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High-pressure xenon (HPXe) ionization chamber is a high-energy-resolution radiation detector for gamma
spectrometry with excellent physical properties. It has a wide range of operation temperatures, excellent
radiation resistance, and long-life performance. Energy resolution is an important parameter of an HPXe
gamma-ray spectrometer and has been investigated by scientists through experimental methods for years.
However, in previous researches, there are few simulations on energy resolution of different ionization chamber
structures. In this paper, three simulation tools are used to simulate the energy resolution of the HPXe
spectrometer. Monte Carlo simulation software PHITS and finite element analysis software ANSYS are used to
establish the model of the HPXe ionization chamber with a shielding grid. Garfield++ is adopted to obtain
the output signal for analyzing the energy resolution. The energy resolution under different gas components
and shielding grid structures are simulated. Results show that when the gamma-ray energy is 662 keV, the
deviation between the simulated energy resolution obtained in this paper and the expected theoretical value
0.6% reported in the document Dmitrenko et al. (1986) is 13.05%. Besides, the experimental energy resolution
of the HPXe gamma-ray spectrometer made by MEPHI (Dmitrenko et al., 2008) is about 2% at 662keV.
Therefore, the value of simulated result in this paper is between the experimental result of MEPHI and the
theoretical value, and closer to the theoretical value, which means that the simulation method proposed in
this paper has high credibility.

1. Introduction not improved considerably since the 1990s. Conducting a study by

simulation is easier than by experiment. However, several parameters

High-pressure xenon (HPXe) gamma-ray spectrometer has been
used for gamma-ray detection for decades. This kind spectroscopic
detector has various advantages: (a) good energy resolution (~2.0%
at 662 keV) which is close to that of HPGe, but without cryogenic
system, (b) applicability in harsh high-radiation environments, (c)
broad operating temperature range (10-180 °C), and (d) high stability
and capability for long term working [1]. Since the energy resolution
is the most critical performance parameter of HPXe gamma-ray spec-
trometers, there are many researchers focusing on the improvement
of this parameter for many years [2,3]. However, despite many years
of research, the experimental energy resolution is still far from its
expected theoretical limit of ~0.6% at 662 keV [4]. Meanwhile, due to
the complex technology of manufacturing, and the limited experimental
research, the design and energy resolution of HPXe spectrometer has

of the HPXe detector which have been proven to affect the energy
resolution seriously, such as gas density, electric field distribution [5],
and geometry of shielding grid [6], have not been fully studied in
the previous simulations. The development of a simulation method or
process that can directly associate the design parameters and energy
resolution performance of the HPXe gamma-ray spectrometer will
provide a further convenient way to design the HPXe spectrometer with
excellent performance.

In this paper, an approach of combining three simulation tools,
named Garfield++, ANSYS, and PHITS, was proposed to establish the
relationship between the design parameters and energy resolution of
the HPXe detector. The effects of the different parameters on the energy
resolution will be discussed later.
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Fig. 1. Overview of the adopted tools and programs and their interplay.

2. Principle and method
2.1. Simulation method

Three simulation tools used in this paper have different functions.
The Monte Carlo simulation software PHITS [7,8] is used to establish
the geometry of the detector. The finite element analysis programs
ANSYS [9] is used to calculate electric field distribution in the detec-
tor. Garfield++ is an open-source toolkit developed by the European
Organization for Nuclear Research (CERN) for the detailed simulation
of particle detectors that use a gas mixture or semiconductor mate-
rial as a sensitive medium [10]. This toolkit has three subprograms,
namely, “Magboltz”, “Heed”, and “Signals”. “Magboltz” is a program
for calculating the transport properties of electrons in gas mixtures.
“Heed” is a program for simulating the ionization pattern produced
along the track of relativistic charged particles. In addition, “Heed”
is an implementation of the photo-absorption ionization (PAI) model,
and it can only reflect the photoelectric effect (including escape peak).
Other interactions of gamma quanta with matter (like Compton) cannot
be simulated in Garfield++. “Signal” is a program for calculating the
induced signals on the anode of the chamber on the basis of the
Shockley-Ramo theorem. The amplitudes of the signals obtained by
Garfield++ are used to calculate energy resolution. The overview of the
different tools and programs used in the approach is shown in Fig. 1.

