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Abstract

This paper introduces and describes the initial characterizations of a prototype beta-
gamma coincidence detection system that utilizes a PIPSBox and two coplanar CdZnTe
detectors for atmospheric radioxenon identification and nuclear test ban treaty verification.
Coincidences between four independent detecting bodies are identified in real time via a
custom coincidence module implemented in a field-programmable gate array (FPGA). The
system is compact, maintains simple readout electronics, and provides high resolution
radiation detection at room temperature operation. Preliminary measurements using '*’Cs
and *'™Xe were conducted to optimize various system parameters to achieve optimal
energy resolution of key spectral features. The purpose of this research was to explore the
utility of these materials and methods for radioxenon monitoring in the International

Monitoring System (IMS).
Keywords

Radioxenon; Beta-Gamma Coincidence; PIPSBox; Nuclear Explosion Monitoring;

CTBTO
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The detection of certain radioactive xenon isotopes (1*°Xe, '3*Xe, 1**™Xe, and *!™Xe)
in the atmosphere in certain ratios is definitive evidence of a nuclear explosion. Though
radioxenon is produced as a byproduct in various civilian nuclear facilities, the ratios in
which these four isotopes of interest are produced in a nuclear detonation is unique [1].
Furthermore, xenon is a gas that is nearly impossible to contain and will diffuse into the
atmosphere even if a detonation occurs underground [2, 3]. It is because of this that the
monitoring of the atmosphere for these radioxenon isotopes is a key method utilized by the
Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO) to remotely identify
clandestine nuclear weapons testing occurring anywhere on the earth [4]. This is made
possible by the International Monitoring System (IMS). The IMS is a global array of 321
monitoring stations, 40 of which are equipped with noble gas processing units and

atmospheric radioxenon monitoring capabilities [5].

Because the atmosphere is so vast compared to the amount of radioxenon produced in
a nuclear explosion, a detection system must by very sensitive to effectively discriminate
very weak radioxenon signatures from the combined effect of background sources such as
nuclear reactor operations, fuel reprocessing, and medical isotope production [1, 4]. The
minimum detectable concentration (MDC) for each radioxenon isotope should ideally be
as low as possible; a system must be able to identify **Xe at < 1 mBg/m? air for the CTBTO
to consider it viable for use in the IMS [6]. Detectability at these extremely low
concentrations can be achieved by exploiting the fact that each of these isotopes have one
or more decay modes wherein an electron and a photon are released nearly simultaneously
(on the order of ps or ns [7]). This technique is known as beta-gamma coincidence
measurement, and is one of the methods currently employed in the IMS (the other method
being high resolution gamma spectroscopy carried out by High-Purity Germanium
Detectors (HPGes)) [8—11]. Detection of the electrons and photons at specific energies and
within such a small window of time and serve as an excellent way to discriminate
radioxenon decays from background/external decays. Beta-gamma detection systems
typically utilize two or more detector materials, each purposed for the detection of either
an electron or a photon. The events detected in these independent volumes can be parsed

to identify if they occur at appropriate energies and within an appropriate coincidence
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timing window of each other. The half-lives, energies, and branching ratios for the

coincidence decays of the radioxenon isotopes of interest are indicated in Table 1.

Table 1. Decay properties of radioxenon isotopes of interest [12]

Summed intensit
Isotope Decay energy (keV) of decay path (%})’
l31m)<e .
(ti= 11.86 days) 30 keV* X-ray and 129 keV CE 53.8
¥Xe 30 keV* Xray + 45 keV CE + 346 keV beta 6.9
(ti2=5.24 days) | 81 keV gamma + 346 keV beta 373
133my o .
(typ=2.20 days) 30 keV* X-ray and 199 keV CE 54.9
Xe 249.8 keV +915keV b 9
(ti2=0.38 days) -0 KeV gamma eV beta

*These X-rays are from the K-shell and are spaced too closely to uniquely discern.

Good energy resolution in a radioxenon detection system is desirable due to the
necessity of defining Regions of Interest (ROIs): a range of energy in the photon spectrum
and the electron spectrum wherein coincidence events are sought. Because the ROI is
defined as some fraction of the full-width at half-max (FWHM) of the peak of interest [13],
a better energy resolution allows for one to be more narrowly defined. Smaller ROIs result
in less interference from other coincidence sources, and thus allow for the detection of

radioxenon at lower concentrations.

Beta-gamma radioxenon detection systems typically utilize plastic scintillators coupled
to PhotoMultiplier Tubes (PMTs) for electron detection, and inorganic scintillators for
photon detection [9, 10, 14-17]. However, plastic scintillators perform poorly for
spectroscopy, and many inorganic scintillators, such as Nal(Tl) and CsI(TI), have been
outperformed in terms of energy resolution by solid-state detectors such as CdZnTe (CZT)
in recent years [18, 19]. Memory effect, the phenomenon where atoms of a radioactive gas
diffuse into the walls of a vessel and continue to decay following evacuation of the vessel,
is particularly endemic in plastic scintillators. Large detector size adds material volume
wherein potential background interactions can result in spurious coincidences, as well as
requiring larger gas samples and incurring potential increases to cost. Other shortcomings

of currently used detection systems include the employment of fragile light collecting
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devices (PMTs), the need for a cooling system in the case of utilizing an HPGe, and the

increasing pressure to move from analog to digital readout electronics.

