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Fig. 1  Schematic diagram of photoelectrons produced by

photoelectric effect between photons and matter
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Table 1 Physical properties of commonly used gases under

normal temperature and pressure conditions

Gas  Zuw A p/(mg/cm®) Ey/eV E,/eV W,/eV
He 2 2 0.179 19.8 24.6 41
Ne 10 20 0. 839 16.7 21.6 37
Ar 18 40 1.66 11.6 15.7 26
Xe 54 131 5.495 8.4 12.1 22
CH, 10 16 0.667 8.8 12.6 30
CH, 34 58 2,49 6.5 10.6 26
CO, 22 44 1.84 7.0 13.8 34
CF, 42 88 3.78 10.0 16.0 54
DME 26 46 2.20 6.4 10.0 24
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Fig. 2 Geant4 simulation model of polarimetric photoelectric process, and particle track simulation results for 2 keV photons entering

into 1 cm-thick 90%Ne-+10%DME gas mixture. (a) Geant4 simulation model of polarimetric photoelectric process; (b) view 1

of simulation results; (¢) view 2 of simulation results; (d) view 3 of simulation results
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Fig. 3 Projection of position information of the first "step" of each photoelectron on XY plane for 2 keV photons entering into 1 cm-

thick 90%Ne+10%DME gas mixture.

(a) Incident photon polarization direction is along X-axis; (b) incident photon

polarization direction is along Y-axis
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Fig. 4 Projection of position information of the first "step" of each photoelectron on XY plane for photons with different energies

entering into 1 cm-thick 90% Ne+10%DME gas mixture (incident photon polarization direction is along X-axis). (a) 2 keV;
(b) 3keV; (c) 4 keV; (d) 5 keV
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B R X 2 e R AT A B T AR SR
Bt — g DR 0 4550 2 R0 S H - 4R 30 R Oy T R AT B R AR
SCANAE BN R Ty T 24T T8, SE PR 1 B A R 45
BAM P BT E R . %GR TR RO
AR 6 KL A0 R S A R i, DA T A 5 R Rk 0 T
BOR A ARSI M AR R AT X e AR I A, A
B4 A 38 A ) T 2 BHE Y H 7 B S O e R Ok g D
BT 80, — Mk Bl T h i B R BN T
YES 4, 6 DME .CF,.CO, %™

5 4 1w
AR EPBRF Geantd ) T 2~10 keV
A Bk X I 2606 T A JLFN A TAE SR i e i

R, B 7Ot T S AL E T A A S AT
O P 77 170 BE 8t 22 (6] f) IR RO O A% o O AL A9 HE O 1)

TEASSG T 4R 5 ) b 60 70 A R de e, EL SO
T 0 @ o A3 AT AT Bl O AR 5X P J5 PR A Ol T R R R
I, 25 1 2O L 7 T BIOA [R] it B8 st s/, (LA 52 B 1
Ti LA 9 0 8w (— ) IF A AR OR R S8 H LA . e Sh
BRI AL TR R R R R R B T
G 7 RE 2t X 0 R0 A S e RLARE . AR R R R
2 ST P BOBOR RN AR M o O TRERE R &
S BRI R AR AR, 106 T i Xe B0 Ar 2R TAES
A, 2T RE R R TR 7SR B T4 G RN, i T AR R 52
2B T IR B SRR — E R PR
AR SCTAR Dy X 4R D i 2 00 45 1) &5 4 i it 17— 58
F18) RV MR 30 0K SZFF S B e 4% AR A I ik R 2
AT R T R R, B RO T A YT B
LA 0 KL 440 R R B 0 S I, D % AR R AR ) T A

0334003-5



$Fd44%EF

3HA/2024 £ 2 B/HZFER

i —=—90%CF,+10%C H,, : —=— 90%Ne-+10%CF,
-2; 3'3 [ —+—10%CF,+90%C H, g 081 —+— 10%Ne+90%CF,
2o,

