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Abstract

POLAR-2 is a gamma-ray burst (GRB) polarimeter that is designed to study the polarization in GRB radiation emissions,
aiming to improve our knowledge of related mechanisms. POLAR-2 is expected to utilize an on-board polarimeter that is
sensitive to soft X-rays (2—10 keV), called low-energy polarization detector. We have developed a new soft X-ray polari-
zation detector prototype based on gas microchannel plates (GMCPs) and pixel chips (Topmetal). The GMCPs have bulk
resistance, which prevents charging-up effects and ensures gain stability during operation. The detector is composed of low
outgassing materials and is gas-sealed using a laser welding technique, ensuring long-term stability. A modulation factor
of 41.28% =+ 0.64% is obtained for a 4.5 keV polarized X-ray beam. A residual modulation of 1.96% = 0.58% at 5.9 keV is

observed for the entire sensitive area.
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1 Introduction

Gamma-ray bursts (GRBs) are sudden increases in gamma-
ray radiation over a short period of time from cosmic space.
By measuring the radiation polarization of GRBs, we can
gain insight into their outburst mechanisms, as well as the
structure and magnetic field configurations of the extreme
relativistic jets that produce gamma rays [1]. POLAR is a
part of China’s Tiangong-2 spacecraft, which was launched
on September 15th, 2016. The launch was conducted to
measure the GRB polarization in space [2]. During its
orbital operation, POLAR detected 55 GRBs and obtained
high-precision polarization measurements from 14 of
them. According to these novel observations, the evolution
of extreme relativistic jets that produce gamma rays may
have resulted in rapid changes in the polarization angles,
which meant that the observed GRBs were less polarized
on average [3]. To answer the scientific questions induced
by the POLAR observations and better understand transient
radiation mechanisms, radiation region structures, and the
surrounding magnetic field configurations, which are long-
standing physical problems in GRB research, Chinese and
European scientists have jointly proposed an enhanced GRB
polarization detection instrument called POLAR-2 [4].
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The major scientific objective of POLAR-2 is to obtain
high-precision polarization measurements of GRBs from
soft X-rays to gamma rays. Among the main components
of POLAR-2, the low-energy polarization detector (LPD)
measures the polarization of GRBs and their early soft
X-ray afterglow. Despite great progress in X-ray astronomy,
few soft X-ray polarization observations have been made
because of technical measurement limitations. In 1971, the
first detection of polarized X-rays from the Crab Nebula was
achieved in a rocket sounding experiment [5]. This result
was later confirmed by the OSO-8 satellite, which had an
on-board polarimeter that accurately measured the polari-
zation at 2.6 and 5.2 keV [6]. This nebula’s X-ray emission
was finally demonstrated to originate from a synchrotron.
In 2018, PolarLight, a CubeSat developed by the Tsinghua
University team, observed the evolution of the polarization
of the Crab pulsar before and after its period glitch [7]. Most
recently, the imaging X-ray polarimetry explorer (IXPE), a
collaboration between NASA and the Italian space agency
(ASI), was launched in December 2021 and achieved pre-
cise polarization measurements of different kinds of bright
X-ray sources during a two-year baseline mission [8]. IXPE
is a narrow-field-of-view X-ray polarization detector with
grazing-focus optics. It has a large focusing lens barrel,
allowing for high detection sensitivity, however its poor
maneuverability makes repointing and an X-ray transient
source survey difficult. IXPE observed polarization in the
2-8 keV X-ray band from the afterglow of GRB221009A
for the first time [9]. At a 99% confidence level, IXPE set
an upper limit of 13.8% for the polarization degree of the
afterglow emission.

The gas pixel detector (GPD) developed by the Istituto
Nazionale di Fisica Nucleare (INFN) and Istituto Nazion-
ale di Astrofisica-Istituto di Astrofisica e Planetologia Spa-
ziali INAF-TIAPS) in Italy [10, 11] and the time projection
chamber (TPC) developed by the goddard space flight center
(GSFC) in the United States [12] demonstrate two more
established techniques for detecting X-ray polarization. Both
detectors are micropattern gas detectors (MPGDs), where
electrons generated by photoelectrons are amplified by a gas
electron multiplier (GEM) and then readout by an anode.
When the GEM operates, the amplified charge accumulates
on the insulating surface in the hole, and this accumulated
charge changes the strength of the electric field in the hole,
which changes the detector gain.

For a typical GRB event, the energy flux in the 2-10 keV
range is approximately 1 keV mm™2 s~! [13]. According
to the measurement results obtained by Baldini et al. [14],
the gain of the GPD detector is minimally affected by the
charging-up effect. For extremely bright GRBs such as
GRB221009A, the energy flux reaches ~100 keV mm™2
s~ [15, 16], which can cause a charging-up effect of only a
few percent in the GPD detector. Moreover, LPDs are often

@ Springer

required to shut down or reduce the detector operating volt-
age as they pass through the South Atlantic anomaly. It is
necessary for the detector’s performance to reach a stable
state immediately after the operating voltage is applied. This
means that the detector must be stable over the short-term
and its performance should not change significantly with the
operating time or counting rate.

