to minimize unwanted 

light deflection inside the scintillating body. Initial intentions were to construct a 

cap out of Teflon in-house, but further consideration led to the decision to order a 

cap constructed from EJ-212 from Eljen Technology as well. By having the top of 

the gas cell also constructed from scintillating material, a near 4π solid angle is 

achieved. This cap is 2 mm thick (like the walls and the base), and has a hole in the 

center 3 mm in diameter to allow for injection of radioxenon into the gas cell. The 

cap was connected to the top of the scintillator cylinder with EJ-500 optical cement. 

The entire exterior of the scintillator except the bottom surface (which interfaces 

with the SiPM array) is wrapped in Teflon tape to enhance light collection. 

 

3.1.3. Solid State Detector- Coplanar CZT 

In an effort to avoid the extensive difficulties and potentially large 

scheduling setbacks that were seen in previous projects related to the in-house 

deposition of a coplanar pattern on a CZT crystal [11], it was decided that for this 
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prototype design externally manufactured coplanar CZT crystals would be used. A 

1 x 1 x 1 cm3 hosting a pre-fabricated coplanar anode grid, designed and 

manufactured by Redlen Technologies and previously utilized in the TECZT 

system, was used in the initial characterization of the CASP prototype. Early plans 

for the prototype design included a larger CZT crystal instead to the 1 cm3 crystal: 

a 2.1 x 2.1 x 0.75 cm3 crystal, manufactured by eV Products. It also has a pre-

fabricated coplanar anode design, and came sealed in a thin ceramic casing to 

prevent crystal damage.  

 

Figure 23- The 1 x 1 x 1 cm3 Redlen CZT [11] 

Thin wires were connected to the cathode, collecting, and non-collecting grids 

using silver epoxy for application of voltage and signal readout.  

Following the initial series of optimizations, the collecting and non-

collecting grid of the Redlen CZT began to experience severe leakage current, and 

thus became unusable. A new coplanar CZT crystal of like dimensions and features 

was ordered from eV Products as a replacement which, after system re-optimization 

(a relatively brief procedure, by virtue of the fact that the material and dimensions 

of the crystal were virtually identical), was used to do the background and 

radioxenon measurements to calculate MDC. The replacement crystal can be seen 

in Figure 24. 
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Figure 24- The 1 x 1 x 1 cm3 eV Products replacement CZT 

 

3.1.3.1. Larger CZT and Abandoned Prototypes  

Initial plans involved testing and comparing two prototype designs, 

differing only in the size of the CZT crystal used. One design was to utilize the 2.1 

x 2.1 x 0.75 cm3 crystal, and the other would utilize the 1 x 1 x 1 cm3 crystal. 

However, this intended comparison was abandoned for several reasons.  

 

Figure 25- The 2.1 x 2.1 x 0.75 cm3 eV Products CZT (in plastic holder) 

The primary reason for requiring a focus on just one of the crystals was the 

limitations regarding the acquisition of radioxenon samples. As the acquisition of 
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the radioxenon samples is both a time and administratively intensive process, only 

one of the two systems would be able to be tested within the near future. 

Additionally, memory effect from the adsorption of radioxenon into the walls of 

the plastic scintillator requires that several half-lives of the longest lived injected 

radioxenon isotope pass before another full round of experiments can begin. It was 

already necessary to conduct two rounds of data collection- one for the optimization 

of detector parameters and a second for evaluation of detector capabilities using 

said parameters, including the injection and measurement of all radioxenon 

isotopes and a background measurement. Examining a second detection system for 

the larger crystal would require four separate rounds of experiments. As such, a 

decision had to be made regarding which crystal to utilize in the prototype detector 

for this initial round of experiments.  

There are several reasons for the decision to use the 1 cm3 crystal, as 

opposed to the larger crystal. Of highest priority was the concerns regarding leakage 

current. Due to the greater thickness of the 1 cm3 crystal (1 cm vs 0.75 of the eV 

products crystal), there would be a lower leakage current across the bulk crystal 

due to the increased resistivity. Not only is there leakage current across the bulk of 

the crystal, but there is also leakage current between the collecting and non-

collecting grids- something that is exacerbated in a crystal with a larger face. This 

can be readily seen in the recommended operating grid voltage supplied by the 

manufacturers- the 1 cm3 crystal had a grid voltage of up to +80 V, while the 2.1 x 

2.1 x 0.75 cm3 crystal had a reported grid voltage of a mere -18 V.  

A low leakage current is essential when attempting to minimize noise, 

something particularly crucial when attempting to resolve 30 keV X-rays. When 

using the electronics from the TECZT detection system, 30 keV could not be 

resolved in the 2.1 x 2.1 x 0.75 cm3 crystal despite extensive adjustments to 

hardware parameters, while it could be resolved in the 1 cm3 system. The best 

results achieved with this system for this crystal during characterizations are shown 

in Figure 26. 
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Figure 26- Measurements from the 2.1 x 2.1 x 0.75 cm3 CZT crystal with optimum settings 

Though the electronics used in the CASP system was expected to be more capable 

with regards to low energy threshold detection than the electronics employed in the 

TECZT design, because of how crucial the detection of 30 keV is to MDC 

calculations it was concluded that it was better to use a less noisy crystal to 

maximize this capability for prototype evaluation. Furthermore, the optimum 

resolution obtained with this crystal was 3.76% FWHM for 662 keV, which was 

worse than the manufacturer specified number of 3.0% FWHM for 662 keV. 

Another factor was the ability to directly compare results of the new system 

to the TECZT system on the basis of electronics. By using the 1 cm3 crystal used 

in a previous detector but with new electronics, a reasonable understanding of how 

the crystal might perform was already established, thus providing better insight into 

the effects of the improved electronics. 

 

3.1.4. Electronics and Signal Processing 

The electronics utilized to process the output signals of the detection system 

consists of a PCB with onboard analog conditioning circuitry and a two-channel 
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digital pulse processor. These signals are readout by a MATLAB controlled PC 

user interface. A diagram of the readout electronics scheme is shown in Figure 27. 

