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This paper presents an apparatus designed for the generation of polarized X-rays utilizing
crystal Bragg diffraction techniques, which produces polarized X-rays energies within the
range of 4-10 keV, facilitating the calibration of detection efficiency, energy resolution, polar-
ization degree, and other parameters pertinent to polarized X-ray detectors. The apparatus
comprises of a radiation source, a diffractive crystal, a rotating control mechanism, a detector
and other components. High-precision generation of polarized X-rays can be achieved by dif-
fracting through crystals with varying lattice constants at an angle of 45° using an X-ray tube
and a Bragg diffraction apparatus. Monte Carlo simulations were conducted to evaluate air
absorption effects on X-rays at varying energy levels, revealing an optimal measurement dis-
tance of 30 cm. Key metrics such as energy output, flux rate, energy resolution and mono-
chromaticity for the generated polarized X-rays were evaluated through experimental mea-
surements. The polarized X-ray flux rates were measured as: 4.135-106 m=2s-! at 4.59 keV,
2.210-10” m2s7! at 6.39 keV, and 1.958-107 m=2s~! at 10.029 keV. Monochromaticity values
were: 1.48 % at 4.59 keV, 0.96 % at 6.39 keV, and 0.15 % at 10.029 keV. The apparatus is ap-
plicable to ground calibration of astronomical satellite payloads and detector development.
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INTRODUCTION

As a type of electromagnetic wave, X-rays ex-
hibit polarization characteristics and play a crucial role
in various fields, including astrophysics [1], nuclear
physics research [2], and fluorescence imaging [3].
Consequently, polarized X-ray detection has garnered
sustained interest in recent decades [4]. Scholars
worldwide have conducted extensive investigations to
advance this field. Polarized X-rays are employed to
probe celestial structures, including low-frequency
quasi-periodic oscillations [5], black hole spin dynam-
ics [6], rotation direction predictions of isolated elec-
tromagnetic silent pulsars [7], high-energy polarized
particle beams with elevated polarization levels [8],
and so on. Energetic particles in the remnants of young
supernovas and pulsar wind nebulae can produce
X-rays by synchrotron radiation, thus measuring the
polarization of this radiation aids in revealing mag-
netic field properties within particle acceleration re-
gions, thereby facilitating studies on particle accelera-
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tion mechanisms [9]. The gas pixel detector (GPD)
aboard China's Aurora Project satellite is capable of
efficiently detecting photoelectrons on a 2-D plane,
measuring X-ray polarization with high sensitivity,
and monitoring variations in the pulsar's magnetic
field through shifts in polarization [10]. China, Swit-
zerland, Poland, and other nations collaborated to de-
velop a specialized space detector for measuring the
instantaneous radiation polarization of gamma-ray
bursts: the gamma-ray polarization detector (PO-
LAR). The Tiangong-2 spacecraft was equipped to
perform high-precision polarization measurements of
gamma-ray bursts within the 50-500 keV energy
range, thereby constraining or validating models re-
garding the mechanisms behind gamma-ray bursts
[11, 12]. A next-generation gamma-burst polarization
detector (POLAR-2) is currently under development,
with a planned launch around 2025. This will include
the addition of a low-energy polarization detector
(LPD), which will employ a gas-based polarization
detection method for measuring the polarization of
soft X-rays within the energy range of 2-10 keV [13,
14]. China's enhanced X-ray timing and polarimetry
(eXTP) satellite, scheduled for launch in 2027, will



G. Liu, et al., Assessment of the Flux and Monochromaticity Characteristics of a ...
252 Nuclear Technology & Radiation Protection: Year 2024, Vol. 39, No. 4, pp. 251-260

carry four observational instruments. The polarization
measuring X-ray focusing telescope array (PFA) is ca-
pable of detecting polarized X-rays within the energy
range of 2-8 keV [15].