To address some of these issues, a new prototype radioxenon detection system has been
developed at Oregon State University. The system makes use of a silicon-based electron
detector known as a PIPSBox [20] and a pair of coplanar CZT crystals for a four-body,
multi-material, solid-state detection system. Signals from the four detectors are read out to
a custom high-performance eight-channel digital pulse processor (DPP8) which hosts an
onboard Field-Programmable Gate Array (FPGA) for coincidence event identification in
hardware in real time. The detection system aims to achieve sensitivities competitive with
current state-of-the-art radioxenon detection systems without the high maintenance costs
(as is the case with HPGes) and with the capability to run several experiments in quick
succession due to the lack of memory effect. This work discusses the design and
characterization of this prototype radioxenon detection system using a '*’Cs check source

and *!™Xe gas created in the Oregon State University TRIGA reactor.

Design

Detector

The prototype is comprised of four independent detectors: two for electron detection
and two for photon detection. Two thin passivated implanted planar silicon (PIPS) wafers
housed within a cylindrical aluminum casing, collectively known as the PIPSBox, serve as
the electron detectors and to contain the radioxenon gas. Signals are read out from the
PIPSBox via two signal ports at the base. The two photon detectors are a pair of 1 x 1 x 1
cm?® coplanar CZT crystals, mounted to the external faces of the PIPSBox. Signal is read
from both the collecting and non-collecting anode grid of each CZT detector. The four
signals are passed through front end analog circuitry, the output of which are constantly
monitored by the DPP8. The PIPSBox, CZT detectors, and analog conditioning circuit

boards are placed inside a grounded and light tight aluminum box. The PIPSBox is oriented
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on its side, and the CZT detectors are secured in place by a custom polylactic acid 3D

printed holder, as seen in Fig. 1.

This prototype detection system is a proof-of-concept, and consequently only uses two
CZT crystals. This is because increasing the number of CZT crystals would chiefly serve
to increase the solid angle of the system and would have minimal effect on energy
resolution. As the CZT detectors are semiconductors, the energy resolution is significantly
influenced by the leakage current across the volume between the anode and cathode [21],
which is dependent on the detector thickness and less so on surface area. The device could
thus be expanded to include CZT crystals to cover the entire face of the detector without
significant variation in performance, so long as one independent readout channel is added
for each additional CZT detector to avoid parasitic capacitance of summing the crystals in

parallel in analog.

PIPSBox

CZT crystal

Fig. 1. The PIPS-CZT system prototype: the PIPSBox-2x1200-500A gas cell, comprised
of two PIPS electron detectors in an aluminum chassis, with a coplanar CZT detector
mounted on each PIPS surface for photon detection
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PIPSBox

The PIPSBox-2x1200-500A, manufactured by Canberra Industries [20], is a cylindrical
gas cell that serves as the electron detector for the system and can be seen in Fig. 2. In
contrast to the plastic scintillators often utilized in radioxenon detection systems (such as
those employed in the IMS), the PIPSBox consists of two passivated implanted planar
silicon wafers with an active area of 1200 mm? each to detect electrons. These wafers are
of sufficient thickness to completely absorb the energy of the electrons of interest emitted
from radioxenon. The wafers are held in an aluminum chassis, and a carbon-epoxy window
650 um thick covers the external face of the silicon. This carbon window serves to seal the
detectors from light, shield the silicon detectors from external charged particles, and make
the cell gas-tight. The detector is constructed out of high-purity materials to minimize
background. A thin metal tube is used to inject gas samples into the cell. The volume
occupied by the gas is almost completely contained between the active areas of the silicon
wafers, save for a small space near the chip signal readouts and a small gap between the

wafers and the carbon windows. The parameters for the PIPSBox are listed in Table 2.

Gas input

Silicon wafer
Thickness: 500 pm

Under CEA licence with Canberra Semiconductor NV ; Carbon window

Fig. 2. PIPSBox detector: (left) silicon wafer detector in aluminum assembly, without
carbon window; (right) fully assembled PIPSBox gas cell, with carbon window [22]
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Table 2. Parameters for the PIPSBox-2x1200-500A [23]

Detector model 2 x PD1200-26-500

External dimensions (L x W x H) 84 x 70 x 12 mm?

Gas volume within PIPSBox 10.6 cm?

