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Abstract

With its excellent energy resolution and good temperature characteristics,
high-pressure xenon detectors are widely used in extreme measurement en-
vironments such as high temperature and strong radiation. However, the
energy resolution of the energy spectrum of the high-pressure xenon detector
will be reduced or even distorted in a high-decibel noise environment. In or-
der to better understand the noise sensitivity of high-pressure xenon detec-
tors, this paper summarizes and analyzes the principle, development process
and research status of high-pressure xenon detectors based on the literature
on high-pressure xenon detector structure and performance at home and
abroad. The study found that for the problem of baseline drift caused by the
noise sensitivity of high-pressure xenon detectors, the traditional baseline
restoration algorithm cannot effectively play a role. The adaptive baseline
restoration method should be able to overcome this problem.
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1. Introduction

In nuclear physics research, high-energy resolution radiation monitoring is re-
quired for complex environments such as high temperatures and strong mag-
netic fields [1]. Semiconductor detectors have the advantages of high energy res-
olution, wide energy linear range, fast output pulse rise time, and small size [2],

but semiconductor detectors have reverse currents, which are difficult to use at
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room temperature or environments with large temperature fluctuations [3] and
large-scale crystal growth is also a problem for semiconductor detectors [4].
Scintillator detectors can detect radiation in complex environments due to their
advantages in volume and temperature performance, but insufficient energy res-
olution has always been a defect of scintillator detectors [5]. The high-pressure
xenon detector is a high-energy resolution gamma gas detector with good phys-
ical characteristics. It has a wide operating temperature range, excellent an-
ti-irradiation ability and working life, and is suitable for complex radiation de-
tection environments [6]. Although the high-pressure xenon detector has many
performance indicators in nuclear radiation measurement, the grid vibration
caused by its noise can cause serious defects such as distortion of energy resolu-
tion. The traditional high-pressure xenon detector uses analog multi-channel
technology for energy spectrum measurement, there are a large number of dis-
crete components, the design is too complicated, and the simulated mul-
ti-channel is susceptible to external noise interference, which cannot solve the
problem of baseline drift caused by noise and vibration [7]. With the develop-
ment of digital signal processing technology, digital multi-channel technology
and digital pulse synthesis technology have been widely used in nuclear radia-
tion measurement systems [8], which provides a technical basis for solving
High-pressure xenon’s own defects.

In view of the above characteristics, based on the research of high-pressure
xenon detectors by domestic and foreign researchers, this article first explains
the principles of high-pressure xenon detectors, and describes in detail the de-
velopment process of high-pressure xenon detectors in the nuclear energy spec-
trum measurement system and the current research status, and then summarizes
the report, conducts a systematic analysis of digital multi-channel technology,
and finally gives my own views and prospects. These works provide a compre-
hensive reference for the subsequent improvement of the temperature of the
high-pressure xenon detector’s energy spectrum measurement and the im-

provement of the energy resolution.

2. Principle of High-Pressure Xenon Detector

The high-pressure xenon detector is a screen-grid ionization chamber, which
belongs to the range of flat-panel ionization chambers. The working principle of
the ionization chamber is to construct an electric field in the sensitive volume
between the two electrodes of the ionization chamber. Its strength is sufficient to
avoid the occurrence of ion pair recombination. The incident charged particles
ionize in the sensitive volume to form ion pairs. The ion pairs are under the ac-
tion of the electric field. Produce directional drift, thus output current signal in
the loop [9]. Figure 1 is a schematic diagram of a typical flat ionization chamber
[10].

In Figure 1(a), x is the position where the rays interact with the substance, d

is the spacing of the entire flat-panel ionization chamber, Cis the detector capa-
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citance, and R is the external load resistance. In Figure 1(b), £ is the time for
electrons to drift to the anode, and £ is the time for ions to drift to the anode.
Usually the drift speed of electrons is much larger than that of ions, so " is much
greater than £ [11].