 

Figure 27- Readout electronics block diagram 

 

3.1.4.1. PCB and Analog Conditioning 

The electronics utilized for processing the output signals from the SiPM 

array and the CZT are directly mounted on a PCB, designed in house using EAGLE 

software and assembled by Advanced Assembly. The board has connections to 

apply the voltage sources which have traces leading to the detectors, in order to 

avoid having to directly connect the voltage supplies to the detector devices. The 

board also hosts two surface mounted BNC outputs for the readout of two 

individual channels. For the SiPM array only a single charge sensitive 

preamplification circuit is necessary. The array is reverse biased, and the circuit can 

be easily changed from DC to AC biasing (based on the placement of a capacitor 

or a 0Ω resistor). It is designed in accordance with the recommended readout 

electronics design provided by the SensL J-Series and B-series user manuals [49] 

[50]. The circuit utilizes an AMPTEK OPA656 op-amp. 
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Figure 28- The basic schematic for the reverse biased SiPM analog circuit [49]. To convert to an AC 

coupled circuit, a capacitor could be added between the SiPM output and the first junction. Note that 

the fast output is not utilized in this prototype 

Because the coplanar CZT has a collecting and a non-collecting grid, two 

charge sensitive preamplifiers and a subtraction circuit are necessary to acquire the 

single carrier signal. The circuit is an improved version of the analog circuitry used 

for signal processing in the TECZT project [11], modified to achieve a better signal 

to noise ratio. Each charge sensitive preamplification circuit utilizes an A250F/NF 

preamplifier, and the subtraction circuit utilizes an AD8039 dual feedback 

amplifier.  
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Figure 29- The EAGLE schematic for the CZT circuit (top) and the board layout (bottom) 
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A surface mounted trimmer, manually adjustable via screwdriver, is utilized 

to vary the magnitude of the non-collecting grid signal, i.e.: varying the gain, 

referred to as G, between the collecting and non-collecting grids. This is necessary 

in order to compensate for electron trapping throughout the main body of the crystal 

[51]. If an interaction occurs far from the anode, a significant portion of the initial 

electron charge created would be trapped during charge collection, whereas nearly 

all electron charge would be collected for interactions occurring near the anode grid. 

This results in depth of interaction dependence. However, by adjusting the 

magnitude of the non-collecting grid signal to be subtracted from the collecting grid, 

the effects of the hole trapping can be roughly accounted for.  

 

Figure 30- Induced charge depending on trimmer gain [51] 

There is an optimal G setting which produces the best resolution- too high 

and electron trapping is completely unaccounted for, too low and the detector 

begins to act as a planar detector with full depth of interaction dependence.  
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3.1.4.2. Digital Pulse Processor and MATLAB User Interface 

Post analog conditioning, the signals are sampled by a two-channel, 12-bit, 

250 MHz, FPGA-based digital pulse processor (DPP 2.0), originally developed at 

Oregon State University for use with scintillator detectors but adapted to also be 

used with CZT through modification of the FPGA firmware.  

 

Figure 31- The DPP 2.0 

The DPP 2.0 makes use of two analog-to-digital converters (ADCs), 

independent trigger modules, and a coincidence flagging module directly 

implemented in the FPGA firmware. It utilizes a fast USB 2.0 readout for PC based 

real time pulse analysis. The DPP 2.0 digitizes all signals and convolves them with 

a user defined trapezoidal filter. If the filtered pulse is larger than the user set trigger 

threshold, the pulse is tagged as either “single” or “coincident,” depending on if 

two triggering pulses fall within the user-determined coincidence window. This 

flagging procedure occurs inside the FPGA, allowing for fast and efficient 

processing. If the pulses fit the user set criteria, these digitized pulses are then 

passed via USB to the PC. A more complete discussion on the design and features 
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of the DPP 2.0 has been covered elsewhere [11].  A sketch of the FPGA module is 

shown in Figure 32. 

 

Figure 32- Sketch of the FPGA module [11] 

The custom MATLAB user interface allows for immediate modification of 

various parameters for pulse analysis from the PC side, such as coincidence timing 

window, offset level, trigger thresholds, and amplification gain. The MATLAB 

user interface also passes the coincident pulses through a trapezoidal filter (again, 

using user set values for parameters such as rise and flat top time), where the 

maximum value of the filtered signal is representative of the energy deposited in 

the detector. The output is utilized in a 2D coincidence plot for the radioxenon 

isotopes, which allows for ROI identification and MDC calculation. 

 

3.1.4.3. Power Supplies 

Power supplies were utilized to provide voltage to the OP amps, SiPM array, 

coplanar grids, and cathode. The OP amps were powered with a ±6 V supplied by 

the Agilent E3646A Dual Output DC Power Supply. The grid, and cathode voltages 

were supplied by the CAEN DT1471ET 4 channel Reversible HV Power Supply.  
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Figure 33- Power supplies for the CASP detection system 

 The SiPM array was initially powered by the same HVPS as the CZT and 

anode grid. However, crosstalk between the SiPM and CZT signals from a large 

current draw from the SiPM array caused by high energy depositions in the plastic 

scintillator lead to the decision to use a different power supply for the SiPM array 

in future measurements the Keysight E3649A Dual Output DC Power Supply. The 

voltage values utilized in the initial characterization are shown in Table 2.  

Table 2- Voltages used in the CASP system  

Part/Electrode Voltage (Volts) 

Cathode (Vd) -1000 

Non-collecting Grid (Vg) 0 

Preamplifiers ±6 

Collecting Grid 45 

SiPM Array (VSiPM) -26.5 
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3.1.5. Box and Holders  

In order to properly conduct experiments, a structure was designed to hold 

the full prototype system together. The holder includes a cylindrical space for the 

gas cell, a divot in the base for the SiPM array, and a square cut directly next to the 

cylindrical space for the CZT crystal to be slid in from the side, such that the face 

is as close as possible to the gas cell wall. A small hole is cut into the corner of the 

CZT square in order to run a wire from the cathode to the readout electronics. The 

holder is directly mounted on the PCB such that the electrical connections between 

detection medium and processing electronics can be shortened as much as possible 

to decrease noise. The holder is depicted in Figure 34. 

 

Figure 34- The CASP system holder  

 The box was constructed out of metal to shield electronic noise as well as 

external light. Holes were machined into the box to allow for the OP amp power 

supply plug, as well as high voltage (HV) and BNC cables, to be connected 

externally. A small additional hole was machined to allow the trimmer to be 

accessed without the removal of the lid. The PCB was placed on raised plastic posts 

in order to electronically isolate the board from the box. The box, with PCB and 

mounted holder, is shown in Figure 35.  
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Figure 35- Box with PCB and mounted holder 

 

3.2. Simulation 

Simulations were run in order to characterize several aspects of the 

detection system. This included the absolute efficiency of the plastic scintillator for 

electrons, the absolute efficiency of the CZT for gammas (both of which are 

necessary for the calculation of MDC), and solid angle. These simulations were 

conducted using MCNP5. The materials modeled in the system were as follows 

(with composition references cited for each material). 

 EJ-212 [48] 

 Gas Cell [6] 

 CZT [52] 

 Teflon [53] 

 

3.2.1. Absolute Efficiency 

 The absolute efficiency of the system was evaluated based on how each 

detector component would perform when exposed to radiation of interest. The 
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absolute efficiency of each medium for detection of the associated radiation 

(electrons for the plastic scintillator and photons for the CZT) are required to 

calculate MDC values. In order to obtain these values, a simulation was run using 

an isotropic volume source for each energy of interest. The geometry was 

constructed in such a way to as closely mimic the true geometry of the experimental 

set up as possible. This included a volume cell containing the source and carrier gas 

surrounded by the 2 mm thick EJ-212 plastic scintillator, which was wrapped in a 

0.5 mm thick layer of Teflon tape. Adjacent to the EJ-212, the CZT was arranged 

in one of three system configurations: 

 prototype configuration using the single 1 x 1 x 1 cm3 CZT 

 four crystal configuration using the 1 x 1 x 1 cm3 CZT crystals 

 four crystal configuration using the 2.1 x 2.1 x 0.75 cm3 CZT crystals. 