Prior to the deployment of the detector, ground-
based polarization calibration is essential to quantify
detector response amplitudes under linear polarized
X-ray irradiation at varying energy levels. Recent
studies have highlighted the influence of external radi-
ation environments, such as solar flares, on beta radia-
tion characteristics [16], this underscoring the neces-
sity of stable and controllable, polarized X-ray sources
for reliable calibration. Consequently, establishing a
facility for the calibration of X-ray polarization is es-
sential. Polarized X-rays can be generated through
methods such as crystal diffraction, synchrotron radia-
tion, inverse Compton scattering, and polarization
converters. The predominant technique involves ob-
taining Monochromatic, linearly polarized X-rays via
Bragg diffraction. As there are a few relevant calibra-
tion facilities in China, this study can supplement the
lack of polarized X-ray generation facilities in China.
In this study, we developed a crystal diffraction-based
apparatus to generate and characterize polarized
X-rays. By employing Bragg diffraction with X-rays
produced by an optical machine on various crystals,
we achieve a stable output of linearly polarized X-rays
within the energy range of 4-10 keV. The apparatus's
performance was systematically evaluated, encom-
passing parameters such as monochromaticity, energy
resolution, detection efficiency, flux rate, among oth-
ers. This study is of significant importance. Bragg dif-
fraction provides a precise and stable method for gen-
erating polarized X-rays, addressing the limitations
associated with the costly use of synchrotron radiation
apparatuses that generate polarized X-rays. Through
this research, professionals in related fields will gain
access to a more economical apparatus for producing
polarized X-rays, thereby facilitating accurate and re-
liable experimental data that can drive technological
advancements in these domains.

THE THEORY OF CRYSTAL
DIFFRACTION

The X-ray are fundamentally electromagnetic
waves. During its propagation, the electric field vector £
and the magnetic field intensity vector H oscillate per-
pendicularly and harmonically to each other, residing on
aplane that is orthogonal to the direction of X-ray propa-
gation, fig. 1 [17]. When the amplitudes of the electric

and magnetic vectors are equal or when there exists a
phase difference £+ 7/ 2, and if the point vector rotates
uniformly within the wave surface at an angular velocity
®, its trajectory describes a circle, resulting in circularly
polarized X-rays. Conversely, when their amplitudes dif-
fer or when the phase difference deviates from+ 7 / 2, the
path traced by this point vector becomes elliptical, char-
acterizing elliptically polarized X-rays [18].

The X-rays exhibit wave-particle duality, when
they interact with a crystal, each atom within the crys-
tal acts as an independent X-ray source, maintaining
the same wavelength as the incident X-ray. Due to the
ordered arrangement of atoms in the crystal lattice, co-
herent X-rays reinforce one another in specific spatial
directions while canceling out in others. This phenom-
enon, characterized by constructive interference of co-
herent X-rays along certain paths, is referred to as dif-
fraction [17].

The Bragg's law

The X-rays are photons that exist within a spe-
cific wavelength range, and when they interact with
the surface of a crystal, they induce Bragg diffraction,
which adheres to Bragg's law [19]. The X-rays are dif-
fracted by the crystal, fig. 2, and the diffraction direc-
tion of the first crystal face is oriented along path 1,
while the diffraction direction of the second crystal
face is aligned with path 2. The optical path difference
between the diffraction lines of these two crystal
planes s given by 6 =/,-/,, where [, =d/sin0, the [, =1,
cos2 8. For constructive interference to occur, this op-
tical path difference must be an integer multiple of the
incident X-ray wavelength, expressed as 6 = nd [20].
When the grazing angle of the X-ray incident on the
crystal is varied by an angle 6, a corresponding change
in the energy distribution of the X-rays occurs, as de-
scribed by

2d sin 6 =nA (1)

where d is the spacing between crystal planes, n — the
order of diffraction and is an integer, and A — the wave-
length of X-rays. Provided that a specific angle is
maintained, the X-ray from the continuous energy
spectrum will yield a monochromatic X-ray of the cor-
responding wavelength following diffraction.

The Brewster's law

Following Bragg's law of X-ray diffraction, the
intensity of the diffracted X-rays is dependent on the
angle 0, and the integral reflection efficiency is de-
fined as follows

Figure 1. Schematic diagram of the

. ¢ simple harmonic motion of X-rays
{ i during propagation
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Figure 2. Schematic of
crystal diffraction

Reflecting surface
Figure 3. Polarization change of
X-rays incident on a crystal at 45°,
the outgoing X-rays retain only the y
component perpendicular to the
reflecting surface and therefore
become linearly polarized

P, :JZP,I ©)de ©)
0

where P, is associated with the polarization direction
of the incident X-ray, which can be categorized into
parallel reflector orientation (z component) and per-
pendicular reflector orientation (y component) based
on the surface of the reflector [21], as shown in fig. 3.
Define the ratio k of reflectance

_P
Py
The parameter k represents the ratio of the re-
flection efficiencies of the two components, and the

polarization P can be articulated using the formula
when k <1

k 3)

pol-k
1+k

The reflection of photons at the interface be-
tween two distinct media adheres to Brewster's law

“

n
6, =arctan —=

(5)
n,

where n; and n, represent the refractive index of the

two media, respectively. When photons propagate in a

medium, the refractive index for different media satis-

fies the dispersion relation [22]

2
Ne? 0y —0

n=1+
260m (0} —0? ) +0’I?