Figure 1(b) is a reference diagram of the pulse shape corresponding to vari-
ous RC for the flat-plate ionization chamber. It can be seen from the figure that
under different RC value conditions, different output voltage pulse signals will
be formed, and completely different working states of the ionization chamber
will be formed. It can be seen from Figure 1(b) that if the decay time constant
RC is much larger than the drift velocity of the ion, the charge will be completely
collected and there will be no charge loss. In fact, if a very long time constant is
maintained, the capacitor cannot maintain a stable amount of electricity, and too
large a decay time constant will reduce the pulse pass rate, so this method is not
used. When performing energy spectrum measurement, usually choose a time
constant that is longer than the electron collection time and shorter than the ion

collection time. The pulse voltage generated at this time is Equation (1):
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Figure 1. The structure of the flat panel ionization chamber and the output pulse shape
[10]. (a) Schematic diagram of flat ionization chamber; (b) Pulse shape under different
time constants (The unit of #is ms).
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It can be seen from Equation (1) that the generated pulse amplitude is related
to the ionization position of the radiation in the ionization chamber. Since the
probability of interaction between radiation and matter is random, the ampli-
tude obtained by Equation (1) is not a linear value. In order to solve this prob-
lem, the high-pressure xenon detector has a grid electrode with parallel filaments
between the anode and cathode of the ordinary flat ionization chamber, called
Frisch, and its potential is between the anode and the cathode. The structure di-
agram of the High-pressure xenon detector is shown in Figure 2 [11].

By using a collimator or determining a suitable position for the radiation
source, the interaction between the incident charged particles and the working
gas is strictly limited between the cathode and the Frisch grid. The generated
positive ions directly float to the cathode under the action of the electric field,
and the electrons float to the grid and continue to float to the anode through the
grid. While the Frisch grid plays a shielding role, it should be transparent to
electrons so that it can pass smoothly. The pulse voltage value obtained in this

way is shown in formula (2):

y =€ )

dC
In formula (2), dis the distance between the grid of the screen grid ionization
chamber and the anode. As time changes, the voltage increases linearly until the
electrons reach the anode. The signal voltage is the largest, thatis, d =v™', and

the pulse amplitude is formula (3):

y_me_E e 3)

c we¢c
In formula (3), 11, is the number of charges, eis the amount of charge, Cis the
energy of the incident particles, and Wis the average ionization energy. It can be
seen from equation (3) that the generated pulse radiation has nothing to do with

the initial ionization position, and is proportional to the incident particle energy.
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Figure 2. Structure diagram of High-pressure xenon detector [11].
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3. Development of High-Pressure Xenon Detector

In the 1940s, Davidson [12] and Hutchinson [13] added liquid inert gas to the
ionization chamber for the first time and discovered the conductivity of liquid
inert gas under ionizing radiation. In the 1980s, researchers theoretically pre-
dicted that the energy resolution of liquid xenon detectors could reach 0.4% (1
MeV) [14], but limited to the processing technology at the time, the actual ener-
gy resolution of liquid xenon detectors could not exceed 5% [15], a huge gap
with theory. In order to improve the energy resolution of the detector, Russian
engineering researchers began to try to replace liquid xenon with gaseous xenon,
and in the late 1980s they studied high-pressure xenon detectors for gamma
energy measurement [16]. In the 1990s, with the rapid development of materials
science, it was discovered that the cylindrical [17] and flat-type [18] high-voltage
xenon ionization chambers using Frisch screen grid technology had an energy
resolution of 2% to 3%. Since then, people began to conduct a lot of experimen-
tal research on the screen grid structure of Frisch. Dmitrenko et al found that
the high-voltage xenon ionization chamber of the screen grid structure is more
severely affected by external noise and vibration, which can seriously cause
energy resolution distortion [19].

The impact of noise and vibration of high-pressure xenon detectors has be-
come a hot spot in the research of high-pressure xenon detectors. The screen
grid structure of the high-pressure xenon detector is very thin, and small exter-
nal vibrations will cause its structure to change, resulting in poor energy resolu-
tion. Kessick, Boolotnikov and others began to study the structure of a new
high-voltage xenon detector ionization chamber that changed the screen grid
structure, and developed a half-type ionization chamber [20], a double anode cy-
lindrical ionization chamber [21], and a common anode cylindrical ionization
chamber [22]. Zeng Yong of Sichuan University designed a high-voltage xenon
ionization chamber with a screen grid array structure, and used Monte Carlo
method to conduct theoretical research on its performance [5]. Wang Wei, a re-
searcher at the Chinese Academy of Atomic Energy, used the Maxwell3D pro-
gram to calculate the influence of the number and position of the pole filaments
on the energy resolution of a high-voltage xenon ionization chamber with a
coplanar anode structure [23]. Although these ionization chambers with differ-
ent structures solve the problem of energy resolution distortion caused by screen
grid vibration, their energy resolution is far inferior to the Frisch screen grid
high-pressure xenon detector. Therefore, this problem cannot be solved well by
changing the structure of the ionization chamber. Later, people returned the fo-
cus of research to the high-pressure xenon detector with the screen grid struc-
ture. The researchers tried to wrap noise-absorbing shielding materials outside
the Frisch screen grid structure high-pressure xenon detector. The experimental
results found that although the noise effect is small, the volume and weight of
the detector are increased. Dmetrenko ef al carried out research on the screen