The simulation process can be divided into the following three parts:

(1) Preliminary establishing the geometrical structure by PHITS:
First, the wall thickness of the detector was determined on the
basis of the minimum detectable gamma-ray energy. Then, the
diameter of the detector was calculated on the basis of the
gas pressure and the wall thickness. After the diameter of the
ionization chamber was determined, the spatial distribution of
the energy deposition in the ionization chamber was analyzed
by PHITS to obtain the shielding grid radius. The geometric
parameters obtained by calculation and simulation were used to
calculate the electric field distribution in ANSYS.

ANSYS modeling: The geometry, material properties, and ap-
plied voltages should be defined in ANSYS. The geometric pa-
rameters were obtained in the previous step. The dielectric
constant of the gas medium and metal material that determines
the material properties were set according to the user guide of
ANSYS modeling for Garfield++. After adjusting voltages on the
electrodes and the grid structure to a suitable value, the electric
field distribution file required by Garfield++ can be outputted.

@

(3) Energy resolution calculation: The electron drift velocity, dif-
fusion coefficient, Townsend coefficient, and attachment coef-
ficient, which are used to describe the drift characteristics of
the electron, were calculated, and the results were exported
to a file under certain gas conditions by using the Magboltz
program. Files exported by ANSYS and Magboltz were inputted
into Garfield++. For each gamma-ray detection event, the pho-
ton energy, interaction position, incident direction, and time of
gamma-rays were set by using the Heed. Then, the position and
time of gas ionization and the number of electron—ion pairs can
be recorded, and the drift process of electron-ion pairs in the
electric field can be simulated. The Signals program was used to
set the recording time and time interval and recorded the current
signal generated on the anode during the electronic drift. After
setting the time constant r of preamplifier and transfer function,
the output current signal can be converted into a voltage signal.
Once the amplitude of each output voltage signal has been
recorded, the energy resolution can be obtained.

2.2. Detector modeling

Fig. 2 shows the structure of the HPXe cylindrical ionization cham-
ber with a shielding grid. R,, R, and R are the radii of the anode,
grid, and cathode, respectively. L is the chamber length. T and T are
the wall thickness and grid thickness, respectively. In the simulation of
energy resolution, a point source is placed in the middle of the detector
length, 5 mm away from the cathode in the chamber.

Among the parameters mentioned before, the setting of chamber
length L, anode radius R,, cathode voltage, and grid voltage directly
refer to [1], wall thickness T, cathode radius R¢, grid radius Rg,
grid thickness T, and time constant r are optimized in the following
simulation.

2.2.1. Optimization of the wall thickness Tc

The density of the gas is considerably lower than that of the scin-
tillator or semiconductor; thus, filling the chamber with high-pressure
gas is necessary to improve the detection efficiency. The wall thick-
ness should be increased when increasing the gas pressure inside the
chamber. However, the higher the wall thickness the more gamma-ray
energy loss in the wall, which leads to a higher minimum detectable
gamma energy [11]. The minimum detectable gamma energy men-
tioned in [11] and [1] are 20 and 100 keV, respectively; thus, 50
keV is selected in our simulations. Fig. 3 presents the percentage of
absorbed gamma-rays in walls versus their energy for five values of
vessel thickness (1, 2, 3, 4, and 5 mm of 304 stainless steel) calculated
by PHITS.
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Fig. 3. Percentage of absorbed gamma rays in walls versus their energies calculated
by PHITS.

The results are shown in Fig. 3 indicate that when the thickness of
the stainless-steel wall was 1, 2, and 3 mm, the detector can detect 50
keV gamma-rays effectively. Structural strength needs to be considered
in the chamber design, and the 3 mm stainless steel is selected in the
simulations. Several researchers have studied the use of low-thickness
stainless steel covered with a composite material, such as Kevlar, to
improve the pressure resistance of the chamber [12]. This approach not
only ensures an increased detection efficiency but also reduces the low
energy limit of the detector. However, the material of the wall makes
little influence on the following simulation of energy resolution.