This paper presents a new detector structure for X-ray
polarization measurements, which was used in an LPD pro-
totype. The detector has a structure similar to that of a GPD.
Electron multiplication is obtained by a gas microchannel
plate (GMCP), and the readout anode is a pixelated chip,
which together comprise the gas microchannel plate-pixel
detector (GMPD). The bulk resistance of the GMCP prevent
charging-up effects, and the detector has good short-term
operational stability. The GMPD itself has lower outgas
rates, minimizes working gas pollution, and adopts weld-
ing technology for closed gas packaging, which makes it
very airtight and increases the detector’s life in space. The
pitch of the GMCP and size of the pixels in the pixel chip
can reach dozens of micrometers, making the detector very
sensitive in terms of X-ray polarization measurements. The
second section briefly introduces the GMPD’s working
principle, the third section describes the mechanical struc-
ture of the prototype GMPD, the fourth and fifth sections
describe the basic properties of the GMPD, the sixth sec-
tion describes the ability of the GMPD to measure polarized
X-rays, and the seventh section summarizes and discusses
future perspectives.

2 GMPD: operating principle

At present, X-ray polarization measurements are mainly
performed using three different physical processes: Bragg
diffraction, the photoelectric effect, and Compton scattering.
The Bragg diffraction method works as a monochromatic
polarimetric filter. This means that only a narrow energy
band can be observed, which limits the instrument’s sen-
sitivity. The derivation of the Klein-Nishina formula for
the differential cross section of Compton scattering shows
that a maximum modulation amplitude can be obtained at
a polar scattering angle of 90°. However, compared to for-
ward- and back-scattering, the probability of scattering is
found to be the smallest at 90°. Compared to Bragg and
photoelectric polarimeters, the modulation factor in a Comp-
ton polarimeter is generally at a low to medium level [17].
The Compton scattering measurement technique is used to
measure high-energy X-rays. To eliminate systematic errors,
instruments using Bragg diffraction and compton scattering
must be rotated around the direction of the incident pho-
tons [18]. The most efficient process to detect soft X-rays is
using the photoelectric effect [19]. When a photon exerts a
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photoelectric effect on matter, a photoelectron is produced,
and the direction of the photoelectron’s emission depends on
the differential cross section [20]:
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where 6 and ¢ are the photoelectron polar and azimuthal

angles of emission, respectively. The electric vector of the
absorbed photon defines the ¢ = 0 angular direction. Pho-
toelectrons are emitted with a higher probability parallel to
this direction. The orbital asymmetry factor, b, is equal to
two for the s orbital, but is less than two for the other orbit-
als. In the first case, the constant term vanishes, and only
the cos? (¢p) modulated term remains. The greatest probabil-
ity of photoelectron emission is parallel to the polarization
direction of X-rays, and detectors are used to measure the
direction of photoelectron emission and perform statistical
analyses on a large number of events to obtain a histogram
of the photoelectron emission angle, a modulation curve, and
the X-ray polarization information.

GMPD is a micropattern gas detector consisting of a
cathode, a GMCP, an anode, and a sealed chamber that can
be used to perform meticulous two-dimensional imaging of
photoelectrons to achieve X-ray polarization detection. The
anode of the detector uses a Topmetal-II pixel chip, which
is a silicon pixel detector produced using a 0.35 pm CMOS
process. As shown in Fig. 1, the chip consists of a 72 X
72 pixel array and 6 mm X 6 mm effective charge-sensitive
region with a pixel spacing of 83 pm. The total area of the
chip is 8 mm X 9 mm. The top metal area of a single pixel is
25 pm X 25 pm, the metal area directly exposed for charge
collection is 15 pm X 15 pm, and the top metal area of each

Fig. 1 (Color online) a Top view of the Topmetal-II chip, which
consists of a 72 X 72 pixel array with a central 6 mm X 6 mm active
charge-sensitive area. The total area of the chip is 8 mm X 9 mm. b
Enlarged view of the pixel matrix, showing the structure of the top
metal electrode and guard ring. The pixel spacing is 83 pm, with a
top metal area of 25 pm X 25 pm, where the 15 pm X 15 pm central
region is an exposed electrode formed after the window opening. A
passivation layer covers the yellow portion of the photo, which is also
utilized for power and ground lines, while the silver metal block rep-
resents the electrode after the window opening

pixel is surrounded by a corresponding guard ring, which
can be used to induce a charge in the top metal area. Each
pixel electrode is connected to a corresponding charge-sen-
sitive amplifier, which has an equivalent noise charge (ENC)
of 13.9¢” at room temperature, with lower noise values at
low temperatures such as that produced by exposure to liquid
nitrogen. The literature [21, 22] provides more details about
the Topmetal-II pixel chip.

As shown in Fig. 2, X-rays travel through the cathode
and enter the gas cell, where interaction with atomic elec-
trons produces photoelectrons. These photoelectrons interact
within the gas cell ionizing gas atoms, which produces the
primary ionization electrons. The primary electrons drift
toward the GMCP as a result of an electric field, which pro-
vides the necessary gas gain, while maintaining the shape
of the photoelectron track. Secondary electrons produced by
the multiplicative stage drift toward the sensitive area of the
pixelated chip as a result of the electric field, where they are
collected to induce the readout signal. The signal is then sent
to the charge-sensitive preamplifier (CSA) for amplification
and conversion into an analog voltage signal, which is then
transmitted to the analog output buffer. The analog pulse
voltage signal is converted to a digital signal through digital
processing and then adjusted by a programmable logic gate
array (FPGA) internally. Finally, the data are transmitted to
a personal computer (PC) for storage and analysis [23]. The
logic circuit of the signal readout is shown in Fig. 3.