20.6
Zost
£04}
£ 03| g
2021 —=—090%Xe+10%CO, 2
2 01F ——10%Xe+90%CO, 2 0
] 0 . T . ] o T
1234567891011 4 5 67 8 9 10 11 1 4 5 67 8 9 10 11
Energy /keV Energy /keV Energy /keV
1.0 1.0 1.0
BAE= 5 =
@DE ool —90w%Ne+10%DME | P 0.9 ——90%Ar+10%CO, DE o9l —+— 90%DME+10%C0,
£08f —o— 10%Ne+90%DME £08; —e— 10%Ar+90%CO, £08/ —+— 10%DME+90%CO,
0.7t 0.7} 8ot
£0.6[ £0.6¢ 206t
o5} 05¢ 05¢
041 £ 0.4} 040
[<M] <5} [}
£ 03] £ 031 £ 03}
Sosaf Sosat Sozaft
201} 2011 201t
g 0 a o g O
12 345 67 8 9 1011 1 12 345 67 8 9 1011
Energy /keV Energy /keV
@2 L0 @4 050 OF:
§ 0.9} ——90%Ar+10%CH, |~ § 0.45} —=—90%He+10%C,H, g Lol I 90%-+10%
< 0.8} —e— 10%Ar+90%CH, < 0.40+ —e— 10%He+90%C H =T I 10%+90%
Zo.7} £ 0.35¢ i
> | Sy = 0.8+
g 0.6 g 0.30+ g
o5t 2 0.25} go06f
£ 0.4} £ 0201 §04
<] 2T
203} 0.15¢ 4
.80.2- .80.10- .802_
0.1 M o 0.05f 2
© 0 L s L L I @ 0 T\!\k @ 0
% 12345 67809101 2 1234567891011 = ow«ng&owow»«zw
Energy /keV Energy /keV Q @0 QQ © QO &
A?' é&u é @ Bves
B9 ST U AL em JEAS ] L 6 IR A A0 B % T g 1 0 8 DU &% 2 109 52 . (a) Xe+CO,; (b) CF,+C,H,; (¢)Ne+CF,; (d) Ne+

Fig. 9 Effect of photon energy on detection efficiency for photons entering into 1 cm-thick gas mixtures with different ratios.

(1]

(3]

(5]

DME; (e) Ar+CO,; (HDDME+CO,; (g) Ar+CH,; (h)He+C,Hg; (1) 2 keV e F oA 1T em A FIE A

AR SRR TR > B2

ERSEARIIEYES AL

CO,; (b) CF,+C

(a) Xe+

Hy; (¢) Ne+CF,; (d) Ne+DME; (e) Ar+CO,; (f) DME+CO,; (g) Ar+CH,; (h) He+C;Hy; (i) effect of gas

volume fraction on detection efficiency for 2 keV photons entering into different gas mixtures with thickness of 1 cm

o

4

£ x W

Rees M J. Expected polarization properties of binary X-ray
sources[J]. Monthly Notices of the Royal Astronomical Society,
1975, 171(3): 457-465.

Vurm I, Beloborodov A M. Polarization of
gamma-ray bursts in the dissipative photosphere model[J]. The
Astrophysical Journal Letters, 2018, 856(2): 145.

FERY, R, AR, SF I TP 2D A0 R Y i TR OK DR
HE T HA RN P EROE, 2022, 49(19): 1910004,

LiY S, Zhao H J, Li N,
covered in Sun glint based on mid-infrared polarization[J].
Chinese Journal of Lasers, 2022, 49(19): 1910004.

Weisskopf M C, Silver E H, Kestenbaum H L, et al. A
precision measurement of the X-ray polarization of the Crab

Lundman C,

et al. Detection of marine targets

Nebula without pulsar contamination[J].
Journal Letters, 1978, 220: L117-1.121.
Kestenbaum H L., Cohen G G, Long K S,
crystal X-ray spectrometer on OSO-8[J].
Journal Letters, 1976, 210: 805-809.

The Astrophysical

et al. The graphite
The Astrophysical

(6]

(7]

[10]

[11]

0334003-6

Costa E, Soffitta P, Bellazzini R, al. An efficient
photoelectric X-ray polarimeter for the study of black holes and
neutron stars[J]. Nature, 2001, 411(6838): 662-665.

Feng H, Bellazzini R. The X-ray polarimetry window reopens
[J]. Nature Astronomy, 2020, 4(5): 547.

Sgro C. The imaging X-ray polarimetry explorer (IXPE) [J].

et

Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers,
Equipment, 2019, 936: 212-215.
Zhang S N, Santangelo A, Feroci M, et al. The enhanced X-
ray Timing and Polarimetry mission: eXTP[J]. Science China
Physics, Mechanics &. Astronomy, 2019, 62(2): 29502.
Kitaguchi T, Black K, Enoto T,

photoelectron track reconstruction method for photoelectric X-

Detectors and Associated

et al. An optimized
ray polarimeters[J]. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, 2018, 880: 188-193.