For conversion electrons, X-rays, and gamma rays, monoenergetic particles 

were used; for beta particles, discrete beta energy distributions were utilized. An f8 

tally, with a 20 keV threshold, was utilized to determine the absolute efficiency of 

the EJ-212 and the CZT. 5E6 particles (nps) were run in each case.  

 

3.2.2. Solid Angle 

A set of simulations were conducted to determine the solid angle for the CZT 

in the three system configurations detailed in the previous section. The solid angle 

of the plastic scintillator was also considered. The surface used for the solid angle 

calculation of the plastic scintillator was simply the inner walls of the well directly 

exposed to the gas cell, and the surfaces used for the solid angle calculations 

involving CZT were the cathode faces surrounding the gas cell. A simple F1 surface 

tally was employed at these surfaces, and no materials were defined such that no 

attenuation or scattering effects were observed.  The gas source was again defined 

as an isotropic volume source bounded by the inner walls of the plastic cylinder. 

5E8 nps were run.  
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3.3. Experimentation 

Several experiments were run in order to characterize the detection 

materials, light readout devices, processing electronics, and the capabilities of the 

system as a whole. Characterization was conducted using both lab check sources 

and real radioxenon samples generated in the OSU TRIGA reactor. These 

preliminary characterization experiments were conducted to optimize several 

system parameters such as filter parameters, coincidence timing window, energy 

thresholds, and gain. 

Pulse analysis was done using the DPP 2.0, with real time pulse, filter, and 

histogram display for both channels using a MATLAB user interface. This user 

interface allowed for on-the-fly parameter adjustment such as filter times, pulse 

offset, and coincidence window.  

 

3.3.1. Characterization of CZT 

Multiple parameters involved in the acquisition of a signal from the CZT 

crystal must be investigated and varied to achieve the best possible resolution and 

accuracy in radiation measurements. These parameters include applied cathode 

voltage, grid voltage, trimmer gain, signal gain, and trapezoidal filter variables such 

as flat top time and rise time. 

The characterization of the CZT crystal involved testing in the holder using 

the PCB mounted electronics, without the plastic scintillator in place. This 

procedure not only allowed for the characterization of the CZT with respect to 

resolution and lower detection threshold, but it also allowed for a way to 

troubleshoot any issues with the PCB mounted electronics such as unwanted 

ringing and baseline shift.  

The characterization procedure utilized the new custom PCB, the DPP 2.0, 

and the MATLAB user interface. A pair of 137Cs sources was taped to the outside 
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of the detector holder opposite the cathode face of the CZT, as seen in Figure 36. 

The trimmer was adjusted while holding other parameters as fixed, evaluating the 

resolution of the 662 keV photopeak to discern which gain between collecting and 

non-collecting grids produced the best resolution. Ascertaining presence of a 30 

keV peak from the X-ray de-excitation was also crucial. Once an optimal trimmer 

gain was determined, the trimmer setting was held constant while other parameters 

such as cathode voltage, grid voltage, and filter settings were varied. This process 

was repeated in an iterative fashion until the best parameters were selected.  

 

Figure 36- The detection system with a 137Cs source taped to the back of the scintillator cylinder 

It is important to note that these optimal parameter settings were preliminary, 

and were used to give a general idea of what the best parameters for radioxenon 

measurements. This is because photon energies observed from radioxenon decays 

are of much lower energy than the 662 keV photons from 137Cs. Though the detector 

response is expected to be roughly linear, small adjustments for low energy 

optimization would be made upon injection of radioxenon. By doing these 

preliminary measurements, the amount of time necessary for parameter 

optimization with radioxenon could be minimized and would allow for the 

maximum amount of data collection to produce the best statistics possible for each 

photopeak.  
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3.3.2. Characterization of Scintillator and SiPM Array 

 Following the characterization of the CZT crystal, it was necessary to 

characterize the scintillator and the SiPM array, as well as the associated signal 

channel on the PCB. Like the CZT, various values such as signal gain, applied 

voltage, and filter parameters must be varied in order to produce the best results. 

However, unlike the CZT the plastic scintillator exhibits no photopeak with which 

to calibrate the energy. Thus, to conduct an energy calibration for the plastic 

scintillator the location of a Compton edge must be used. This is accomplished by 

running the detection system in coincidence mode and observing where a diagonal 

line appeared in the coincidence plot, as seen in Figure 37. This diagonal line is 

indicative of Compton scatter events: the scattered electron will be fully absorbed 

in the plastic scintillator, and the scattered photon is fully detected in the CZT, 

creating a line where the sum of the X and Y values should be equal to the energy 

of the emitted photon. From the known correct calibration of the CZT crystal, a 

correct calibration for the plastic can thus be derived.  

 

Figure 37- Use of a 137Cs source to calibrate the detection system. The Compton edge line does not 

extend down to the energy threshold on the Y-axis due to the maximum energy deposition that can 

occur via a single Compton scatter 
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3.3.3. Characterization of Full Detector 

 To characterize the full detector, the holder was mounted on the board and 

the CZT and scintillator were both inserted into their respective slots. The output 

of the SiPM array was connected to one channel of the DPP 2.0, and the output 

subtraction signal from the coplanar CZT was connected to the other channel of the 

DPP 2.0.  

 

3.3.3.1. TRIGA and Radioxenon 

Radioxenon samples were prepared following several characterizations, 

calibrations, and electronic/pulse processor modifications. These samples were 

formed by exposing samples of specific xenon gas isotopes to a neutron flux in the 

Oregon State TRIGA reactor. The samples were prepared by using a vacuum pump 

to extract all air from a syringe and then drawing a sample of stable xenon gas into 

the syringe. This was repeated three times- once for 134Xe, once for 132Xe, and once 

for 130Xe. It is worth noting that the 130Xe gas canister was found to be below 

atmospheric pressure, and thus the sample contains less xenon gas than the other 

two. An example of the sample preparation process is shown in Figure 38. 

 

Figure 38- Radioxenon sample preparation 
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Following the preparation of the samples, the xenon was exposed to a 

neutron flux of 2.51*1011 cm-2s-1 in the thermal column of the OSU TRIGA reactor 

for different amounts of time depending on the isotope- 8 hours for 134Xe, and 15 

hours for 130Xe and 132Xe. The samples were then allowed to decay for various 

amounts of time (to allow for decay of radioactive impurities as well as to allow 

the activity to decrease and avoid overwhelming the detection system), and were 

then injected one by one into the gas cell, at which point data was collected. 