Active area (per silicon wafer) 1200 mm?
Chip thickness (per wafer) 500 um

Carbon-epoxy window thickness 650 pm

Depletion depth (min - max) 475 - 515 pm

Operating voltage 100 - 150V
Operating temperature -20 —+40 °C
Leakage current (at +20 °C) 50 nA

Using silicon as the electron-detecting medium addresses the two largest concerns
presented when using a plastic scintillator: poor electron energy resolution and memory
effect. The energy resolution of plastic scintillators for the 129 keV conversion electron of
BImy¥e has been observed at best as ~23% FWHM [9, 24]. However, an electron energy
resolution of about 7% FWHM has been measured with the PIPSBox at this energy [25].
This significant improvement in electron resolution lends the ability to define much finer
ROIs by providing clear separation of the 129 keV and 199 keV conversion electron peaks
from *!™Xe and '**™Xe, respectively, thus resulting in a lower MDC. Memory effect
significantly hampers the rate at which plastic scintillator-based systems can evaluate new
samples. The PIPSBox observes memory effect of ~0.3% when subjected to a series of
pump and flushes using a roughing pump, and still less (~0.1%) when a turbo pump is used
to reach even lower pressures [25, 26]. By comparison, a memory effect upwards of 5%
has been observed in plastic scintillators [ 14, 27]. Having a minimal memory effect avoids
the build-up of spectrum contaminants such as radon across several sequential

measurements.
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Coplanar CZT Detectors

A pair of 1 x 1 x 1 cm?® coplanar CZT crystals, manufactured by eV Products [28], were
utilized to detect photons. The inner face of each CZT crystal is fully surfaced by a cathode,
while the outer face has an anode that consists of two pre-fabricated interlocking strip
detectors, referred to as the collecting and non-collecting grid. The coplanar grid is used to
make the CZT detector depth-of-interaction independent and function as a single-carrier
detector, which is necessary to achieve good energy resolution due to the poor hole
mobility in the CZT crystal. By adjusting the relative voltage gain between the two grids
(accomplished using a potentiometer) and taking the difference of their outputs, depth-of-
interaction dependence due to electron trapping in the bulk material and non-uniform
charge collection can be accounted for and minimized [29]. By only requiring three
electrical contacts and two readout signals (collecting and non-collecting grid), coplanar
CZT detectors avoids the complex readout electronics necessary for other anode designs,
such as pixelated detectors. The relatively large band-gap compared to other high
resolution gamma detectors such as HPGes also means that CZT detectors can operate at
room temperature, thereby avoiding high-maintenance and bulky cooling systems while

still achieving high resolutions.

Each CZT crystal is entirely coated in a thin layer of insulating paint save for three
small areas which allow for connections to the anode and cathode. The crystals are placed
with the cathode side facing towards the PIPSBox to minimize photon energy deposition
near the anode grid, thereby maximizing energy resolution. Thin wires were connected to
the electrical contacts on the crystal with silver epoxy and were routed to an A250F/NF
pre-amplifier board with high-voltage contacts and analog conditioning electronics. Both
anode grid signals are passed through an independent charge-sensitive preamplification
circuit employing an A250F/NF preamplifier. Following this, the non-collecting grid signal
is routed through a potentiometer to adjust relative grid gain, and then both grid signals are
passed into a subtraction circuit utilizing an AD8039 dual feedback amplifier to produce a

single depth-independent output signal. A block diagram for this circuit is shown in Fig. 3.
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Fig. 3. Block diagram showing the analog conditioning electronics for the coplanar CZT
detectors used in the PIPS-CZT radioxenon detection system [30]

Electronics

DPPS8

Taking the time to transfer the interaction information (e.g. energy and arrival time) of
all detector pulses to the PC can result in significant dead time, which is particularly
detrimental when those signals come from noise and background and serve to mask or
obfuscate the detection of radioxenon coincidence events. By determining if the detected
events are coincidence events prior to transferring the data to PC for pulse processing, this
dead time can be drastically reduced, and the accumulation of extraneous pulse data can be
absolved. This can be accomplished by digitally sampling the analog signal output from
the detecting bodies using an analog-to-digital converter (ADC) and then passing the
digital data to a FPGA. The FPGA then can determine in hardware in real time if multiple
detectors have experienced an interaction, and if they have whether those interactions are
in coincidence with one another. The efficacy of this approach for beta-gamma coincidence
radioxenon detection using two detecting bodies has been shown in previous work [24, 31—

33], but has never been demonstrated when using more than two bodies.

10
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To increase solid angle, as well as to allow more freedom in the development of
coincidence identification and pulse processing algorithms, an expansion of the digital
pulse processor to accommodate more independent bodies was necessary. The eight-
channel digital pulse processor was developed at Oregon State University for this purpose
[34], and is shown in Fig. 4. It is comprised of two PCBs. The first is a custom in-house
designed board devoted to converting the detector signals from analog to digital. As the
name implies, the DPP8 has input for 8 channels, of which any number can be used
simultaneously. This capability is provided by an eight-channel ADC with 14-bit energy
resolution and a 125 MHz sampling rate. Each channel has 2-lane serial low-voltage
differential signaling (LVDS) output, which provides high speeds at low power [35]. The
second board is a commercial off-the-shelf board provided by Opal Kelly [36], on which a
Xilinx Kintex-7 FPGA, cooling fan, and USB 3.0 readout is mounted. This board has the
Opal Kelly VHDL interface, through which MATLAB communicates with the FPGA. The

processor is powered with a +5 V voltage supply.