Gas cell

Electric field

M

Fig.2 (Color online) Conceptual design of the GMPD, including the
drift plane, GMCP, and readout anode plane (pixel chip). The charge
released by the photoelectron is amplified and then collected by read-
out pixels. Polarization information is derived from the photoelectron
tracks imaged by the anode plane, ¢ is the angle between the emis-
sion and polarization directions; € is the angle between the photon
and photoelectron directions
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Fig.3 (Color online) Schematic view of the pixel structure and logic
circuit of the signal readout. In the pixel structure, the central yellow
area represents the electrode after the window opening, the brown
area represents the electrode covered by the passivation layer, and
the outer blue area represents the guard ring. The guard ring is placed
around the top metal electrode. This is a ring electrode located in the
same topmost metal layer as the top metal electrode but isolated from
it. The stray capacitance between the guard ring and top metal elec-
trode is a natural test capacitor. It allows us to apply pulses on the
guard ring to inject signals into the CSA and measure its performance

As shown in Fig. 2, a photoelectron is projected onto the
Topmetal-II chip, creating a track. The energy of the photo-
electron is equal to the difference between the incident photon
energy and binding energy of the gas atom K-shell. The energy
of the photoelectrons is gradually lost through collisions with
gas atoms. During the collision process, the photoelectrons are
subjected to Coulomb scattering by the atomic nucleus, caus-
ing them to continuously change direction. In the initial part of
the track, the photoelectron has high-energy and a low charge
density per unit ionization energy. However, toward the end
of the track, the photoelectron’s energy is rapidly deposited,
forming a peak in the distribution of the high charge density
known as the Bragg peak. Therefore, the starting end of the
track can be identified based on the charge density, and the
point of the photoelectric effect can be estimated. The pho-
toelectron’s emission direction can be determined based on
these features of the track. It is necessary to reconstruct the
photoelectron tracks to detect X-ray polarization. The initial
emission direction of the photoelectron can be obtained by
fitting the first half of its track.

For X-ray polarization measurements, the azimuthal (¢)
distribution in the emission direction is obtained by recon-
structing and counting a large number of photoelectron tracks.
Figure 4 shows the ideal modulation curves for polarized and
unpolarized radiation. In the unpolarized case, the distribution
is flat, while in the other case, it peaks near the polarization
angle. Based on the photoelectric cross section, the modulation
curve is represented as follows:

f(@) = A+ Bcos’ (¢ — ). @
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Fig.4 (Color online) Polarimeter responses: a the response of the
detector to unpolarized radiation is flat and b the response of the
detector to polarized radiation is modulated

A fundamental parameter in polarization measurement is
the modulation factor, g, which is the measured modulation
amplitude of the detector when exposed to 100% polarized
radiation. Modulation factor u is defined as follows:

Mmax _Mmin _ B
My +M,  24+B 3)

max

M:

In general, the modulation amplitude obtained by a detec-
tor when measuring the polarization of radiation with an
unknown polarization degree is M(P), where P is the polari-
zation degree of the radiation:

_ M(P)
==

P “
The performances of different polarimeters can be compared
using the minimum detectable polarization (MDP), which is

defined as the minimum polarization that can be detected at
a confidence level of 99% [24]:

MDP — 429 [eF+b
euF TS
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In this equation F is the source flux, b is the background
flux, € is the detector efficiency, S is the collection area, and
T is the observation time. Moreover, without considering the
background, the MDP of the polarization detector is found
as follows:

1

a

Hence, the MDP is inversely proportional to the so-called
quality factor, Q, which is a useful parameter for compar-
ing the sensitivities of different polarization detectors. The
quality factor is found as follows:

Q= uy/e. @)
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3 Detector structure and assembly

The GMPD measures the polarization information of astro-
nomical X-ray sources and has to run for a long time in
the space environment. Thus, the GMPD uses a sealed gas
design. The plates need to be sealed, which is done using
brazing and laser welding, to ensure high gas tightness and
good mechanical properties. This ensures that there is no gas
leakage in a vacuum environment. Furthermore, the main
detector components, including the ceramics, Kova alloys,
beryllium, and lead glass, have low outgassing rates, which
greatly reduce the pollution of other impurities in the gas. In
the space environment, the detector does not need to carry
additional replenishment loads and can remain stable for a
long time.

The prototype GMPD consisted mainly of a cathode,
GMCP, pixel readout chip, metal ceramic tube, and ceramic
pedestal, as shown in Fig. 5. To allow more X-rays to enter
the detector through the cathode, the X-ray window was
composed of 100 pm thick beryllium, which was connected
to the Kova alloy frame by brazing to form the cathode of
the detector. To fill the detector with working gas, the detec-
tor had a gas pipe brazed to the cathode. Through the use of
brazing technology, the metal ceramic tube was constructed
of three layers of ceramic rings and four layers of Kova alloy
rings, with a ceramic ring placed between every two layers
of Kova alloy rings. The ceramic layers were used for insu-
lation and positioning between the Kova alloy layers. The
Kova alloy rings at both ends of the metal ceramic tube were
used to seal the connection with the cathode and pedestal by
laser welding. The middle two Kova alloy rings were used

Window frame

Be window

Metal ceramic tube

GMCP support
Topmetal-II

<—Ceramic pedestal

Fig.5 (Color online) Schematic drawing of the GMPD

to install the exit electrode of the GMCP. The GMCP was
installed in the metal ceramic tube, and a support ring was
extruded to fix the GMCP. The two electrodes of the GMCP
were electrically connected by the Kova alloy to the metal
ceramic tube. The ceramic pedestal was also composed of
ceramic and Kova alloy. A pixel chip was mounted on the
ceramic pedestal and electrically connected to it using gold
wire. The information transmission and power supply of
the pixel chip were connected to the external environment
through 24 pins on the ceramic pedestal.