(6)

/ Crystal

where m is the mass of the medium, N — the number
density of particles, and I"—the damping factor associ-
ated with electron vibrations. The intrinsic frequency
of the medium is denoted as w,, while w refers to the
photon frequency, and g, represents the vacuum's di-
electric constant. In the case of X-rays, the wavelength
of the photon is significantly shorter than that of visi-
ble light, which corresponds to a higher photon energy,
the frequency is much larger than that of visible light,
so the frequency can be considered to be close to infin-
ity. At this time, whether air or crystal, the refractive
index n is very close to 1, so the X-rays for each crys-
tal Brewster angle are in the vicinity of 45 ©. With this
angle of incidence, in the eq. (4) thek =0, in fig. 3,
initially parallel to the reflecting surface of the x com-
ponent in the reflection disappeared, and out of X-rays
will only be retained perpendicular to the incident sur-
face of the y component perpendicular to the incident
plane, which is the linearly polarized X-ray [23].

CONSTRUCTION AND MEASUREMENT
OF X-RAY POLARIZATION RADIATION
APPARATUS

Introduction to the apparatus

The apparatus primarily consists of an X-ray
tube, a high-voltage power supply controller, a turnta-
ble and a detector, along with other essential compo-
nents, engineered to emit highly precise polarized
X-rays within the energy range of 2-10 keV.
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The X-ray tube is the core of the unit and pro-
duces low energy X-rays. The tube voltage range is
4-50 kV and the head current range is 0-1.5 mA. The
X-ray tube's stainless-steel exterior incorporates a lead
shielding layer, and internal insulation oil provides
both cooling and high-voltage insulation. The beryl-
lium window is filled with argon to prevent the absorp-
tion of X-rays by air, however, it also generates
characteristic X-rays with an energy of approximately
3 keV. The X-ray tube is also equipped with water
cooling to effectively reduce the tube temperature and
improve the stability of the X-ray tube to ensure stable
operation over long periods of time.

In this study, a high-purity germanium (HPGe)
detector is employed. The effective detection volume
of the HPGe detector is cylindrical in shape, with a
bottom diameter of 11.1 mm and a length of 8.67 mm.
The distance from the high-purity germanium to the
beryllium window measures 2.25 mm, while the thick-
ness of the beryllium window is 25 um. The detection
efficiency of the HPGe detector has been determined
using Monte Carlo simulation software, fig. 4. Ten
million X-ray photons were emitted at each energy
point, and the simulation results were obtained by di-
viding the number of photons depositing energy
within the detector by the number emitted [24].

Simulation of optical path
and air absorption

When X-rays propagate through the atmo-
sphere, their attenuation and scattering result from the
absorption characteristics of air. To determine the opti-
mal optical path length for generating polarized
X-rays, open-source Monte Carlo software is em-
ployed to simulate X-ray absorption in the atmo-
spheric medium [25]. In the modeling process, the de-
tector is represented as a simplified cylinder, with the
particle gun positioned directly in front of it to ensure
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Figure 4. Results of simulations regarding the
detection efficiency of HPGe

that emitted particles enter the detector perpendicu-
larly. The distance between the gun and the detector
was then varied to 5 cm, 10 cm, 15 cm, 20 cm, 25 cm,
30 cm, 35 cm, 40 cm, 45 cm, 50 cm, 55 ¢cm, and 60 cm
to emit particles with energies ranging from 1 keV to
12 keV with an energy spacing of 1 keV. The quantity
of particles emitted from a single energy source is 1
million. The final absorption of X-rays by air is the
number of photons received by the detector divided by
the number of photons emitted. Figure 5 presents the
simulation results.

From the simulation results, when the distance is
farther and the energy is lower, the attenuation and
scattering of X-rays transmitted in the air are more se-
vere, leading to stronger absorption. At energies close
to 4 keV, most X-rays are absorbed by air, with trans-
mittance dropping below 0.1 for distances beyond
40 cm. However, shorter distances (e.g., 5-25 cm) in-
troduce challenges in balancing crystal diffraction ge-
ometry and detector alignment due to spatial con-
straints.

Quantitative analysis of signal stability (SNR)
reveals that the 30 cm optical path achieves optimal
performance

SNR =4 7)
o

where u is the mean transmittance values and o — the

standard deviation, the results presented in tab. 1.