grid structure material [24], by increasing the thickness and strength of the
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screen grid material to improve the impact on external noise, the experimental
results show that the stability of the energy resolution can be maintained within

a certain vibration range.

4. Research Status of High-Pressure Xenon Detector

While the Frisch screen grid of the high-pressure xenon detector improves the
energy resolution of the energy spectrum, it has been perplexing researchers due
to its own screen grid sensitivity. In a noisy environment, High-pressure xenon
detectors will have serious baseline wandering problems.

Figure 3 is a schematic diagram of the cylindrical high-pressure xenon screen
grid ionization chamber [11]. The signal is read from the anode filament in the
center. The anode is opposite to the grid, and the middle is filled with
high-voltage xenon gas to form a cylindrical capacitor with xenon gas as the in-
sulating medium and the anode and grid as two electrodes. The two poles of the
capacitor are fixed with high voltage. Due to the large area and thin thickness of
the Frisch grid, when the detector is in a vibration and noise environment, the
vibration and noise will cause the grid to move. The shift of the grid position
causes the capacitance between the two poles to change, and finally makes the
detector output pulse baseline Offset occurred.

With the development of digital signal processing technology, digital signal
processing methods with programmability and flexibility are widely used in the
processing of complex signals [25]. The continuous maturity of high-speed ADC
and resource-rich programmable gate array logic device technology FPGA, digi-
tal filtering technology and digital pulse synthesis technology have injected new
vitality into solving the baseline restoration of High-pressure xenon detectors
[26].

In 2005, Allen et al used a third-order Butterworth filter to filter the pulse,
which effectively reduced the impact of noise on the energy resolution of the de-
tector, but at the same time, it would reduce the energy resolution without noise
[27]. Although it can reduce the vibration and noise sensitivity of the

high-pressure xenon detector, there will still be a decrease in energy resolution

High voltage electrode

Frisch grid

Anode filament

Insulator (Xenon)

Figure 3. Cylindrical high-pressure xenon detector model [24].
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under high decibel noise. In 2013, Novikov proposed that external noise vibra-
tion will change the capacitance between the gate and the cathode, causing the
phase shift of the baseline [28]. In 2014, Detrenko et al studied that the funda-
mental reason for the reduction of the energy resolution of high-pressure xenon
detectors caused by external noise is the drift of the baseline [29]. At the same
time, the digital multi-channel technique of linear interpolation subtracting the
baseline is used to restore the baseline, and good results have been achieved.
However, this method cannot accurately trigger the arrival of the pulse, and
cannot fit the stacked pulse, and the pulse pass rate is low. In 2018, Gao Le et al.
introduced mathematical morphology to the correction of digital nuclear pulse
baseline drift, designed and implemented a mathematical morphology baseline
restoration method that can automatically adjust parameters according to base-
line characteristics in real time, and used it on the cadmium zinc telluride de-
tector. The experimental effect is good [11]. However, this mathematical mor-
phology baseline restoration method has not been tested on the high-pressure

xenon detector, and its baseline restoration effect is unknown.

5. Summary and Outlook

The high-pressure xenon detector has good energy resolution, a wide tempera-
ture range and strong anti-radiation characteristics, and has huge application
prospects in complex nuclear radiation. At the same time, the high-pressure xe-
non detector is susceptible to external noise due to its thin grid thickness, caus-
ing baseline drift, which reduces or even distorts the energy resolution of the
energy spectrum. This article summarizes a large number of documents and
finds that the problem cannot be solved fundamentally by changing the structure
or material of the high-pressure xenon detector screen grid. With the develop-
ment of digital signal processing technology, it should be possible to solve the
problem of high-pressure xenon detector noise sensitivity through digital base-
line restoration algorithms, especially adaptive baseline restoration algorithms.
The research on the baseline restoration algorithm of high-pressure xenon de-

tector is carried out in the follow-up work.
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