The manufacturing process of the GMCP involved the
use of lead bismuth silicate glass in a process similar to
the microchannel plate manufacturing process. The steps
included drawing the fiber, stacking multiple fibers, sin-
tering the multifiber array, grinding and polishing, chemi-
cally etching the microchannel holes, hydrogen reduction
to reduce the bulk resistance, and steam plating metal alloy
electrodes with good adhesion and conductivity on the two
end faces [24-26]. The structure of the GMCP was simi-
lar to that of a thick gas electron multiplier (THGEM) [28],
but the insulator in the middle consisted of lead bismuth
silicate. The electrodes on both sides were NiCr alloys, and
the electrode penetration channel depth was 25-30 ym, as
shown in Fig. 6. The diameter of the GMCP was 25 mm,
the thickness was approximately 400 ym, the hole diameter
was 50 um, the holes were arranged in a regular triangle, the
hole spacing was 60 ym, and the bevel angle of the holes
was 0°. The GMCP underwent a hydrogen reduction pro-
cess for the lead bismuth silicate, with a bulk resistance of
approximately 5 G2, which allowed the release of accumu-
lated charges to eliminate the charging-up effect and improve
the short-term gain stability of the GMPD. Compared with
a THGEM, the GMCP had a smaller hole spacing, which

60 pm

(b)

50 pm N

400 pm

Fig.6 (Color online) a, b Schematics of the GMCP, ¢ picture of the
GMCP, and d microscopic image of the GMCP

@ Springer
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improved the position resolution of the detector and the abil-
ity of the GMPD to detect polarized X-rays. Although, the
hole spacing of the GEM could reach dozens of microm-
eters, the outgas rate of its insulator material was higher than
that of the GMCP, which was not conducive to long-term
working stability.

The encapsulation process of the detector is as follows:

(1) The GMCEP is installed in the metal ceramic tube, and
the stress of the GMCP support ring deformation is
used to extrude and fix the GMCP.

(2) The Topmetal-II chip is fixed to the ceramic base using
conductive glue, and gold wire is used to complete the
electrical connection between the chip and ceramic
pedestal.

(3) Laser welding technology is used to connect the cath-
ode to the metal ceramic tube.

(4) Laser welding technology is used to connect the metal
ceramic tube to the ceramic pedestal.

(5) In a vacuum environment, the assembled detector is
heated for up to 5 days at a temperature of 100 °C.

(6) The detector is filled with the working gas, and ultra-
sonic welding technology is used to seal the copper

pipe (Fig. 7).

The gap between the cathode and GMCP of the detec-
tor formed a drift zone with a height of 14 mm; the gap
between the GMCP and anode formed an induction zone
with a height of 4 mm. The effective detection area of the
detector was 6 mm X 6 mm. The gas tightness of the gas
detector was measured using a helium leak detector with a
gas leakage rate of < 10712 Pa-m?®s~\.

4 GMPD performance

The working gas of the detector was a mixture of Ne and
dimethyl ether (DME). The smaller atomic mass of Ne
allowed the photoelectrons to travel longer distances in the
gas. These longer tracks could be easily and more accurately
reconstructed, resulting in a better polarimetric response.
Because diffusion leads to track blur, limiting the abil-
ity to reconstruct the direction of photoelectron emission,
DME with a low lateral diffusion coefficient was used as
a quencher. In general, the angular distribution of Auger
electrons is not modulated by X-ray polarization. Thus, the
operating energy range was at least twice the K absorption
edge limit. A low-Z gas mixture was preferable because the
Auger electron energy is larger for higher Z atoms. In the
Ne-DME mixture, the energy of the Auger electron was very
low compared to the energy of the photoelectron. Therefore,
the detector was filled with Ne and DME mixtures with dif-
ferent proportions, using a gas pressure of one atm.

@ Springer

Fig.7 (Color online) X-ray polarization gas detector assembly photo.
a Beryllium window and support frame; b GMCP; ¢ Topmetal-II
chip bound to the ceramic pedestal; d GMCP mounted in the metal
ceramic tube housing; e assembled X-ray polarized gas detector; and
f two gas detectors mounted on a printed circuit board