. GPIO
Nyquist filters & 8-Channel .o qor FPGA USB 3.0

differential drivers ADC (under fan)  connection

Si gnal <
inputs

A/D Converter Board COTS FPGA Board

Fig. 4. DPP8, an 8 channel, 14-bit, 125 MHz, FPGA-based digital pulse processor
developed for this project to capture and process coincidence pulses from the PIPS-CZT
detector.

To identify coincidences, the FPGA in the DPPS8 utilizes coincidence pattern
recognition. The user inputs a certain set of patterns that are to be considered “true

coincidences” via MATLAB, which are then conveyed to the FPGA. The incoming

11
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detector data from the ADC is convolved with a digital recursive triangular filter
implemented in a block RAM. If the output signal is larger than a user-defined threshold,
the FPGA determines that the channel has been triggered. A coincidence timing window
(CTW) counter is then started and will continue until a user-set timing window limit is
reached. If by the end of the CTW the pattern of triggered channels agrees with a user-
defined coincidence pattern, the system will register a coincidence event and the ADC
pulse data from the triggered channels will be sent to the PC via USB 3.0. If the coincidence
timer finishes and the pattern of triggered channels do not match a coincidence pattern
specified by the user, the FPGA will not identify a coincidence event and the pulse data
will not be sent to the PC. For example, the user may communicate to the system to identify
coincidences between CZT> and Sii. If CZT) triggers and then both Si; and CZT> trigger
within the CTW, the pulses will not be considered in coincidence, because though the CZT»
and Si; pattern was defined by the user, the combination of CZT; in addition to CZT> and
Si; was not. This pattern recognition relieves the issue of the system potentially flagging
events that are not possibly in coincidence as the product of a single radioxenon decay (for
example, both CZT detectors triggering simultaneously). Real/live-time counters were
introduced to account for any potential triggers that might occur during the transfer of data
from the processor to the PC.

One concern associated with the use of the PIPSBox is the partial energy deposition of
electrons due to the relatively high Z of silicon leading to backscatter. This can cause a
low-energy tailing effect in the electron spectrum, which causes interference in
neighboring ROIs and depreciates to some degree the advantage offered by the high
resolution of the PIPSBox. However, because the PIPSBox utilizes the silicon volumes
solely for electron detection, this shortcoming can be significantly reduced by simply
summing the signal from the silicon detectors together [37]. This leads to a total of six
patterns that the PIPS-CZT system must identify. These patterns, along with the internals
of the PIPS-CZT, are shown in Fig. 5.

12
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Injection Tube

Carbon Window

T

v, Xray

v, Xray
v, Xray CZT;, | [10 mm
H—>

v, X TZIT
CZT,

v, Xray

v, Xray
—

10 mm

7.6 mm

10.7 mm

Fig. 5. The six different potential coincidence patterns that might occur in the PIPS-CZT
from a single radioxenon decay. A single decay can result in a photon triggering one CZT
detector and an electron triggering one silicon detector (the top four interactions), or it can
result in a photon triggering one CZT detector and an electron triggering both silicon
detectors (the bottom two interactions). The two silicon detectors could both be triggered
from a single decay by two unique electrons (as in the case of '3Xe with a 45 keV
conversion electron and a 0-346 keV B) or by a single electron backscattering and
depositing energy in both silicon volumes

Settings and Experimental Setup

The PIPS detector was operated with a biasing voltage of -145 V. Both CZT crystals
were subjected to a -1000 V cathode voltage and a 0 V and -35 V collecting and non-
collecting grid voltage, respectively. The coincidence timing window used in these
measurements was set to 0.8 pus, based on the maximum drift time of carriersina 1 x 1 x 1
cm® CZT biased at -1000 V [31]. All six preamplifiers (four for the CZT detectors, with
one for each grid, and two for the PIPSBox) were subjected to a =6 V bias. Channels 1, 3,
5, and 6 of the DPP8 were used for CZT1, CZT», Si1, and Sio, respectively.

Various trigger filters were investigated as potential candidates to reduce the energy
threshold as low as possible for each detector. A triangular filter with a 400 ns peaking

time was used as a trigger for all four detectors. Once the pulses were determined to be

13
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coincident events, the ADC signals were passed to the PC and the amplitudes were
determined using a peak finder and a trapezoidal filter defined and implemented in
MATLAB. The parameters for the trapezoidal filter were determined experimentally using
both *’Cs (for the CZT detectors) and *'™Xe (for both the CZT detectors and for the
PIPSBox) to achieve the best possible energy resolution. A peaking time of 2 us and a flat
top time of 1 us were determined as optimal for the CZT detectors, and a peaking time of

2.6 us and a flat top time of 0.72 ps were chosen for the silicon detectors.