 

3.3.3.2. Coincidence Module Settings  

Rise time and flat top time used in the CZT channel trigger module were 

varied in the VHDL firmware code such that the ratio of gross counts in the 30 keV 

photopeak and the noise “peak” in the photon spectrum could be maximized. This 

was done to improve the ability of the processor to flag and send as many real 

coincidences as possible to MATLAB for full pulse processing, while ignoring 

false coincidences of radiation occurring in coincidence with noise. These 

coincidence module settings were varied and examined in detail only for the CZT 

channel, as the CZT channel was disposed to have large noise fluctuations in the 

baseline that were absent in the Plastic - SiPM channel.  Optimizing this ratio 

allowed for a minimizing of system dead time. These coincidence module trigger 

settings were varied following the evacuation of 133/133mXe from the gas cell, as the 

residual radioxenon from memory effect was of sufficient activity to cause 

coincident events in competing frequency with the noise. 

 

3.3.3.3. Coincidence Timing Window 

It was found that variation of the coincidence window would influence the 

ratio of the 30 keV peak and the 81 keV peak found in the 133/133mXe sample. The 

reasons for this influence are not entirely understood, but are suspected to be due 
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to potential firmware issues. By attempting to maximize the ratio of the gross 

counts of the 30 keV peak to the gross counts in the 81 keV photopeak (as the 

branching ratio of 133/133mXe indicates that the 30 keV radiation should be produced 

at roughly twice the rate of the 81 keV gammas, as seen in Table 1), the optimal 

coincidence timing window could be determined. 

 

3.3.3.4. MDC 

Once the detector parameters were optimized using this preliminary round 

of radioxenon isotope injections and after allowing as much radioxenon that had 

diffused into the walls of the plastic scintillator to decay as reasonably possible 

given experimental time constraints, a 48-hour background measurement was to be 

conducted. The resolutions of the photopeaks observed in the preliminary 

optimization measurements could be used to determine the ROIs for the radioxenon 

isotopes, and by observing how many background counts fall into each ROI, an 

MDC for each radioxenon isotope can be obtained. For preliminary 

characterization purposes, the ROIs determined during the optimization process 

would be used, but for future MDC calculations 135Xe, 133/133mXe, and 131mXe would 

each be injected independently and measured for 8 hours using these optimal 

parameters to produce ROIs more reflective of the optimum capability of the 

system. 

Though initial plans involved taking a full background measurements as 

well as re-measuring the radioxenon samples with the same coplanar detector as 

was used in the optimization process, the failure of the coplanar CZT crystal during 

the 48-hour background measurement (discussed in 4.2.7.1) prevented these 

measurements from occurring. A replacement coplanar CZT crystal was ordered 

from eV products (Figure 24), and following the re-optimization of the system with 

said new crystal (using the original optimization parameters as a starting point), it 

was possible to conduct these MDC measurements. 
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4. RESULTS 

Two sets of experiments, as well as simulations, were conducted for the 

CASP detection system prototype. The results from said efforts are discussed herein.  

 

4.1. Simulation 

4.1.1. Solid Angle 

The results of the solid angle simulations described in section 3.2.2 are 

shown in Table 3. Two main conclusions can be drawn from these simulations: one, 

that virtually the entire gas cell is surrounded by plastic scintillator, making the 

absolute efficiency of the system for electrons extremely high; and two, that there 

is a massive benefit provided by the utilization of CZT crystals with a larger face, 

particularly when considering a four crystal system. This second conclusion gives 

incentive to acquire CZT crystals with larger surface areas for future system designs, 

as the increased solid angle will significantly improve MDC, while still maintaining 

the ≥10 mm thickness to avoid detrimental effects caused from excessive leakage 

current.  

Table 3- Simulated solid angle for the plastic scintillator as well as CZT for the prototype system, a 

prototype system if constructed using a 2.1 x 2.1 x 0.75 cm3 CZT, and the ideal 4 crystal system 

Simulation Solid Angle 

Plastic Scintillator 3.95π 

Single 1 x 1 x 1 cm3 CZT 0.16π 

Single 2.1 x 2.1 x 0.75 cm3 CZT 0.59π 

Four 2.1 x 2.1 x 0.75 cm3 CZT 2.38π 

 

4.1.2. Absolute Efficiency 

The results of the four MCNP simulations conducted to characterize the 

absolute efficiency of the system are shown in Table 4. It is noteworthy that the 
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efficiency for the plastic is higher in both prototype cases for 910 keV betas than 

346 keV betas; this is in large part due to the fact that low energy electrons are more 

likely to deposit their energy in the carrier gas (which can be seen in the 45 keV 

conversion electrons as well). Because MCNP randomly samples source particle 

energy from a beta spectrum and due to the fact that the 346 keV beta spectrum has 

a smaller spread (and thus a larger percentage of sourced particles at low energies) 

than the 910 keV beta spectrum, there is a larger chance that a randomly sourced 

beta particle either deposits its energy in the gas (tehreby never reaching the plastic), 

or deposits an amount of energy in the plastic that is below the energy threshold in 

the 346 keV case than the 910 keV case.  

Table 4- Absolute efficiencies of the detecting media for various radiations 

 1 x 1 x 1 cm3 2.1 x 2.1 x 0.75 

cm3 

Plastic 1 CZT Plastic 4 CZT Plastic 4 CZT 

30 keV X-Ray 5.21% 4.18% 5.40% 16.74% 5.70% 55.12% 

81 keV Gamma  4.90% 4.24% 5.01% 17.00% 5.13% 57.01% 

250 keV Gamma  3.46% 2.16% 3.48% 8.66% 3.54% 30.42% 

45 keV CE 34.48% 0.01% 34.48% 0.04% 29.50% 0.10% 

129 keV CE 99.00% 0.02% 99.42% 0.09% 99.42% 0.29% 

199 keV CE 99.22% 0.03% 99.16% 0.11% 99.16% 0.35% 

346 keV Beta 64.88% 0.02% 67.35% 0.07% 67.35% 0.22% 

910 keV Beta 89.79% 0.04% 89.79% 0.17% 89.79% 0.53% 

 

4.2. Preliminary Characterization 

The following characterizations were conducted on the CASP system to 

establish optimized parameters such the best possible MDC could be achieved. 
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4.2.1. CZT, 662 keV 

The characterization of CZT was done in several iterations. The initial 

characterizations were conducted using 137Cs, then upon refining these initially 

optimized settings using radioxenon samples the characterizations were conducted 

again. These characterizations were repeated using the crystal from eV Products 

prior to conducting background and radioxenon measurements; however, due to 

similar characteristics of the two crystals, the optimized settings from these 

characterization experiments can be used as a starting point, significantly reducing 

the time required to establish these settings. 

The 137Cs characterization was used to determine the best trimmer settings, 

as well as grid voltages. To determine the best trimmer setting the cathode voltage, 

grid voltage, and other settings such as offset and signal gain were held constant 

while the trimmer was turned through various positions and resolution of a 662 keV 

photopeak from a 137Cs source was observed. This experiment was conducted 

without the plastic scintillator in place. For the first batch of experiments, several 

quick measurements of 10,000 pulses collected above threshold were conducted. A 

cathode voltage of -1000 V and a grid voltage of -80 volts were used. This allowed 

a general understanding of how the trimmer gain effected the resolution, and 

provided a tighter region to focus our efforts on and take longer measurements for. 