To characterize the detector’s performance, it was meas-
ured using radioactive >Fe to produce an X-ray of 5.9 keV.
A collimator was placed in front of the detector, and the
beam was aligned to illuminate the central area of the detec-
tor. Figure 8 shows the two-dimensional photoelectron track
diagram obtained by the GMPD under different gas mix-
tures, with the X and Y axes showing the coordinates of the
image pixels, where the pixel size was the same as that of
the actual Topmetal-II chip. The chromaticity of each pixel
was proportional to the amount of charge, and the track
length was approximately 1 mm. The key to measuring the
polarization information of X-rays is obtaining a clear pho-
toelectron track and reconstructing the photoelectron direc-
tion and photon absorption point. Using these tracks, it was
possible to determine the direction of the photoelectron by
judging the characteristics of the Bragg peak at the end of
each track, which allowed well-defined separation between
the start and end points. A comparison of the tracks under
working gases with different proportions made it clear that
the tracks became clearer as the DME proportion increased.
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Fig.8 (Color online) Two-dimensional photoelectron tracks from
5.9 keV X-rays in different gas mixtures. The tracks of a, b, ¢, d
and e were obtained in 90%Ne+10%DME, 80%Ne+20%DME,
70%Ne+30%DME, 60%Ne+40%DME, and 50%Ne+50%DME,

Figure 9 shows the energy spectra of the 5.9 keV X-rays
in the operating gas of 50%Ne+50%DME. During the data
processing, the noise threshold was 5% in the background,
and the energy of each event was the sum of all the pixel
values after noise removal. The peaks were fitted using the
Gaussian function with an energy resolution of 45.42%
(FWHM). Based on these results, it appears that the detector
had some difficulty resolving photons at 2 keV compared to
those at 6 keV. Our energy resolution was more than double
those of energy spectrum measurements by other teams [8].
It was mainly the low readout rate of the Topmetal-II chip
and non-uniformity of the pixels that led to spectral degra-
dation. The pixel signal was read using a row and column
sweep method, and the amplitude was the only output when
the pixel was scanned, causing an attenuation of the output
with respect to the true value. Moreover, the degree of signal
attenuation per pixel was inconsistent, with significant dif-
ferences. In our previous work, we provided a more detailed
description of the reasons behind the poor energy resolu-
tion of the detector [22]. In addition, some of the multiplied
electrons drifted to the anode, while other electrons were
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respectively. The dark pixels in the tracks were due to rapid pixel
decay, which caused the pixel amplitude value to decay to the base-
line level
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Fig.9 (Color online) Pulse height distribution measured when
the detector is exposed to a 5.9 keV X-ray source, the result-
ing energy resolution is 45.42% (FWHM). The working gas is
50%Ne+50%DME at 1 atm. The voltage difference of the GMCP is
1260 V, and the drift and induced electric fields are 2 kV/cm and 2.5
kV/cm, respectively. The effective gain is 2100
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collected by the bottom electrode of the GMCP. To over-
come the poor energy resolution of the GMPD, we plan to
read the signal from the bottom electrode of the GMCP as
the energy measurement.

A graph of the gain curves of the GMCP in different
gas mixtures is shown in Fig. 10. The maximum effective
charge gain corresponded to the occurrence of a discharge.
With increasing voltage, the gain of the GMCP increased
exponentially. Increasing, the DME ratio of the working gas
required the application of a higher voltage to the GMCP to
obtain the same gain. In addition, the maximum effective
gain decreased with an increase in the DME ratio. While,
increasing the proportion of DME could narrow the photo-
electron track, the maximum effective gain that the detector
could achieve decreased.

A gas detector’s effective charge gain is greatly influenced
by the electric field in the drift region. As shown in Fig. 11,
the effective gains of the different gases increased rapidly
with the drift electric field and then slowly decreased.
Because the drift electric field was relatively small, electrons
were more likely to be adsorbed by the gas or neutralized by
ions. When the drift electric field was large, electrons in the
drift area moved downward to obtain higher kinetic energy,
and they were more likely to reach the upper surface of the
GMCP. Therefore, a suitable drift electric field increased the
likelihood of an ionized electron drifting to a GMCP hole,
resulting in good detector performance. As the proportion
of DME increased, the suitable drift electric field rapidly
increased.

A study of the detection efficiency of a GMPD has been
carried out with a simulator [28]. The detection efficiency
is one of the parameters that determine the sensitivity of a
polarimetric detector. When convolved with the transparency
of the Be window, this geometric of the GMPD provided an
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Fig. 10 (Color online) Effective gains as functions of the voltage
across the GMCP electrodes for different gas mixtures with various
proportions of Ne and DME
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overall peak detection efficiency of more than 25.1% at 2.6
keV, which dropped to approximately 1.28% at 10 keV, as
shown in Fig. 12.

5 GMPD operating stability

The LPD measures GRBs, where the X-ray intensity of a
GRB suddenly increases for a short period of time and then
rapidly decreases. Therefore, the response of the detec-
tor to the counting rate was investigated, while consider-
ing the charging-up effect of the GMCP on the detector.
In this experiment, an X-ray tube was used as a particle
source, and its current was adjusted to produce X-rays with
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Fig. 12 (Color online) Detection efficiency as a function of energy.
The calculation assumed 14 mm of 50%Ne+50%DEM at 1 atm, and a
Be window of 100 ym
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different intensities. A collimator was placed directly above
the detector to control the divergence angle of the photons.
The collimator had a depth of 2 cm and diameter of 3 mm.
In the beginning, the X-ray intensity level was relatively
high, and the detector counting rate reached 140 counts/s/
mm?. The detector gain remained stable after approximately
8 h of measurements, as shown in Fig. 13. The GMCP
gain remained stable when the counting rate was reduced
from 140 counts/s/mm? to 60 counts/s/mm?. The GMCP
gain remained stable for several subsequent reductions of
the detector counting rate. The final detector counting rate
increased from 2.0 counts/s/mm? to 130 counts/s/mm?, and
the GMCP gain did not change significantly. Based on the
measurement results, the gain of the detector remained
constant in different counting rate environments. This was
because of the GMCP’s inherent bulk resistance, which
eliminated charging-up effects. The LPD’s insensitivity to
the counting rate makes it suitable for measuring transient
sources such as GRBs.