2.2.2. Calculation of the cathode radius R¢

According to Chinese safety requirements for high-pressure seals,
the pressure resistance of the detector shell must be greater than 1.5
times the actual working gas pressure. According to reference [11],
the gas pressure is set to 50 bar in our simulation. When the shell
thickness and gas pressure are determined, the cathode radius R can
be calculated by using the following formula [13]:

6X(2XoX@—P)
< 2X P m
where P is the pressure on the thin wall, which is set to 7.5 MPa
(1.5 times the 50 bar); R is the radius of the pressure vessel; § is the
thickness of the thin wall, which is set to 3 mm; ¢ is the allowable
tensile stress of the material, which is set to 137 MPa; ¢ is the average
weld coefficient, which is set to 0.95. According to the formula, the
cathode radius Rq is 50.56 mm. Referring to the HPXe gamma-ray
spectrometer developed by MEPhHI [1], the chamber length L is set to
250 mm, and the anode radius R, is 5 mm. The total ionization chamber
volume is approximately 2 L.
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Fig. 4. Effective detection efficiency of HPXe gamma-ray spectrometer versus its
shielding grid radius calculated by PHITS.
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Fig. 5. Influence of the time constant on the output signal simulated by Garfield++.

2.2.3. Optimization of the grid radius

In the gridded ionization chamber, only the energy deposition event
which happens in the cathode-grid space is effective [14]. To improve
the effective detection efficiency, the volume ratio of the cathode-grid
space in the chamber should be as large as possible. However, the
anode—grid space cannot be excessively small due to a series of factors,
such as processing difficulty and electric field uniformity. Fig. 4 shows
the relationship between the effective detection efficiency and grid
radius Rg under different gamma-ray energies calculated by PHITS.

As shown in Fig. 4, the effective detection efficiency decreases as the
grid radius Ry increases. In addition, with the increase in gamma-ray
energy, the percentage of deposition energy spent in the cathode-grid
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Fig. 7. Shielding inefficiency coefficient versus the shielding grid structure.

space tends to not depend on gamma-ray energy. Referring to the 88%
effective detection volume of the HPXe detector mentioned in [15], the
grid radius Rg is set to 18 mm in our simulations.

2.2.4. Electric field distribution modeling by using ANSYS

Based on the geometric parameter of the detector obtained in 2.2.1
and dielectric constants of the materials, a detector model can be con-
structed in ANSYS. According to the user guide of ANSYS modeling for
Garfield++, the dielectric constants of gas medium and metal material

are set as 1 and 1010 respectively. Referring to the HPXe detector
developed by MEPhI [1], the voltages of the electrodes are set as —20
kV, =12 kV, and 0 V for the cathode, grid, and anode, respectively.
Then the file required by Garfield++ of the electric field distribution
can be calculated and exported.

2.2.5. Optimization of the time constant t

Magboltz calculates the drift characteristics of the electron under
the certain gas condition. Referring to [1], we select 99.7% Xe and 0.3%
H, with 50 bar pressure as the working gas. The gas temperature is set
to 293.15K which is close to room temperature in the simulation.
Gamma-ray energy can be set directly in HEED, and the range is 0 keV
to 650 keV. 300keV is selected in the preliminary simulation.

In the HPXe spectrometer, the output current signal must be con-
verted into the voltage signal through the electronic circuit before it is
recorded. Convolution of the current signal and the transfer function is
used to obtain the voltage signal during the simulation. The value of
RC, namely, time constant z, determines the voltage value of the charge
integration in the electronic circuit.

Fig. 5 shows the voltage output signal under different time constants
simulated by Garfield++. When the time constant is small, the output
amplitude is low, and the statistic fluctuation of the output signal
is poor. However, an excessively large time constant leads to a low
counting rate. When the time constant reaches 500 ps, the amplitude
of the electronic output signal tends to be saturated, and the statistical
fluctuation of the signal becomes relatively small. Hence, the simu-
lated HPXe gamma-ray spectrometer obtains the best energy resolution.
Besides, some of the existing HPXe detectors use the ORTEC 142AH
preamplifier [16] with the same time constant of 500 ps. The time
constant is set to 500 ps in the following simulation.
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Fig. 8. Simulation of the output signal of HPXe detector response to the gamma-ray energy: (a) spectrum of the output signal (b) signal amplitude and energy resolution versus

gamma-ray energy.