The PIPSBox and CZT detectors were placed inside an aluminum box, along with all
associated processing electronics, as shown in Fig. 6. Care was taken to isolate the metal
injection tube as much as possible from external disturbances by using a rubber stopper.
For experiments using '*’Cs, a disk check source was taped to the inside wall of the metal
box behind one of the CZT crystals to maximize stopping power. Two sets of experiments
were conducted using '3'™Xe: the first set focused on initial characterizations, while the
second set was done for further characterizations as well as for an efficiency measurement.
This efficiency measurement called for the injection of two precisely known quantities of
radioxenon, one sample into the PIPS-CZT system and the other into a well-characterized
second detector, and measuring the relative count rate between the two [38]. In all
experiments involving '*!'™Xe, a handpump was used with a Luer system to evacuate the
gas volumes to as low of a pressure as possible (roughly 100 torr) before injecting '*!'™Xe
gas held at slightly below atmospheric pressure. The '3!™Xe samples were created by
drawing 99.99% pure '**Xe into 3 mL polypropylene syringes and irradiating it in the OSU
TRIGA reactor for 7 hours at a neutron flux of roughly 7 x 10'° n/cm?/s. The first set of
experiments used a single sample with a gas volume of 2.5 = 0.1 mL. The second set of
experiments required a more accurate measurement of mass, as the samples were to be
used for efficiency measurements. For these samples a chemical scale was used to
determine mass as precisely as possible: the sample for the PIPS-CZT was 3.1 £ 3 mg, and

the sample injected into the second detector was 2.5 + 3 mg.

14
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N

CZT
Subtraction

Board PIPSBox

Injection
Tube

Fig. 6. The PIPS-CZT assembled for experimentation; (left, top right): the PIPS-CZT
shown from two different angles, without lid; (bottom right): the PIPS-CZT with lid on,
with injection tube and rubber stopper

Results-3Cs

137Cs was used both as an energy-calibration tool for the CZT detectors as well as a
demonstration of the functionality of the coincidence module. To calibrate the CZT
detectors, the '*’Cs source was placed near each CZT crystal in turn and data was collected
for each crystal individually in singles mode. The ~30 keV X-rays emitted by *!™Xe were
used later as a second calibration point. The 662 keV photon emitted by '*’Cs was also
used to determine optimal gain settings (using the potentiometers) to achieve the best
energy resolutions, which were 4.16% FWHM with CZT; and 3.72% FWHM with CZT>.
This compares favorably with the Nal(TIl) detectors typically used in beta-gamma
radioxenon detection systems as well as to other photon detectors such as CsI(Na) and

CsI(T1), which achieve resolutions of 6.6%-9.6% for the 662 keV photopeak [39].

Once each CZT detector was appropriately calibrated, the '*’Cs source was placed

directly behind the cathode of CZT, and the system was run in coincidence. In this case,

15
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the only pattern the PIPS-CZT system was set to identify was a coincidence between two
CZT detectors, which would be caused by Compton backscatter. In the case of a working
coincidence module, a 2D coincidence histogram between the two CZT detectors will
portray a diagonal line indicating the Compton backscatter edge comprised of photons that
have entered one CZT crystal and Compton backscattered to deposit the rest of their energy
into the other CZT crystal. Fig. 7 demonstrates this functionality—a clear diagonal line,
with a hot spot at ~440 keV in CZT; and ~220 keV in CZT> due to a 180° backscatter (with
a maximum energy deposition) in CZT; being the most likely to hit the CZT> upon
backscatter and trigger a coincidence. Note that there are few to no counts at 662 keV for
either crystal, as the FPGA discriminates out all non-coincidence events that could result
in such a full-energy deposition.

700

1000

600 | 1 900
800
500 |
700
600

500

CZT, (keV)

400
300

200

100

100 200 300 400 500 600 700
CZT, (keV)

Fig. 7. Compton backscatter line between the two CZT detectors. 5 keV bins were used

Results- 131™Xe

The 3!'™Xe isotope releases ~30 keV X-rays in coincidence with a conversion electron
with energy of 129 keV and with a branching ratio of ~53.8% (Table 1). Competing with
this decay is the release of a single 159 keV conversion electron not in coincidence (or
anti-coincidence) with anything else. 1*'™Xe is unique amongst the radioxenon isotopes of
interest in the fact that it releases mono-energetic conversion electrons, which allows it to

be used for calibration purposes as well as for studying electron backscatter within the

16
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PIPSBox. For all measurements, the energy threshold for both CZT detectors was set to
roughly 20 keV. The energy threshold could not be determined as precisely for the two
silicon detectors, but it is inferred by the spectra obtained via experiment that the energy
threshold is roughly 60 keV for both detectors in the first set of measurements. Changes to
the trigger filter were made between the first and second set of measurements to reduce

this threshold, and it is estimated to be roughly 35 keV in the second set of measurements.
Determination of Optimal Coincidence Timing Window

It was experimentally verified during the first set of experiments that the maximum
drift time of carriers in the CZT crystal (0.8 us for the 1 cm thick crystal used in this work)
was the limiting factor in minimizing the coincidence timing window, rather than the
rapidity of the silicon detector response. To test this, the performance of the PIPSBox had
to be isolated. A coincidence pattern searching for only coincidences between two silicon
detectors was defined. The coincidence timing window was set to 1 sample (8 ns) and
slowly increased in 3 sample iterations, with the goal of determining the count rate at each
CTW. 1000 coincidences were recorded for each measurement. It was found that after 16
samples (128 ns), increasing the coincidence timing window further did not significantly
increase the rate of coincidences observed (Fig. 8). This indicates that the PIPSBox
response is significantly faster than that of the CZT detectors and is not the limiting factor

in the length of the CTW.