When operating in future space orbits, the LPD will
require frequent switching on and off, or changes to the
operating voltage, making it necessary to monitor the gain
of the detector over time. Immediately before measurement,
the operating voltage of the detector is turned off, and the
detector is left to stand for more than 24 h to clear the accu-
mulated charge, stabilizing and initializing the system. As
shown in Fig. 14, the gain of the detector did not change
significantly over 5 h, and the gain stability was better than
5%. This was because of the bulk resistance of the GMCP,
which prevented charge accumulation on the insulation layer
surface and maintained a constant multiplied electric field.
As a result, the detector was free from charging-up effects
and exhibited good short-term operational stability.
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Fig. 13 (Color online) Curve of the detector gain with the counting
rate. The working gas is 50%Ne+50%DME at 1 atm
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Fig. 14 (Color online) Relative gain of the detector over time after
an initial increase in the operating voltage. The working gas is
50%Ne+50%DME at 1 atm

To investigate the long-term stability of the GMPD, we
filled the detector with a 90%Ne+10%DME mixture at a gas
pressure of 1.1 atm. The detector’s gain and energy resolu-
tion were monitored over the course of more than a year, and
there was no evidence that they were deteriorating. When the
detector was not in use, it was stored in a laboratory envi-
ronment. This method excluded serious gas leaks and gas
mixture contamination. The gain gradually increased, and
the energy resolution slowly decreased during the first 150
days after filling it with the working gas, but after 150 days,
it became more stable. In our initial assessment, we assumed
that the small changed in the previous period could have
been a result of a trace material exchange between the detec-
tor material and mixed gas after the detector was filled with
the working gas, resulting in a stable state within 150 days
of the detector being filled with the working gas. In addition,
the stability of the detector lasted for longer periods of time
depending on the curve change trend. Figure 15 displays a
distinct behavior in comparison to Fig. 13, because the gain
in the initial measurements showed an increase, which could
be attributed to the utilization of a different gas mixture. In
this context, it is necessary to consider the long-term trends
of the gain and energy resolution. Conducting further tests
on the gain behavior using various additional gas mixtures
will aid in identifying the cause of this phenomenon.

As the LPD performs sky patrol observations following
the Chinese Space Station (CSS), it is exposed to both direct
solar irradiation and no solar irradiation, leading to changes
in the probe temperature. Hence, we conducted a study on
the detector gain’s response to temperature by subjecting the
detector to different temperature environments and measur-
ing its gain. Referring to Fig. 16, it can be observed that the
detector gain remained relatively stable within the tempera-
ture range of 20—40°C. This was because the detector cham-
ber was sealed, and the working gas density in the chamber
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Fig. 16 (Color online) Response curve of the detector gain to temper-
ature. The working gas was 50%Ne+50%DME at 1 atm

remained constant at different temperatures. Therefore, the
number of molecules per unit volume of gas did not change,
and the gain of the detector remained stable despite changes
in temperature. The temperature control requirement for
future detectors operating in orbit could be estimated to be
30°C +10°C.

6 Polarimetry
The working gas when measuring the X-ray polarization of

the GMPD was 50%Ne+50%DME, with a gas pressure of
1 atm. To reduce the transverse diffusion coefficient of the

@ Springer

working gas, a gas mixture containing a large proportion
of DME was chosen. However, as the proportion of DME
increased, the highest effective charge gain of the detector
decreased, the signal-to-noise ratio decreased, and the pho-
toelectron tracks became blurry, which adversely affected
the sensitivity of the GMPD during polarized X-ray detec-
tion. Additionally, as the proportion of DME increased, the
negative high voltage requirements of the detector increased,
and if there was a discharge, it was easier to damage the
detector device, increasing the safety risks. The working gas
for IXPE’s GPD detectors is pure DME, and they have an
energy resolution of ~17% (FWHM) when measuring 5.9
keV X-rays [14]. The energy resolution of GMPD detectors
is approximately twice that of GPD detectors. Hence, this
poor energy resolution was not due to gas mixture, but was
mainly caused by the need for improved Topmetal-II pixel
chips.

To characterize the detector’s ability to measure polar-
ized X-rays, based on the equipment described by Muleri
et al. [29], we constructed a fully polarized X-ray source in
the laboratory, which mainly consisted of X-ray tubes and
crystals that could generate fully polarized monochromatic
X-rays by Bragg diffraction. The anode material of the X-ray
tube was titanium, and the crystal material was LiF (100).
This X-ray source generated polarized X-rays with an energy
of 4.5 keV, and based on the energy of the X-rays and infor-
mation from reference [29], the polarization degree of the
diffracted X-rays could be derived to be 99.19%. The spec-
trum of crystal diffraction was acquired using an Amptek
XR-100 SDD X-ray detector, with an energy resolution of
153 eV FWHM at 5.9 keV. The diffraction angle was esti-
mated based on the energy of the diffracted X-rays. A Rui-
shikeni RS130A CCD imager with 1280 x 1024 pixels array
(pixel dimensions of 5 pm X 5 pm), was used to image the
polarized beam. As shown in Fig. 17, X-rays that satisfied
the Bragg diffraction condition exhibited a Bragg arc on the
imager. Such an X-ray source produced a polarized X-ray of
4.5 keV. To produce the unpolarized X-ray source, radioac-
tive »Fe was used to produce an X-ray with an energy of
5.9 keV.