The second batch of experiments thus had 25,000 pulses above threshold collected 

for each test. For this second batch, the cathode voltage remained set at -1000 V, 

but the grid voltage was dropped to -65 V due to a noticeable noise effect due to 

leakage current across the gaps of the grid at the higher voltage, and is likely 

attributable to several very high temperature days experienced while conducting 

the experiments. The results of these two trials are shown in Figure 39.  

The second set of measurements, which have better statistics due to a higher 

pulse count, were in good agreement with the first set of measurements. This 

agreement also indicates a low sensitivity of optimal trimmer setting to grid voltage; 

this was important, as high amounts of baseline fluctuation and noise caused by 
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leakage current between the collecting and non-collecting grid resulted in a need to 

decrease the grid voltage to the -45 V but required no further readjustment of 

trimmer settings. The results were indicative of an optimal trimmer setting of 3.75 

turns, which was used for all subsequent experiments. 

 

Figure 39- Resolution of 662 keV in relation to trimmer settings 

 

4.2.2. Plastic Scintillator 

Using the gain settings discussed below and the Compton backscatter 

calibration method described above (3.3.2), a calibration factor of 0.889 was set for 

both the CZT and Plastic + SiPM branches. 
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4.2.3. 135Xe 

 Due to the short half-life (~9 hours), 135Xe was the first radioxenon sample 

to be injected and measured. 135Xe produces 250 keV gamma rays in coincidence 

with a beta with some energy between 0-910 keV. As such, our detection system 

should observe a sharp photopeak at 250 keV in the CZT detector, and a smooth 

beta spectrum in the Plastic + SiPM stretching from near 0 keV (or whatever the 

used noise threshold was set to) to around 910 keV.  

 Upon injection, gain values and threshold settings were quickly adjusted in 

the manner detailed above. Of immediate note was the extremely high coincidence 

rate, due to the activity of the sample. This was resulting in high rates of 

coincidence events where pileup was observed. As such, it was necessary to wait 

an additional few half-lives for the source to cool before conducting reliable 

characterization measurements. Even after this cooling time, the activity was high 

enough to cause a small amount of excess leakage current in both detectors, which 

caused a slight decrease in the signal to noise ratio that required a raising of the 

threshold values to 160 (CZT) and 40 (Plastic + SiPM). 1.1 million pulses were 

recorded. The coincidence plot and spectra produced from these measurements are 

shown in Figure 40. 
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Figure 40- Spectra and coincidence plot for 135Xe 

These plots are remarkably encouraging- they indicate that the CASP 

system can effectively detect coincident decays from 135Xe. The measured 

resolution for the 250 keV photopeak was found to be 5.33%, which, though not 

better than, does come quite close to the resolution of 4.4% observed in the TECZT 

detector for the 250 keV photopeak [11].  
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Of note is a region of high counts towards the right of the beta-spectrum 

and in the noise region for CZT; this can likely be explained by the high current 

generated in the SiPM array from such a large energy deposition resulting in a small 

increase in amplitude of the noise in the CZT, which caused said noises to have a 

large enough amplitude to trigger the system. The reason this region has a 

comparable amount of counts with the real coincidence region is because virtually 

every high energy beta that interacted with the plastic (and since the plastic has a 

near 4π solid angle, this means virtually all high energy betas released as almost all 

of them would end up deposit their energy in the plastic) would cause the system 

to trigger in coincidence with noise, whereas the real coincidences that occur with 

lower energy betas only would occur when the 250 keV gamma actually deposited 

energy in the CZT- an event limited by the solid angle of the CZT.  

This increased noise amplitude ratio that occurred with higher energy 

electron depositions also resulted in a positive trend in pulse amplitude in the CZT 

observed as the beta energy increased, which can be observed in the line of 

coincidence between the 250 keV gammas and the 0-910 keV betas seen in Figure 

40. This would cause the system to have a slightly worse MDC, as the resolution 

of the 662 keV photopeak is degraded due to the larger number of counts on the 

higher energy side of the photopeak. Fortunately, the positive trending observed is 

relatively small, with the amplitude offset by only about 10 keV at the highest 

energy beta coincidences. 

It was concluded that the reason behind this crosstalk effect was occurring 

due to the use of the same HVPS for the CZT, grid, and SiPM array. In future tests, 

this crosstalk was mitigated by using a different voltage supply for the SiPM array 

and for the CZT. Other than the slight positive trending in amplitude and decrease 

in resolution, the only consequence of this cross talk is the decrease of the efficiency 

of the system. This is because no other radioxenon isotopes produce radiation of 

energies that overlap with that region, and thus the validity of all characterizations 

of photopeaks and coincidence events is preserved. A post processing filter can be 
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applied to the data to remove this from the plots to better observe real coincidence 

events in the spectra, which is done in the subsequent presentations of results.  

Following the collection of the data, the gas cell was evacuated. After the 

evacuation of 135Xe, several days were allowed to pass before 133/133mXe was 

injected into the gas cell. This was done to allow as much radioxenon that had been 

diffused into the walls of the gas cell to decay as possible. During this time, the 

vacuum pump was left connected to the gas cell with an application of constant 

vacuum conditions to minimize further diffusion from potentially lingering 135Xe. 

 

4.2.4. 133/133mXe 

 133Xe produces 81 keV gamma rays in coincidence with a beta with some 

energy between 0-346 keV, as well as 30 keV X-rays in coincidence with a 45 keV 

conversion electron and the aforementioned beta. 133mXe produces 30 keV X-rays 

in coincidence with 199 keV conversion electrons. As such, the detection system 

should observe a photopeak at 30 and 81 keV in the CZT detector, and a beta 

spectrum in the Plastic + SiPM stretching from near 0 keV to around 391 keV, with 

noticeably higher counts near 45 keV and 199 keV due to the conversion electrons. 

 Gain values were maintained for this measurement. However, threshold 

values were adjusted in order to ascertain that the 30 keV X-ray could be seen in 

the CZT and that the associated photopeak was as unaffected as possible. 

Additionally, due to the lower activity of the sample the threshold could be lowered 

for the Plastic + SiPM detector. Thus, the thresholds were set to 120 (DPP units) 

and 18, respectively. It should be noted that this variation of thresholds between 

experiments is acceptable, so long as the threshold settings do not interfere with the 

ROIs of that isotope. However, the lowest thresholds used in all isotope 

measurements must be used when determining total coincident background count 

rates, as well as determining the number of interactions occurring in the ROIs. 
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 1.2 million pulses were recorded at an optimal coincidence window (the 

method of determination discussed in 4.2.6.3) of 150 samples, or 750 ns. The 

coincidence plot and spectra produced from these measurements are shown in 

Figure 41. The 30 keV peak seen in the CZT is clear and shows excellent separation 

both from the 81 keV peak and the noise. A slightly warmer region can be seen in 

the coincidence plot where 45 keV conversion electrons were detected in 

coincidence with 30 keV X-rays. The resolution measured for the 30 keV peak and 

the 81 keV peak were 29.98% and 12.75%, respectively. The resolution of the 81 

keV peak is very close to the resolution observed in the TECZT detection system 

(12.5%), and greatly outshines the TECZT at the 30 keV photopeak (48.2%) [11].  