17



357

358
359

360

361
362
363
364
365
366
367
368
369
370
371

Journal of Radioanalytical and Nuclear Chemistry

w
[$)]

W
o
T

1

N
[&)]
T
1

N
o
T
I

N
[$)]
T
1

-
o
T

1

[$)]
T
I

Backscatter Count Rate (counts/sec)

5 10 15 20 25 30 35 40 45
CTW Size, # Samples (1 sample = 8 ns)

1 1 1 1 1

o
o

Fig. 8. Coincidence count rate between Si; and Si» with a varying coincidence timing
window

Energy Resolution

The response of each silicon detector to the decay of '3!™Xe was measured
independently in singles mode during the first set of experiments (Fig. 9). The separation
of the 129 keV and 159 keV electron peaks from the competing decay paths is very clear.
A low-energy noise peak, a byproduct of random large amplitude noises that still manage
to trigger the system, is also present near 20 keV. The ~30 keV X-rays from the radioxenon
decay do have a non-negligible probability of interacting in the silicon, but this photopeak
is not seen due to the high energy threshold. Energy resolution for the 129 keV conversion
electrons determined in these experiments compared to other evaluations of the PIPSBox
and to other radioxenon detection systems are shown in Table 3. The high noise threshold
could be brought down and electron energy resolutions could be further improved through

the implementation of readout electronics designed specifically for the PIPSBox [40].
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Fig. 9. Response of the two silicon detectors Si; and Si» to the decay of '*!™Xe while

running in singles mode. The peak at ~25 keV is due to electronic noise in the PIPSBox

Table 3. Energy resolution (FWHM) of the PIPSBox for 129 keV and 159 keV electrons
as determined in these experiments compared to those determined in other evaluations of

the PIPSBox, as well as to those determined in other radioxenon detection systems

. . PIPS ?IPS . CASP | TECZT | ARSA | SAUNA
Si; Si, (Foxe) | (Cagniant/Petit) [24] 31] [16] 9]
[26] [22, 41]

129 4.3% | 12.59 10.89 8.59 23.79 10.1¢9 25- 23.39
eV 14.3% 5% .8% 5% 1% 1% 30% 3%
159

9.1¢ 8.89 - -- - - - -
keV % o
Backscatter
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Simulations were conducted in MCNP®6! [42] to determine the significance of multi-
body energy deposition by electrons in the PIPSBox (i.e.: backscatter) in terms of how
often they occur and to what degree summing the silicon detector signals reduces the
magnitude of the backscatter tail. The silicon plates, carbon windows, gas cell, and CZT
crystals were modeled to manufacturer specifications. Each simulation generated 2 x 10°
instances of an electron that is produced in a radioxenon coincidence decay (129 keV, 199
keV, 45 keV, and the two beta spectra from '3*Xe and '**Xe [7]) as a cylindrical isotopic
volume source. As the ability to detect a backscatter is strongly dependent on energy
threshold, various energy cuts were defined. The percent of coincidence events that involve
an electron depositing a detectable amount of energy in both silicon detectors using various

energy thresholds is shown in Fig. 10.

' MCNP and Monte Carlo N-Particle are registered trademarks of Triad National Security, LLC, and are

being used with permission
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Fig. 10. Percentage of total electron histories modeled in MCNP6 that deposit enough
energy to trigger both silicon detectors, as a function of energy threshold. Note that 45 keV
electrons from '3*Xe are not included in the plot as they were found to experience negligible
(<0.01%) multi-volume energy depositions at even the 0 keV threshold

It is clear from this study that a significant number of electrons backscatter and interact
in both silicon detectors, and furthermore that the number of backscatters observed
increases as the energy threshold is reduced. Thus, the impact of summing the two silicon
detectors when using a sufficiently low energy threshold is expected to be significant when
defining regions of interest. To demonstrate this, the coincidence decay of *'™Xe (which
releases a 30 keV X-ray in coincidence with a 129 keV conversion electron) was simulated
using MCNP6 and the PTRAC card, which tracks each individual particle through its
history. Fig. 1la shows a pair of superimposed histograms from the results of this
simulation: one without summed energy depositions in the silicon detectors and one with
the depositions summed. The plots were generated using MATLAB and sourced from the
same simulation data. A 40 keV electron energy threshold and gaussian broadening were
used. Even with this energy threshold, the reduction of the tail is quite significant—over
70%. It was possible to investigate this experimentally during the second set of