To determine the polarization information of an X-ray,
we needed to screen and reconstruct the photoelectron tracks
obtained. Three factors were considered when screening
these tracks: (1) tracks that hit a total of less than 25 pix-
els were removed because the photoelectrons were emitted
almost perpendicular to the detector plane; the initial part of
the track was easily confused with other parts, making the
reconstruction of the photoelectron emission angle difficult.
(2) The tracks where only partial information was retained
were also discarded because they were not precisely recon-
structed. There were two reasons for removing these tracks.
The first was that the Topmetal-II chip utilizes a row scan
readout method, and some pixels will have already been
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Fig. 17 (Color online) Image obtained with the CCD imager of the
photons generated with the polarized source

scanned and read when the track signal reaches their sur-
face. The second was the projection of photoelectrons onto
the edge of the Topmetal-II chip. (3) An event with two or
more independent charge clusters was also discarded. These
events were likely to occur when multiple photoelectron
tracks arrived simultaneously at the Topmetal-II chip. As
a result, approximately 40% of the events were discarded
from the analysis. Track reconstruction was carried out to
determine the direction of photoelectron emission and the
point of photon absorption, as shown in Appendix 1.

The histogram of the photoelectron emission angle meas-
ured with 4.5 keV polarized X-rays is shown in Fig. 18. The
modulation curve was obtained by fitting Eq. (2), and the
modulation factor was calculated to be 41.28% with a statis-
tical error of + 0.64% using Eq. (3). The modulation factor
is the response of the detector to the degree of modulation
of the fully polarized X-ray. It is one of the most significant
parameters of a polarized X-ray detector and directly affects
the detector’s observation sensitivity to the polarized X-ray
source. Based on the measurement results of the GMPD for
polarized X-rays at 4.5 keV, with a detection efficiency of
10.75%, and considering an event residual rate of 60% for
track reconstruction, the quality factor of the GMPD for
4.5 keV X-rays was calculated to be 10.48% using formula
Eq. (7). Bellazzini et al. reported a quality factor of ~11%
for a GPD with a working gas of 50%Ne + 50%DME at 1
atm [30]. Based on the quality factor of the polarimetric
detectors, the sensitivity difference between the GPD and
GMPD detectors was small. Note that the quality factor was
not the same as that for the IXPE, because it was based
on an older detector and different mixture. The polarization
source image was obtained using the reconstructed absorp-
tion points (Fig. 19). The source image on the GMPD was
compatible with the image observed on the CCD, but the
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Fig. 18 (Color online) Modulation curve obtained from 4.5 keV
polarized X-ray measurements in a 50%Ne+50%DME mixture

GMPD image of the spot was larger than that observed on
the CCD. This could be attributed to the low accuracy of the
reconstruction algorithm.

Figure 20 shows the measured modulation curve of 5.9
keV unpolarized X-rays, where the residual modulation fac-
tor was 1.96% with a statistical error of + 0.58%. This could
be used to estimate the residual modulation of the detector
due to systematic effect. This result was beyond the statisti-
cal error limits, with the existence of the modulation. Com-
pared to the results shown in [14], the systematic effect of
this detector was relatively large. Factors that could have led
to this result include the non-uniform gain of the GMCP,
the nonuniformity of the pixels in the Topmetal-II chip, and
the non-uniformity of other structures in the detector. In the
future, we plan to conduct a thorough investigation of the
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Fig. 19 (Color online) Image of the polarized source on the GMPD
with a 50%Ne+50%DME mixture

@ Springer



39 Page12of 14

H.-B. Feng et al.

1200 —

iy PTRRIR /7 0 S T ]
1000 T%

S S5 T T L 1

800— -

R .

S 6001— ]

400[— -

L 2/ ndf 64.09/57| -

- —4data @ 5.9 keV Flat term 988.72 £7.06|

200= o Modulated term ~ 39.44 + 11.63| |

[ 1L(%)=1.96 +0.58 Angle 0.07 £0.15| ]

S O P i ARSI ARSRR

0—3 -2 -1 0 1 2 3

Reconstructed angle ¢ [rad]

Fig.20 (Color online) Modulation curve obtained from 5.9 keV
unpolarized X-ray measurements in a 50%Ne+50%DME mixture

origins of this systematic effect and implement necessary
corrections and calibrations.

7 Summary and outlook

We presented the structure and performance test results of a
GMPD in this paper. The GMPD was the prototype for the
PLD of POLAR-2, which is to be launched from the CSS.
The GMPD used the GMCP as a gas electron multiplier
and the Topmetal-1I pixel chip as a readout anode to collect
multiplied electrons. The GMCP was a detector gas electron
multiplier device, and its short-term stability was better than
5% because of its several-GQ bulk resistance and elimina-
tion of the charging-up effect. The detector gain remained
stable with different operating time periods and counting
rates. Therefore, the detector would be ideal for observing
transient sources where the flux of particles changes rapidly.
At the same time, this would allow the detector to enter a
stable working state after the initial application of the oper-
ating voltage.