 

Figure 41- Spectra and coincidence plot for 133/133mXe, without post processing threshold application 

(left) and with post processing threshold application (right) 

Of note is the conspicuous absence of a pronounced net count in the 30 keV 

X-ray and 199 keV conversion electron coincidence region. This was an 

unfortunate consequence of the relative activities of 133Xe and 133mXe. Due to the 
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high activity of the sample, several days were allowed to pass between irradiation 

and injection. This resulted in a large portion of the 133mXe decaying away (as it has 

a significantly shorter half-life than 133Xe), resulting in a smaller than expected net 

count in that region. In future experiments, the measurement will be conducted 

much sooner after the irradiation in order to avoid this issue.  

It should be noted that despite the low activity of the 133mXe isotope, the 199 

keV conversion electron is still seen in coincidence with the noise region. This is 

because virtually all 199 keV conversion electrons that are released deposit their 

energy in the plastic scintillator, which produced a noise coincidence due to cross 

talk by virtue of being high energy. The chances of the 199 keV electron occurring 

in coincidence with a 30 keV X-ray that interacts with the CZT is significantly 

lower, due to the small solid angle of the CZT. Thus, the coincidence region is 

underpopulated in comparison to the noise coincidence region. As stated previously, 

this problem will be entirely avoided in future experiments through the use of an 

independent voltage supply for the SiPM array and the CZT. 

 

4.2.5. Memory Effect and 131mXe 

 By keeping the radioxenon samples in the gas cell for an extended period 

of time, significant diffusion of radioxenon occurred into the gas cell such that 

coincidence events were still being observed at rates exceeding 100 counts per 

minute a week after evacuation of 133/133mXe. This intense memory effect meant that 

a second round of experiments, as well as the crucial background measurements, 

had to be delayed in order to avoid these coincidence events appearing in the ROIs 

and being misattributed to background, thereby degrading the MDC.  

 Because this memory effect was so severe from 133/133mXe, it was 

determined that the injection of 131mXe was not ideal. This was due to the lengthy 

half-life of the isotope (see Table 1), which, if significant quantities diffused into 

the plastic scintillator, would force a delay of the background measurement to 
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acquire an accurate MDC for several weeks or months. It is for this reason that 

131mXe was to be injected and measured after all other measurements were 

conducted. This decision is further validated by the fact that 131mXe does not 

produce radiation that is of energies that cannot be characterized using other 

isotopes (30 keV X-rays are observed in 133/133mXe, and low energy electrons can 

be observed in both 135Xe and 133/133mXe from the beta spectra), and therefore the 

injection was not necessary to optimize parameters.  

 It must be emphasized that, though this memory effect is of concern, the 

severity of the memory effect in this instance is primarily due to the samples being 

kept in the gas cell for as long as they were- several days- in an effort to acquire the 

best statistics for various parameter settings. During future measurements, the 

samples would be kept in the gas cell for 8 hours each, drastically decreasing this 

effect. 

  

4.2.6. Extraneous Parameter Optimizations 

During the radioxenon and 137Cs experiments, the optimization of various 

processing parameters was conducted. 

 

4.2.6.1. MATLAB Detector Parameters 

The ideal gain and offset parameters were initially conducted using 137Cs, 

but was further adjusted using 135Xe. This is because 135Xe produces the highest 

energy of both particle types of interest (electrons and photons) of all radioxenon 

isotopes measured, and it was important to ascertain that these pulses would not be 

larger than the dynamic range of the system. Using 137Cs, it was found that a gain 

of 1850 DPP2 units was a reasonable gain setting for the CZT, but this was later 

adjusted to 2000 upon injection of the radioxenon samples as it was found to be 

better suited for noise discrimination for low energy radiation. A rough estimation 
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for the Plastic + SiPM detector, based on a preliminary energy calibration 

conducted with 137Cs, resulted in an initial gain setting of 1400, but was later 

revised to 1200 upon injection of 135Xe. 

Offset was determined in parallel with gain settings. By offsetting the 

baseline in an optimal way, the maximum amount of dynamic range can be utilized 

to capture a range of pulse heights. Due to unpredictable and wide baseline shifts 

observed in the CZT, the offset was selected to place the average baseline slightly 

above the center of the screen in order to prevent pulses of 250 keV from extending 

outside the window. This placed the offset at 3100 (DPP2’s units). The Plastic + 

SiPM, due to its extremely stable baseline, could be set as low as the firmware 

allowed (212-1, or 4095). However, due to an unexpectedly large DC signal a rather 

large baseline shift was still present, limiting the dynamic range of the Plastic + 

SiPM to the range shown in Figure 42. 

 

Figure 42- MATLAB plot of the digitized pulse (red) from both channels, as well as the trapezoidal 

filter (blue) used to generate an energy spectrum in real time 

The trapezoidal filters employed in MATLAB for the determination of 

amplitude were also varied to produce the best possible resolution of photopeaks, 

while minimizing effects from pulse pileup. Trapezoidal filtering works by taking 

a positive and a negative moving average over a certain amount of samples (known 

as the peaking time) with a gap in between the positive and negative components 

(known as the flat top time). The moving averages serve to “flatten out” the noise, 



67 

 

  

making the output signal smoother, while the flat top time serves the purpose of 

allowing for situations where the rise time of the charge pulse is longer than the rise 

time, such that full charge collection can still occur and a proper amplitude can still 

be prescribed to the pulse. Thus, the peaking time of the trapezoidal filter was 

chosen to be long enough to minimize noise, but short enough to not be affected by 

the decaying tail of the pulse. The flat top time was chosen to fully capture the rise 

time of the pulse as well as account for potential multi-interaction charge deposition 

(e.g.: Compton scatters). 

Due to the relatively long decay time of the CZT pulse, it was determined 

that ~1 µs was appropriate, which equates to 200 sample units (1 unit = 5 ns), a 

decision reinforced by previous work using the same CZT crystal [11]. The optimal 

flat top time was determined based on iterating through several flat top times and 

measuring the resolutions of the 662 keV and 30 keV photopeaks from a 137Cs 

source. These results are shown in Figure 43.  

 

 

Figure 43- Photopeak resolution in CZT with respect to variation of filter flat top time 
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As can be seen, there is a trend in the 662 keV photopeak where resolution 

is optimized at 180 samples. The 30 keV photopeak, in no small part due to poor 

statistics, has little observable trend. Thus, a setting of 180 samples was selected as 

a flat top time for the CZT trapezoidal filter. Due to the stability of the baseline for 

the Plastic + SiPM channel, as well as a tail that decayed at a faster rate, a smaller 

peaking time for the trapezoidal filter was necessary. Thus, a 125 sample peaking 

time was utilized. As no photopeak could be observed in this signal, a full battery 

of resolution tests could not be conducted and thus the flat top time had to be chosen 

by a qualitative examination the rise time of the Plastic + SiPM signal. From this 

examination, a flat top time of 200 samples was deemed sufficient. 