measurements due to the reduced energy threshold compared to the first set of
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measurements. The results of this investigation, shown in Fig. 11b, reinforce the
conclusions from the simulations and show a significant improvement in the peak-to-total
ratio when summing the signal from the two silicon detectors. For this measurement, only
electrons that interacted in the silicon detectors in coincidence with an X-ray interaction in
a CZT detector were considered; this was done to ensure that only 129 keV conversion
electrons would appear in the electron spectra. The experimental peak-to-total ratios for
Si; and Si; when considered independently are 25.90 £ 0.26% and 28.68 + 0.28%,
respectively, while the peak-to-total ratio for the spectrum generated from the summed
signal is 62.21 + 0.71%. The fact that these results are not quite as good as the 70%
reduction observed in simulation is likely due to the gas itself resulting in more energy loss
and more electron deflection than accounted for in the simulation. Additional attenuating
effects of the gas limiting the number of electrons that interact in one silicon wafer and
proceed to reach the second wafer with enough energy to trigger the system. Though the
attenuation of the gas cannot fully be done away with, it is believed that by lowering the
energy thresholds even further the improvement that summing the silicon detector signals
provides will become even more apparent. Note in Fig. 11b that despite the low energy
threshold (~35 keV) there is no sign of a 31 keV photopeak from the X-ray—this is due
their being filtered out by the coincidence module, as the X-Rays interacting in the silicon

wafers would have no coincident interaction occurring in the CZT detectors.
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Fig. 11. (a) *'™Xe energy histograms of electrons in coincidence with X-rays for the PIPS-
CZT, generated with MATLAB and MCNP6. An energy threshold of 40 keV was used in
each silicon detector. Over 70% reduction in the backscatter tail is observed; (b)
experimental results showing the reduction in tail through summation of the signals from
both silicon detectors. The peak-to-total ratio was improved by over a factor of two when
compared to treating each silicon detector independently

Solid Angle and Efficiency

Simulations were conducted using MCNP6 for a preliminary estimation of the
geometric efficiency of the system. All cells were set to vacuum to eliminate attenuation
of the particles, and an F8 tally was used to count how many particles passed through the
silicon active volumes and the CZT crystal volumes. 10 million particles were run. The
estimated total solid angle for the active area subtended by the two silicon plates is 2.54m,
and by the two CZT crystals is 0.39n. This relatively poor solid angle for photons is a
consequence of the prototype design—in future iterations, this solid angle could easily be
increased by adding more CZT crystals.

The coincidence efficiency ez was determined for '*'™Xe both via simulation in
MCNP6 and via experiment. For determination via simulation the PTRAC card was used.
Coincidences were modeled using two separate files, one for photons and one for electrons.
Both files ran 2 x 10° histories, and each simulation had a unique random initial seed. A
given history was considered one coincidence decay shared between the two separate files:

for example, history #1 in the photon file and history #1 in the electron file together
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describe one decay. Each run produced a PTRAC file, both of which were then parsed
using a script written in Python [43] to determine energy deposition in cells of interest. For
the photon run depositions in the CZT crystals were noted, and in the electron run
depositions in the active region of the silicon wafers were noted. If there was a deposition
in a CZT crystal in a certain history in the photon file and there was also a deposition in a
silicon wafer in the electron file in the same history, that history is considered a detected
coincident decay. The ratio of the total number of detected coincidences compared to the
number of histories run is the coincidence efficiency of the system. The &5, determined in
this way, in relation to the PIPSBox energy threshold, is plotted in Fig. 12. A 20 keV energy
threshold was used for the CZT detectors in all cases, to best reflect the reality of the PIPS-
CZT system. The precipitous decline in efficiency as the energy threshold in the silicon

detectors approach 129 keV is clear.

0 20 40 60 8 100 120 140
Silicon Detector Threshold (keV)

Fig. 12. Simulated &g, for the PIPS-CZT system for 1*™Xe, as modeled in MCNP6, where

efficiency is calculated as the percentage of coincidence decays that results in one CZT

detector triggering by an X-Ray interaction and one or more silicon detectors triggering by

a conversation electron interaction

Experimental efficiency measurement was conducted with an relative method using
two samples and a near-4r solid angle electron detector [38]. This second electron detector
was a stilbene gas cell with 3.96x solid angle and an internal volume of 3.1 mL, coupled

to an array of silicon photomultipliers (SiPMs) for light collection. This cell is designed as
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a direct replacement to the plastic scintillator used in a detection system previously
designed as Oregon State University [32], and has nearly 100% efficiency for electron
detection at 129 keV. The activity of the second sample was determined using the stilbene
detector, and as the samples were irradiated in the same conditions it is assumed that the
sample injected into the PIPSBox had the same activity per gram. In this way the activity
in the PIPSBox can be calculated. By comparing the coincidence count rate of the PIPS-
CZT to the activity after accounting for coincidence branching ratios, the PIPS-CZT was
calculated to have gg, = 0.485 4+ 0.083 %. This result is obviously extremely different from
simulation, which could be due to one or several reasons. The most likely error in
simulation is underrepresenting the gas and the influence it has on the attenuation of the
electrons and low energy photons. Another possible, though less likely, error is
mismodeling the PIPSBox due to inexact knowledge of the internals. However, the general
structure of the internals is well-known, and so the impact of fine variations in the internal
structure on the result is unlikely. Error in experiment could be introduced by having the
syringes exposed to slightly different activities, gas leaking from the syringes, and potential