As a sealed gas detector, advanced welding techniques were
used to completely encapsulate the GMPD. This resulted in
excellent airtightness and a small leakage rate, which was
< 10712 Pa-m?ss~!. The materials used for the GMPD had low
outgassing rates, and the state of the working gas could remain
stable for a long time, with good long-term working stabil-
ity. After injecting a gas mixture of 90%Ne+10%DME (at 1.1
atm) into the detector, no significant performance changes
were observed over the next 370 days. The detector could
still operate stably for long periods of time in the space envi-
ronment without carrying additional rechargeable gas loads.

@ Springer

Moreover, the detector gain remained relatively stable within
a temperature range of 2040 °C.

Measuring the performance of the detector using X-rays
produced a precise two-dimensional track of the photoelec-
trons, enabling a clear differentiation between the interaction
point, emission direction, and Bragg peak of the track. This is
essential for X-ray polarization measurement. We tested the
detector’s effective gain, energy spectrum, energy resolution,
and other basic properties, and its basic performance response
was similar to those of other MPGDs. The detector operated
with a maximum effective gain of 3000 in a 50%Ne+50%DME
working gas and an energy resolution of 45.42% for X-rays
with an energy of 5.9 keV. We obtained X-ray polarization
information with a modulation factor of 41.28% + 0.64% for
polarized X-rays of 4.5 keV and a residual modulation fac-
tor of 1.96% + 0.58% for unpolarized X-rays of 5.9 keV. The
feasibility of using the GMPD for polarized X-ray detection
was verified.

Because the GMCP + Topmetal structure was first used in
gas polarization detectors, it does not have an optimal perfor-
mance because the detector structure, Topmetal-II chip, work-
ing gas, and photoelectron track reconstruction algorithm have
not been systematically optimized. Therefore, the GMPD per-
formance is poorer than those of GPD detectors reported in the
literature [14]. In the near future, we will primarily reduce the
size of the pixels on the Topmetal-II chip, which is comparable
to the hole spacing on the GMCP. In addition, improvements
in the readout method of the Topmetal-II chip and a reduc-
tion in interpixel inhomogeneities are expected to improve the
energy resolution and position resolution of the gas detector, as
well as its ability to detect polarized X-rays. It is particularly
important to optimize the structure and working gases of the
detector using polarization X-rays of different energies, which
will further improve the detector’s sensitivity.

Appendix 1: Event reconstruction process

(1) First, the barycenter of the track is calculated using the
coordinates (x;, y;) and charge values, p;, (as the weight) of
each pixel in the track. The formula for calculating the coor-
dinates of the barycenter of the track is as follows:

Z?=1 XiPi
e 3
Zi=1pi

), =L VP o)
¢ Z?:lpi

where n represents the number of pixels in the track. In
Fig. 21, the position of the red pentagon labeled “bar-
ycenter" represents the barycenter of the track.
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Fig.21 (Color online) Schematic diagram of photoelectron track
reconstruction

(2) The track direction is determined based on the second
moment. Centering the track in (x,, y..), the second moment
of the charge distribution is calculated as follows:

Yo, il — x) cos(w) + (v; — y.) sin(y)]?

Z?=1 Di

b}

My (y) =

10)
where y is the angle between the track direction and X-axis.
This is used to determine the axis of the charge distribution
of the minimal or maximal extension. When dM /dy = 0, the
angle that maximizes or minimizes M, is obtained [31]. The
maximum and minimum angles (y,,,,, and y,,,;,,, respectively)
are separated by 90°, and they determine the longitudinal
and transverse second moment (shown by the black and blue
lines in Fig. 21, respectively). At this point, y,, ,, defines the
angle between the track direction and X-axis.

(3) Because of the accumulation of Bragg peaks at the tail
of the track, the calculation of the third moment can sepa-
rate the head and tail of the track, determining the half-zone
where the photoelectron interaction point is located. The
third moment is calculated for y,,, as follows:

M3(Wmax)
_ Z?:l pi[(xi - xc) COS(Wmax) + (yi - yc) Sin(wmax)]3

Z?:] pi

an
The distance between each pixel and the (x_, y.) coordinates
is estimated in M, units. Pixels that have a distance sign dif-
ferent from that of M;(yr,,,) are removed, which are within
the region where the photoelectron Bragg peak is located.

Next, we calculate the distance, /;, from the barycenter
to the pixel point (x;, y;) within the head zone of the track.

b= 0= 502 + 0y =3P (12)

Then, we find the maximum value, /., among the /; values.
Draw two semicircles with the barycenter as the center in the
head zone of the track, with radii of R and R,. The formulas
to calculate R, and R, are as follows:

R, =12[_,,, (13)

R2 qumax’ (14’)

where g € [0, 1]is a variable that can be adjusted, and the
actual parameters used were obtained after several rounds
of empirical testing. The pixels in the annular region are
preserved as the head of the track.

(4) The charges of the pixels are then used to estimate
M, for the remaining head of the track. The new barycenter
is shown in Fig. 21 as the “interaction point," which is the
position of the asterisk, and it is the algorithm’s estimate of
the interaction point. The new track direction is illustrated
in red in the diagram, while the arrow indicates the emission
direction of the photoelectron 2D projection obtained via the
algorithm [32].
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