At 30 cm, the air transmittance for 4 keV exceeds

0.1 (0.0475), which satisfies the minimum flux thresh-
old for generating polarized X-rays. Concurrently, this
distance provides the highest SNR (2.04) across all
tested configurations, indicating superior stability
with minimal signal fluctuations. The SNR advantage
arises from two factors:

— Attenuation-noise trade-off: longer paths (>30 cm)
reduce signal intensity (e.g., 60 cm: u = 0.322),
while shorter paths (<30 cm) amplify noise from air
scattering (e.g., 5 cm: o = 0.367).

5cm

Transmittance

Il 1 1 1 1 1
0 2 4 6 8 10 12
Energy [keV]

Figure 5. Results of simulated air absorption
analysis
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Table 1. The SNR analysis of X-ray transmittance
at varying distances

Distance [cm] u o SNR
5 0.616 0.367 1.68
10 0.613 0.329 1.86
15 0.599 0.306 1.95
20 0.578 0.289 2.00
25 0.550 0.272 2.02
30 0.521 0.256 2.04
35 0.490 0.242 2.03
40 0.457 0.228 2.00
45 0.423 0.214 1.98
50 0.388 0.201 1.93
55 0.354 0.187 1.89
60 0.322 0.174 1.85

—  Crystal geometry constraints: the 30 cm length ac-
commodates Bragg diffraction alignment (45° angle
for LiF200 crystal) and minimizes edge diffraction
artifacts.

Thus, the 30 cm optical path is selected as the op-
timal balance between polarized X-ray yield (trans-
mittance >0.1 at 4 keV) and operational robustness
(SNR >2.0).

Polarizing X-ray apparatus

A rotating platform has been engineered for the
precise positioning of the X-ray tube and crystal. Both
the X-ray tube and crystal are aligned along a common
horizontal axis, with the angle between the crystal and
optical apparatus adjustable via a rotating support
mechanism. When the optical apparatus is rotated by
90°, the angle of incidence at the crystal is set to 45°,
resulting in an orthogonal relationship (90°) between
the incoming and outgoing X-ray paths through the
crystal, thereby facilitating polarized X-ray genera-
tion. A HPGe is subsequently positioned in line with
the exit direction of the crystal. Given that we have al-
located a total optical path length of 30 cm, both dis-
tances from their respective centers-the X-ray tube to
crystal center and HPGe to crystal center-are estab-
lished at 15 cm each. Following this configuration, as-
sembly of the polarized X-ray generation apparatus
can commence as illustrated in the accompanying dia-
gram, fig. 6.

Diffraction-patterned crystal

Given that the energy range of detectors em-
ployed for detecting polarized X-rays in the current
space exploration program spans from 2-10 keV, it can
be inferred from the calculations based on eq. (1) that
the Bragg diffraction energies of numerous Bragg
crystals at an angle of 45° fall within this range. Fur-
thermore, by utilizing a polarized X-ray apparatus,

Frame \>| /Platform
HPGe ~_|
- X
\
™ Crystal
//Diaphragm
| — X-ray tube

Figure 6. Schematic representation of a polarizing X-ray
apparatus

one can ascertain both the polarization energy and
counting rates associated with various crystals. Con-
currently, the theoretical values for crystal lattice spac-
ing are computed according to [26]

d=—022 ®)

vh2 +k? +12

where d is the spacing between crystal faces, a — the
lattice constant, and h, k, 1 are the Miller indexes, of a
crystal plane which should be referenced against the
three numerical values following the crystal name in
tab. 2.

In the course of the experiment, a diaphragm with
a thickness of 4 mm was positioned at the X-ray tube
port. The tube voltage was calibrated to 10 kV, while
the tube current was maintained at 0.2 mA, ensuring
that the dead time remained within 3 %. This configura-
tion guarantees the reliability of detector measure-
ments. Nevertheless, the polarization peak is not ob-
servable when measuring LiF420 under these
conditions, as the energy of the continuous spectrum of
X-rays, generated by bremsstrahlung at 10 kV, predom-
inantly resides within the 6-8 keV range, while the num-
ber of X-ray photons at an energy of 9.7 keV remains
exceedingly low. Therefore, the tube voltage of the
X-ray tube was adjusted upward to 15 kV during the
measurement of LiF420, and the data in tab. 1 were ob-
tained after re-measurement.