Depaola G O,

range: new simulation method for gaseous detectors[J]. Nuclear

Longo F. Measuring polarization in the X-ray

Instruments and Methods in Physics Research Section A:

Accelerators,  Spectrometers, Detectors and  Associated




a4 % F3H/2024 £ 2 B/FER

Equipment, 2006, 566(2): 590-597. [18] Wang S, JiJF, Han D, et al. Simulation of photoelectric X-ray
[12] Strohmayer T E. X-ray spectro-polarimetry with photoelectric polarimetry and reconstruction of the photoelectron azimuthal

polarimeters[J]. The Astrophysical Journal Letters, 2017, 838 angle[J]. Chinese Physics C, 2013, 37(3): 036002.

(1): 72. [19] Huang X F, Liu H B, Zhang J, et al. Simulation and
[13] Markus G, Klaus D, Jochen K, et al. Development of a GridPix photoelectron track reconstruction of soft X-ray polarimeter[J].

X-ray polarimeter[J]. Journal of Physics: Conference Series, Nuclear Science and Techniques, 2021, 32(7): 67.

2022, 2374(1): 012148. [20] Zhang J, Cai X C, Huang Y B, et al. Simulation of a Xe-based
[14] TIwakiri W B, Black J K, Cole R, et al. Performance of the X-ray polarimeter at 10-30 keV[J]. Journal of Instrumentation,

PRAXyS X-ray polarimeter[J]. Nuclear Instruments and 2022, 17(4): P04003.

Methods in  Physics Research Section A: Accelerators, [21] Bellazzini R, Brez A, Costa E, et al. Photoelectric X-ray

Spectrometers, Detectors and Associated Equipment, 2016, polarimetry with gas pixel detectors[J]. Nuclear Instruments and

838: 89-95. Methods in Physics Research Section A: Accelerators,
(151 Adhdi, WA, 25 U, 45 . 1 0% 0 il iy £ ds 4 D00 &k B¢ Spectrometers, Detectors and Associated Equipment, 2013,

ARWEFESNT B HAE[T]. 2240, 2022, 42(2): 0212003, 720:173-177.

Shi JJ, Hu Y D, Li M F, et al. Research and accuracy [22] Sharma A. Properties of some gas mixtures used in tracking

verification of linear polarization measurement technology based detectors[EB/OL]. [2023-06-05]. https://www. slac. stanford.

on spectral modulation[J]. Acta Optica Sinica, 2022, 42(2): edu/pubs/icfa/summer98/paper3/paper3.pdf.

0212003. [23] Workman R L., Burkert V D, Crede V, et al. Review of particle
[16] R, 47605, Wipe st 45 . o3 [a) & il 75 0w 3 K6 00 5% AR AF 58 31 physics[J]. Progress of Theoretical and Experimental Physics,

AR B R T]. S, 2023, 43(17): 1712004, 2022, 2022(8): 083C01.

Gao C, Weng J Y, Cao X Y, et al. Research statues and [24] Carlson T A. Photoelectron and auger spectroscopy[M]. New

prospects of spatially modulated polarimetry[J]. Acta Optica

York: Plenum, 1976: 337-343.

Sinica, 2023, 43(17): 1712004. [25]
[17] ZRAAR, BRAS . A4 X 4 I & 1 A0 B 1 B A 45 O X

(V] WOle 5 72, 2022, 59(7): 0700003.

Gong J W, Chen B. Core devices and coupling modes of indirect

Li Z L, Feng H B, Huang X F, et al. Preliminary test of
topmetal-Il sensor for X-ray polarization measurements[J].
Nuclear Instruments and Methods in Physics Research Section

A: Accelerators, Spectrometers, Detectors and Associated

X-ray detectors[J]. Laser & Optoelectronics Progress, 2022, 59 Equipment, 2021, 1008: 165430.

(7): 0700003.

Simulation of Polarimetric Photoelectric Process in X-Ray Polarization
Detector

Zheng Renzhou, Qiang Pengfei’, Sheng Lizhi~, Yan Yongqing
State Key Laboratory of Transient Optics and Photonics, Xi'an Institute of Optics and Precision Mechanics,
Chinese Academy of Sciences, Xi'an 710119, Shaanxi, China

Abstract

Objective

sources such as black holes, pulsars, and related gamma-ray bursts. The development of X-ray polarization detectors with