Until now, the model of HPXe gamma-ray spectrometer has been es-
tablished. The output signals from Garfield++ can be used to calculate
the energy resolution. The effect of critical parameters on the energy
resolution will be discussed in the following section.

3. Result and discussion
3.1. Influences of grid structure on energy resolution

The change of the grid structure in the ionization chamber can affect
the energy resolution [6]. The grid meshes are rectangles with an aspect
ratio of 5:3 [1]. Three values of mesh thickness are set: 0.5, 1.0, and
1.5 mm. The grid has N wires stretched parallel to the anode, and the
number of N ranges from 20 to 60. A total of 27 different grid structures
are simulated, and Table 1 shows the designs.

The gamma-ray energy is set to 300 keV, the gas composition is
99.7% Xe and 0.3% H,, and the gas pressure is set to 50 bar. Fig. 6
shows the spectrum of the output signal and the energy resolution
under different shield grid structures. The total number of the count
of each spectrum is 1800. The blocking of charge carriers by the grid
wires is not considered in the simulation.

Fig. 6 presents that energy resolution varies greatly in different
grid structures. When the mesh thickness is 1.5 mm, model #2, which
has 25 wires stretched parallel to the anode, achieves the best energy
resolution. When the mesh thickness is 1 mm, model #4, which has
35 wires, get the optimal energy resolution. The main reason is the
shielding inefficiency of the shielding mesh [6]. In order to verify that
the simulation results are consistent with the theory of shielding inef-
ficiency, the shielding inefficiency is calculated by using the following
formula:

§=(1/N)In(Rg/NR,) /In(Rg/Ry), 2

where R, and Ry are the radii of the anode and shielding grid,
respectively. N and R, are the numbers of wires stretched parallel to the
anode and the radius of wires, respectively, and Ry, is half of the mesh
thickness Tg. Fig. 7 shows the shielding inefficiency of the shielding
mesh under different cases of grid structures.

As shown in Figs. 6(d) and 7, the closer the shielding inefficiency
of the shielding mesh to zero, the better the energy resolution. When
the grid structure is #2 with a thickness of 1.5 mm, the best energy
resolution 0.959% is obtained among the configurations we tried.

3.2. Energy resolution under different incident gamma-ray energies
The gamma-ray energy values are set to 100, 200, 300, 400, 500,

and 600 keV to simulate the influence of energy resolution. The grid
structure is model #2 with a thickness of 1.5 mm. As before, the gas

pressure is 50 bar, and the gas mixture is 99.7% Xe and 0.3% H,; the
total number of the count of each spectrum is 1800.

Fig. 8 shows the linear relationship between the energy and output
signal and the dependence of the energy versus the energy resolution
simulated by Garfield++.

As shown in Fig. 8(b), the linear fitting curve indicates that the
output signal of the spectroscopic detector has a good linear correlation
with the incident photon energy, and the linear correlation coefficient
is 0.9998. On the basis of the fitting curve of energy resolution with the
gamma-ray energy, when the energy is 662 keV, the energy resolution
of the HPXe gamma-ray spectrometer is 0.678%. This value is close
to the theoretical value, that is, 0.6% at 662 keV, mentioned in [4],
and the deviation is 13.05%, which indicates the correctness of the
simulation model.

3.3. Energy resolution under different gas compositions

In HPXe gamma-ray ionization chamber, it is very important to
maintain the high purity of gas and a relatively high electron drift
velocity to avoid charge carriers trapped. Several gas additives have
been used in some gas detectors and successfully increase electron drift
velocity in Xe, Ar, or other gas. In particular, H2, CH4, C2H50H were
used as gas additives in the HPXe ionization chamber [1], proportional
counter [17], Geiger-Miiller counter [14], respectively. In order to
verify that the proposed method and simulation model can reflect
the change of the signals with different gas compositions, the energy
resolution under different gas compositions is calculated. The grid
structure is model #2 with a thickness of 1.5 mm. The gamma-ray
energy is 300 keV, and the gas pressure is 50 bar. The composition
of air is 78%N,, 21%0,, 0.031%CO,, 0.03%H,0, and 0.939%Xe. The
total number of the count of each spectrum is 1800. Fig. 9 shows the
calculated energy resolution results.