  

4.2.6.2. Coincidence Trigger Module 

As discussed in 3.3.3.2, it was found that by varying the parameters of the 

filter used in the trigger module for the CZT channel, coincidences between the 

Plastic + SiPM and noise in the CZT could be better rejected. These experiments 

were done after the evacuation of 133/133mXe from the gas cell; by running the tests 

at this time, coincidence triggers caused by the residual activity from the diffused 

radioxenon (memory effect) and coincidences with noise were occurring in 

competing frequency, and thus the effects of variations of trigger module 

parameters and energy thresholds on noise rejection without interference with the 

30 keV photopeak could be more adequately analyzed due to the noise not being 

largely washed out by the high activity of the radioxenon. Additionally, the 

variation of the trigger module parameters was done in conjunction with variations 

in energy thresholds in MATLAB. This is due to the necessity of the background 

measurement to be conducted using the lowest energy thresholds used in the 

radioxenon experiments; because 133/133mXe produces radiation at the lowest 

energies of interest (30 keV), determining the energy thresholds at this point was 

ideal. 
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 It was determined by qualitatively examining spectra that the trigger module 

produced the best noise rejection when a rising edge time of 50 samples was used 

and a flat top time of 10 samples was used. Additionally, the minimum energy 

thresholds had to be changed due to the fact that a different number of samples were 

used in the trigger module. It was found that the best minimum energy threshold 

for CZT that effectively discriminated coincidences with noise but did not 

significantly interfere with the net counts in the 30 keV photopeak was 80 samples, 

and the best minimum energy threshold for the Plastic + SiPM was 40 samples.  

 

4.2.6.3. Coincidence Timing Window 

As discussed above, in 133/133mXe, the 30 keV X-ray is emitted at a 

significantly higher branching ratio than the 81 keV gamma, and that the variation 

of the timing window for which coincident pulses were accepted produced different 

ratios of the net counts in the photopeaks. This difference can be seen by comparing 

the spectrum generated from a coincidence threshold of 150, as seen in the CZT 

spectrum in Figure 41, with one generated with a coincidence window of 255, as 

seen in Figure 44. 

 

Figure 44- 133/133mXe spectrum in CZT with a coincidence window set at 255 samples. Note the ratio of 

the net counts in the 81 keV to 30 keV photopeaks 
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Various trials, 10,000 pulses each, were conducted where the coincidence 

window was varied through the entire set of possible windows in order to find the 

optimum coincidence window. The results from these trials are shown in Figure 45. 

 

Figure 45- Ratio of net counts in 30 keV peak to total counts from the left side of the 30 keV peak to the 

right side of the 81 keV peak 

 As stated previously, the reason behind the shape of this plot is not entirely 

understood. However, it is quite clear that, allowing for statistical variations, the 

maximum ratio should be somewhere between roughly 120 and 170. In this range, 

150 produced the best resolution, for the photopeaks, and was thus selected.  

 

4.2.7. Background and MDC 

Due to a malfunction of the Redlen CZT crystal during the original 48 hour 

background measurement, a recharacterization procedure had to be conducted 

using a new coplanar CZT crystal, following which a full 48 hour background was 

conducted. Because the replacement crystal was of identical dimensions to the 

original and possessed the same material properties, the ROIs determined from the 

Redlen crystal were used in the MDC calculation using the new CZT crystal. 
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4.2.7.1. Malfunction 

 During the critical 48-hour background measurement taking place prior to 

the second round of experiments, a significant setback occurred. Due to what is 

believed to be a result of an electrochemical degradation of the material between 

the gaps of the collecting and non-collecting grids caused by the long-term 

application of grid voltage, a large current was seen across the gap between the 

collecting and non-collecting grids. This had already been observed to some 

degree- when measurements were initiated the grid voltage could be set at -80 V, 

but had to be dropped to -65 V and then even further down to -45 V to achieve a 

long term stable signal. This large current meant that any data collected using this 

crystal would be completely useless, as the pulses observed were in no way 

indicative of the actual amount of energy deposited by radiation. This is why no 

data for 131mXe was able to be collected. A sample pulse observed in the CZT 

following this degradation can be seen in Figure 46 

 

Figure 46- A pulse observed in the CZT channel following the damage suffered by the grid 

Because of this, the CZT had to be replaced and characterization measurements 

would have to be conducted again. It was surmised that this procedure would 

relatively brief due to the likeness of dimension (1 x 1 x1 cm3) in all of the potential 

replacement crystals, which maintains the integrity of the measurements used to 

determine various settings such as filter parameters and the coincidence timing 

window.  
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Unfortunately, this degradation effect was observed with all the other 

Redlen CZT crystals from the same batch, and so consequently a new coplanar 1 x 

1 x 1 cm3 CZT crystal was ordered from eV Products (Figure 24).  

As noted above, recalibration procedures were relatively brief. All 

measurements were conducted using a 137Cs source, as this source provides a high 

energy photopeak to measure resolution on as well as a 30 keV photopeak to 

ascertain that noise can be discriminated from the low energy X-rays. First, the 

cathode and grid voltages were determined based on the manufacturer 

specifications as well as observations made in the lab. It was found that though the 

manufacturer specified that -1200 V could be used as a cathode voltage, it was 

discovered that using anything larger than -1000 V produced both a small instability 

in the baseline, as well as excessive leakage current that was detrimental to the 

ability of the system to detect 30 keV X-rays. As such, -1000 V was used as the 

cathode voltage. -30 V was applied to the non-collecting grid, as per the 

manufacturer specifications. Various adjustments to the trimmer showed that the 

best resolution (4% FWHM for 662 keV) was achieved at 2.5 turns counter-

clockwise. The crystal was calibrated to the 662 keV photopeak, gain and baseline 

offset were varied such that as much of the dynamic range as possible was utilized, 

and a minimum threshold setting was determined such that coincidences with noise 

are mitigated as much as possible while ascertaining that the 30 keV photopeak 

remains unaffected. Adjustments to the trapezoidal filter parameters were 

conducted as well, and it was found that a peaking time of 250 samples (1.25 µs) 

and a flat top time of 180 samples (0.9 µs) were effective at minimizing unwanted 

noise effects as well as achieving full charge collection. 

 

4.2.7.2. Background Measurement 

Following the characterization of the system, a full 48-hour background 

measurement was conducted. During this measurement, the detection system was 
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placed in a completely shielded lead cave. This measurement resulted in a total of 

274,275 counts occurring in the detectors, but only 1132 coincidence events. This 

gives a coincidence/total ratio of 0.0026, which compares remarkably well to other 

beta-gamma radioxenon detection systems. Using the ROIs defined above for 135Xe 

and 133/133mXe and observing the number of background counts that occur in each 

ROI, the MDC of the detection system for these isotopes can be calculated. As the 

conversion electron peak was not observed in our results due to significant decay 

of 133mXe prior to injection (as explained in Section 4.2.4), a resolution of 35% 

FWHM was used for the MDC calculation, based on resolutions observed in ARSA 

[54]. A plot of the energy spectra for coincidence in each detector is shown in 

Figure 47, and the coincidence plot with ROIs superimposed is shown in Figure 48. 