X-ray polarization detection is an important means to study the astrophysical properties of intense X-ray

excellent performance is the technical basis for related research. Early X-ray polarization detectors were mainly Thomson
scattering polarimeters and Bragg polarimeters. However, due to the low modulation factor and narrow detection energy
range, the ideal polarization measurement results were not obtained. In 2001, Costa ez al. proposed a new way of X-ray
polarization detection using the photoelectric effect, in which the X-ray polarization information was obtained by imaging
the photoelectron track produced by X-ray photons through a gas detector. The polarimetric photoelectric process is the
key physical process for the detector to realize polarization detection. It is of great significance to clarify the photon-gas
interaction process and the distribution law of emitted photoelectrons for further understanding the working mechanism of
the detector. The polarimetric photoelectric process is an important research content in the development of this type of X-
ray polarization detector. Different types of gases have various properties, which will affect the particle transport in the
polarimetric photoelectric process and further leads to different detection efficiencies. Therefore, it is necessary to simulate
the polarimetric photoelectric process under different conditions. This can provide a theoretical basis and data support for

the structure design of X-ray polarization detectors.

Methods
commonly used working gases by the Monte Carlo code Geant4. The selected working gas combinations include He—+
C,Hg, Ne+CF,, Ne+DME, Ar+CH,, Ar+CO,, Xe+CO,, CF,+C,H,,, and DME+ CO,. The response relationship

We simulate the polarimetric photoelectric process of 2-10 keV linearly polarized X-ray photons in several
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of the emission position and azimuthal angle distribution of photoelectron with the polarization direction and energy of the

incident photon is discussed. Moreover, the effects of gas thickness, gas component, gas ratio, and photon energy on the

detection efficiency are analyzed.

Results and Discussions First, the response relationship of the emission position and azimuthal angle distribution of the
photoelectron with the polarization direction and energy of the incident photon is clarified. The emission direction
distribution probability of the photoelectron is the largest in the polarization direction of the incident photon, and the
azimuthal angle distribution can be approximated as a cosine squared function. With the increase in photon energy, the
counts of photoelectrons at each angle decrease in different degrees, but all of them show a statistical law that the
maximum values occur when the azimuthal angle is 0 or = (— =) (Fig. 6). Moreover, the effects of gas thickness, gas
component, gas ratio, and photon energy on the detection efficiency are revealed and quantified. For 2 keV photons
entering into 90% Ne+10%DME gas mixture, when the gas thickness is small, the detection efficiency increases rapidly
with the increase in gas thickness, from less than 0. 1 at 0. 1 cm to 0. 64 at 1 cm (Fig. 7). When the gas thickness increases
to 3 cm, the detection efficiency is greater than 0.9. Then, with the increase in gas thickness, the detection efficiency
gradually approaches 1. For the CF,+C,H,, Ne+CF,, Ne+DME, DME-+CO,, and He+C,H;, the detection
efficiency decreases with the increase in photon energy, and the large average atomic number of gas can lead to a high
detection efficiency (Fig. 8). While for the Xe+CO,, Ar+CO,, and Ar+CH,, when the photon energy is greater than
the binding energy of certain shell electrons of Xe or Ar atoms, the detection efficiency will be improved to a certain extent
because the corresponding shell electrons begin to be ejected. In addition to the Ar+CO, which is affected by the electron
emission in K-shell, the detection efficiency in each energy range can be effectively improved by increasing the proportion

of gas with high atomic number (Fig. 9).

Conclusions We simulate the polarimetric photoelectric process of 2-10 keV linearly polarized X-ray photons in several
commonly used working gases by the Monte Carlo code Geant4. The response relationship of the emission position and
azimuthal angle distribution of the photoelectron with the polarization direction and energy of the incident photon is
clarified. The emission direction distribution probability of the photoelectron is the largest on the polarization direction of
the incident photon, and the azimuthal angle distribution can be approximated as a cosine squared function. With the
increase in photon energy, the counts of photoelectrons at each angle decrease in different degrees, but all of them show a
statistical law that the maximum values occur when the azimuthal angle is O or = (— ). Moreover, the effects of gas
thickness, gas component, gas ratio, and photon energy on the detection efficiency are revealed and quantified. The larger
gas thickness and larger average atomic number can lead to higher detection efficiency. In addition, the increase in photon
energy can result in a decrease in detection efficiency. However, for the working gases composed of Xe or Ar, when the
photon energy is greater than the binding energy of a certain shell electron, the detection efficiency will be improved to a
certain extent because the corresponding shell electrons begin to be ejected. The results in this paper can provide some
theoretical basis and data support for the structure design of X-ray polarization detectors. In the actual selection of working
gases, the drift properties of electrons in gases, the effect of photoelectron drift and diffusion on track thickness and length,

and the reconstruction efficiency of the track reconstruction algorithm should also be considered.

Key words X-ray optics; X-ray polarization detection; gas detector; polarimetric photoelectric process; detection efficiency
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