As shown in Fig. 9, when the gas is composed of pure xenon, the en-
ergy resolution is 1.064%. By using 99.7% Xe and 0.3% H,, the energy
resolution is 0.959%; for 99.6% Xe with 0.3% H, and 0.1% C,H5OH,
the energy resolution is 0.926%; for 99.7%Xe and 0.3%CH,, the energy
resolution is 0.903%. Besides, the position of the photopeak is kept at
2.1725 mV, which does not change with the addition of organic gas and
polyatomic gas. When the Xe is mixed with H,, CH,, and C,H;OH, the
reason for the improvement of energy resolution is that the organic gas
and polyatomic gas can improve the drift characteristics of electrons
in the ionization chamber [14], which is shown in Fig. 10(a). When
99.7% Xe and 0.3% H, are mixed with 0.01 ppm of air, the energy
resolution worsens and 1.047% is obtained. When 99.7% Xe and 0.3%
H, are mixed with 0.5 ppm of air, the signal is totally distorted. The
shape and position of the photopeak changed in different degrees. The
reason for the deterioration of signals when air is mixed can be found
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Table 1
Geometrical parameters of mesh on the shielding grid.
Mesh No. Number of wires Mesh thickness 0.5 1.0 1.5
stretched parallel to  (mm)
the anode
#1 20 7.80 x 5.20 7.05 x 470 6.30 x 4.20
#2 25 6.09 x 4.06 5.34 x 3.56 4.59 x 3.06
#3 30 4.95 x 3.30 4.20 x 2.80  3.45 x 2.30
#4 35 Mesh size 4.14 x 2.76  3.39 X 2.26  2.64 x 1.76
#5 40 (mm) 353 x 235 278 x 185 203x1.35
#6 45 3.05 x 2.03 230 x 1.53 1.55 x 1.03
#7 50 2.67 x 1.78 192 x 1.28 1.17 x 0.78
#8 55 2.36 x 1.57 1.61 x 1.07 0.86 x 0.57
#9 60 210 x 1.40 1.35x 0.90 0.60 x 0.40

in Fig. 10(b). The electronegative gas, such as oxygen, contained in
the air increases the attachment coefficient, which increases the charge
carrier trapping probability and affects signals collection. In Fig. 9(e),

on the one hand, due to the influence of electronegative gas, most of
the amplitude of the signal of photopeak becomes smaller and forms
the main peak. On the other hand, because of the small content of
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electronegative gas, a small part of the signals does not get influenced
and forms a small peak on the right of the main peak. In Fig. 9(f),
because of the capture of most electrons in each signal, the photopeak
amplitude gets reduced significantly and is close to the background. It
is meaningless to calculate the energy resolution in this case.

4. Conclusion

In this study, a method combining PHITS, ANSYS, and Garfield++
was used to simulate the energy resolution of the HPXe gamma-ray
detector. Geometric parameters were optimized by PHITS. ANSYS was
used to calculate the electric field distribution. Signals produced by
Garfield++ were used to calculate the energy resolution. The influence
of critical parameters on energy resolution was discussed. The simu-
lation results show that the variation of energy resolution with the
grid structure is consistent with the variation in shielding inefficiency
of the shielding grid. When the mesh thickness is 1.5 mm, and the
number of wires stretched parallel to the anode is 25, the HPXe detector
obtains the best energy resolution among the configurations we tried.
Under this grid structure, the output signal of the spectroscopic detector
has a good linear correlation with the gamma-ray energy. Besides, the
simulation results show that the gas components have an influence
on the signal. The introduction of electronegative gas in the working
gas will cause signal distortion. Adding a little polyatomic gas can
improve the drift characteristics of electrons and obtain better energy
resolution. The deviation of energy resolution at 662 keV between our
result and the expected theoretical value is 13.05%. The results prove
the accuracy and feasibility of the proposed simulation method.

There are some limitations of this simulation; for example, the upper
limit of the energy of gamma rays can only be set to 650 keV. These
problems are expected to be solved in the following study.
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