 

Figure 47- Energy spectra of background measurement 

 

Figure 48- Background coincidence plot, with the 135Xe, 133Xe, and 133mXe ROIs superimposed. Note 

that counts exceeding the energies shown on the axes are collected in the highest energy bin 



74 

 

  

4.2.7.3. MDC Calculation 

The resulting MDCs for the prototype system, as well as MDCs for a 

theoretical 4-CZT system calculated based on experimental results, are found using 

eqns.  

(3) and (4) and are shown in Table 5.  

Table 5- Calculated MDCs 

 

Prototype 

(measured) 

[mBq/m3] 

4 CZT, 1x1x1 

(derived) 

[mBq/m3] 

4 CZT, 2x2x1 

(derived) 

[mBq/m3] 

133Xe 0.648±0.059 0.162±0.016 0.056±0.006 

133mXe (estimate) 0.169±0.054 0.042±0.013 0.013±0.004 

135Xe (unoptimized) 6.931±0.104 1.727±0.026 0.492±0.007 

 

4.2.8. Comparison to Other Radioxenon Detection Systems 

Resolutions found from the characterization of the system utilizing the 

Redlen crystal are compared to other radioxenon detection systems in Table 6. The 

MDCs of the CASP prototype system determined using the eV products crystal, as 

well as the 2 x 2 x 1 4-CZT system, are also compared to other radioxenon detection 

systems in Figure 49.  

Table 6- Results from the CASP system compared to other radioxenon detection systems 

 
Gamma Energy 

(keV) 

CASP  

(this work) 

TECZT 

[11] 

WASPD 

[55] 

Phoswich 

[55] 

SAUNA 

[6] [8] 

ARSA 

[8] [56] 

BGW 

[37] [57] 

 

Energy Resolution 

(FWHM, %) 

30 (133Xe) 33.4 48.2 47.7 46 23-30 32 18 

81 (133Xe) 12.4 12.5 27.6 24 13 25 13 

250  (135Xe) 5.7 4.4 19.3 13 N/A 9.6 N/A 
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662  (137Cs) 3.1 2.1 13.6 8.9 7.3 12 8.7 

 

Figure 49- MDCs of the CASP system prototype, 2x2x1 4-CZT version, and various other beta-gamma 

coincidence radioxenon detection systems [11]. Note: the prototype MDC for 135Xe (6.931±0.104) is 

significantly larger than the other MDC values, and is therefore not shown on the plot   

As it can be seen, the prototype system performs exceptionally well with 

respect to photopeak resolution for all measured radioxenon isotopes (135Xe, 133Xe, 

and 133mXe), and achieves MDC values below the IMS requirement of 1 mBq/m3 

for both 133Xe and 133mXe. The theoretical 2 x 2 x 1 4-CZT system is predicted by 

simulation to preform significantly better, achieving MDC values well below 1 

mBq/m3 for all the measured radioxenon isotopes. It should be noted that the 662 

keV and the 250 keV photopeaks, as well as the 135Xe ROI, were determined before 

the final optimization of parameters was conducted, and thus stand to improve 

significantly in subsequent measurements. 
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5. CONCLUSIONS 

5.1. Summary 

The CASP beta-gamma atmospheric radioxenon system was designed and 

successfully characterized through several experiments which included laboratory 

check sources and radioxenon samples. The system went through several iterative 

modifications with respect to design choices, parameter adjustment, electronics, 

and materials. The CASP system was found to be effective at conducting beta-

gamma coincidence measurements for three of the four radioxenon isotopes of 

interest to the IMS for international safeguards (133Xe, 133mXe, and 135Xe). The use 

of a plastic scintillator as the gas cell virtually guaranteed full energy deposition by 

charged particles without backscatter, and the use of coplanar CZT allowed for 

good resolution at room temperature for photons. This combination of features 

allowed for the definition of small regions of interest in a coincidence plot, which 

allows the detection system to determine if a coincident interaction is the result of 

a radioxenon decay with a high degree of certainty. The direct mounting of the 

detection system to a custom PCB allowed for short trace lengths, providing for a 

compact system that can detect the ever crucial 30 keV photopeaks with good 

resolution when compared to previous radioxenon detection efforts utilizing 

coplanar CZT [11]. A custom two channel digital pulse processor digitized 

coincident pulses in real time by way of an onboard FPGA, which housed a user-

defined trigger module that allowed for the flagging of coincident pulses.  

As it has been shown, CASP performs remarkably well when compared to 

other radioxenon detection systems in terms of resolution and MDC. These results 

stand to be improved upon in future work, as simulations indicate a large 

improvement of MDC values when using a 4-CZT system.  

A notable shortcoming of the system is memory effect, which is of 

significant detriment to the MDC of the system with long term exposure to 

radioxenon samples. This effect delayed background measurements for several 

weeks during the characterization of the detector. However, these effects were 
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observed largely due to the radioxenon samples remaining in the gas cell for far 

longer than application would demand. Additionally, there are strategies that have 

been shown to ameliorate memory effect concerns in plastic scintillators [39]. 

 

5.2. Future Work 

Various improvements can be implemented in further design reworking and 

potential MDC improvement. Perhaps the most immediately apparent improvement 

that can be made is to increase the size of the surface of the CZT crystal add 

additional CZT crystals to the system, as reinforced by the simulated results using 

experimental data shown in Table 5. This would increase the solid angle of the 

photon detecting medium, which would significantly increase detection efficiency 

and produce a better MDC. The addition of more crystals is particularly appealing, 

as larger crystals have a larger anode grid, which results in more leakage current 

than several smaller crystals with an equal surface area. Another option is to 

abandon coplanar CZT entirely and instead work with pixelated CZT, which, 

though requiring robust readout electronics/ASICs, have been shown to be capable 

of single pixel resolutions <0.5% at 662 keV, <0.7% at 662 keV for all interactions, 

and a total electronic noise contribution of a mere 2 keV [58]. This could allow for 

extremely small ROIs, as well as the ability to set the noise threshold so low that 

other characteristic signatures of radioxenon decay might be investigated. 

Another direct improvement is the coating of the interior of the plastic 

scintillator with Al2O3 using ALD, which, when applied in significant quantities, 

has been shown to reduce memory effect by up to three orders of magnitude [39]. 

Another potential avenue is to completely circumvent the use of plastic scintillator 

and instead use a relatively new technology, the PIPS box, as the charged particle 

detection medium [59]. This technology is presently of great interest; it is a solid 

state detector, and as such is largely immune to memory effect, while still achieving 

high resolution and low noise. This technology has thus far been implemented with 
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SPALAX, but has yet to be used in conjunction with CZT for atmospheric 

radioxenon measurements [60].  
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