impurities in the samples.
2D Beta-Gamma Coincidence Spectra

2D coincidence spectra were recorded for 1*'™Xe in both the first and the second set of
experiments and are shown in Fig. 13. The first experiment (Fig. 13a) uses an energy
threshold of ~60 keV for the silicon detectors, and the second experiment (Fig. 13b) uses
a ~35 keV energy threshold. All four detecting bodies were used in both experiments. The
~30 keV energy resolution was measured in experiment 1 to be 33.3% for CZT; and 35%
for CZTo. In both cases, signals of the two silicon detectors were summed together for each
recorded coincidence event. As expected, the region of interest is clear in both
measurements. An electron backscatter tail is also clearly seen in both measurements. Very

few random background coincidences observed in either measurement.
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Fig. 13. (a) 2D beta-gamma coincidence spectrum of '*!™Xe taken with the PIPS-CZT from
the first set of measurements; (b) the 2D beta-gamma coincidence spectrum of *!'™Xe taken
with the PIPS-CZT for the second set of measurements. Note that this spectrum is the 2D
analog of the 1D summed electron spectrum shown in Fig. 11b

Though the signals from the two silicon detectors were summed the tailing effect
remains. This is particularly apparently in Fig. 13b, where there is a backscatter peak not
seen in the first measurement due to the high energy threshold. This tailing effect is likely
attributable to two things: energy threshold, and the probability of the electron experiencing
a collision with the second silicon wafer. Because of the relatively high energy threshold
used in the PIPSBox, if a second deposition does occur in the other silicon detector there
is a reasonably high chance that it will not be detected. In this case, the only identifiable
energy deposition would be the first partial energy deposition by the initial interaction,
which would place the coincidence in the tail region. Additionally, as the PIPSBox only
has a solid angle of 2.54m there is no absolute guarantee that the electron will scatter back
into the opposite facing silicon wafer. Attenuation as the electron travels through the gas
volume could also prevent the electrons from reaching the second silicon detector entirely.
The most straightforward and feasible remedy to the backscatter tail is to improve the
clarity of the signal from the PIPSBox through use of more effectively optimized

electronics and reduce the detection threshold as low as possible.
Memory Effect
A quantitative examination of memory effect in the PIPSBox was conducted upon

removal of the '*!™Xe gas following the second injection experiment. The gas cell had been
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contained in the volume for roughly nine hours before the series of memory effect
measurements took place. The memory effect was determined as a ratio of the total number
of counts that fall into the '3!™Xe ROI after each evacuation compared to the number of
counts that fall into the ROI during the baseline measurement. As the half-life of 3!™Xe is
so long (> 11 days) compared to the measurement period, radioactive decay during the
experiment was not considered. An ROI of £1.25x the full-width at half-max (FWHM) of

the peak of interest was chosen [13].

10,000 counts were taken to establish a baseline count rate in the *'™Xe ROI before
evacuation, which was determined as 7.10 = 0.08 coincidence counts per second.
Following this baseline measurement, the gas cell was evacuated and pumped down to
roughly 5 torr with a vacuum pump. The gas cell was held at this pressure for 5 minutes.
Once disconnected from the vacuum pump and allowed to reach equilibrium with the
surrounding air, 1000 counts were taken. This procedure was repeated 9 times over a
period of roughly four and a half hours. Following the evacuation and the first pump and
flush, a rate of 0.018 £ 0.004 coincidence counts per second was observed. Further pump
and flush procedures did not cause the memory effect to change significantly, and the
memory effect averaged over the nine trials yielded a value of 0.256 + 0.034%. This result
agrees with the memory effect shown in the literature for the PIPSBox subjected to a pump
and flush procedure with a roughing pump (about 0.3%) and is a significant improvement

over the memory effect observed in plastic scintillators.

Conclusions

A prototype beta-gamma radioxenon detection system constructed from a pair of CZT
detectors and a PIPSBox was designed and characterized at Oregon State University. A 14-
bit, 125 MHz, FPGA-based eight-channel digital pulse processor, designed in-house, was
used to read the analog signal output of the detectors and convert the signals to digital. A
coincidence module was developed for the onboard FPGA and was shown capable of
identifying coincidence events in real time while effectively rejecting background. A *’Cs

check source and '*!™Xe gas were both used to characterize and optimize various aspects
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of the system, such as energy resolution and coincidence timing window. Backscatter
effects from conversion electrons in the PIPSBox were studied with experiment and
simulation, and a solution to the low energy tailing has been demonstrated as effective. g,
was estimated via simulation and experimentally determined with significantly different
results, and reasons for this difference have been proposed. The PIPSBox has been shown

to have a high resistance to memory effect, in agreement with the literature.

This work is meant primarily as a proof-of-concept to demonstrate the capabilities of
the PIPS-CZT system when used in conjunction with the FPGA-based eight-channel digital
pulse processor and coincidence module. The detection system is compact and boasts a
better energy resolution for both photons and electrons than many beta-gamma coincidence
based radioxenon detection systems currently in use. These qualities combined with the
effectiveness of the coincidence identification module shows great promise for further
improvement. Future efforts measuring all radioxenon isotopes as well as background and

calculating the minimum detectable concentration for all isotopes.
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