Table 2. Crystal spacing and detector measurement
results

Crystallography| d [A’l]* E[EZ{%}/ COFC r;)tsljate tinli:?‘;)]
LiF420 0.900 9.9 1033.9 2.69
LiF220 1.423 6.3 1064.23 2.68
LiF200 2.013 4.5 400.15 2.72

PET 4.870 4.0 14.00 0.43
ADP 5.324 4.9 40.95 0.46
XS-55 27.500 6.4 165.37 0.46

*1A=110"m
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ADP materials, such as silicon and tungsten, arranged in an
Bop s alternating manner. The spacing between the crystal
E surfaces exceeds that of organic compounds. Given
8 — that its theoretical first-order diffraction energy at a
45° angle is merely 0.16 keV, the energy values pre-
sented in tab. 1 are likely influenced by higher har-
400+ monics beyond grade 20. While the count appears sat-
isfactory, the purity of the energy spectrum remains
inadequate, rendering it unsuitable for use as a polariz-
2001 ing crystal within this energy range. The small interfa-
cial spacing and elevated count rate of LiF crystals
| —— L\J\»\‘ L suggest that the conditions for polarization are more
0 2 4 6 8 10 12 14 readily achievable, resulting in stronger and clearer
® Energy [keV] polarization peaks that facilitate detection. This indi-
455 cates that these crystals are advantageous for the gen-
PET eration of polarized X-rays. Therefore, after compre-
350 - hensive consideration, we have selected three types of
E - LiF crystals-LiF420, LiF220, and LiF200-as our final
8 polarizing materials.
250
200
RESULTS AND DISCUSSION ON
150 | POLARIZATION MEASUREMENT
100 |
To assess the apparatus's performance, a system-
50 F atic evaluation and analysis of its energy spectrum
0 . . . ] data, energy resolution, flux rate, and monochromatic-
0 2 4 6 8 10 12 14 ity were conducted.
®) Energy [keV]
1400 Measurements of the
ool XS.55 energy spectrum
% The polarization X-ray energy spectrum data ac-
© 10001 quired from the HPGe detector were analyzed and vi-
Smal sualized using Origin software. When polarizing
X-rays are generated through crystal diffraction, the
600 resulting monochromatic X-rays simultaneously ad-
here to Bragg's law, leading to the emergence of dis-
400 tinct monochromatic peaks in the energy spectrum at
an incident angle of 45° on the crystal. The fig. 8 illus-
2o0r L’J trates the energy spectrum recorded by the detector
] EE—— L..\‘_ e g when X-rays penetrate the crystal at an incidence
0 2 4 6 8 10 12 14 angle of 45°, utilizing stop sizes of 2 mm, 4 mm, and
© Energy [keV] 6 mm in their original positions. For LiF220, The po-

Figure 7. Partial energy spectrum obtained from the
crystal deflection experiment

From tab. 1, pentaerythritol (C5H1204, PET)
and ammonium dihydrogen phosphate (NH4H2PO4,
ADP), when formed into organic multilayer crystals,
exhibit a significant crystal face spacing. Conse-
quently, the detector does not register their primary
diffraction peak but rather higher-order harmonics.
This results in multiple peaks observable in the energy
spectrum, as illustrated in fig. 7. Therefore, these two
crystals are deemed unsuitable for this specific energy
segment of polarizing crystals. The XS-55 is a
multilayer film composed of two distinct inorganic

larization peak energy was 6.39 keV with a 2 mm dia-
phragm, with up to 54 309 counts in one minute, with
an energy resolution of 2.90 %, and 128 331 counts in
one minute were measured at 4 mm diaphragm with-
out any other changes in the measurement setup,
which is an increase in counts compared to the 2 mm
diaphragm, with an energy resolution of 2.75 %; when
measured with a 6 mm diaphragm, 130 087 counts
were obtained in one minute, which is not much differ-
ent from the 4 mm counts. The count of LiF200 per
minute is lower than that of LiF220, which exhibits
double peaks and undergoes two diffraction events.
The energy resolution under three distinct stop condi-
tions is approximately 3.33 %. In contrast, the counts
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Figure 8. The Energy spectra of LiF200 (a), LiF220 (b),
LiF420 (c) measured by HPGe at an aperture of 2 mm

for LiF420 and LiF220 in one-minute show minimal
variation, with the energy resolution across these three
different stop conditions being around 2.57 %.

Measurement of flux rates

Analyzing the flux rate of polarized X-rays is es-
sential for assessing the performance of polarized
X-ray apparatus, specifically, it allows for a compre-
hensive understanding of the transmission efficiency
for polarized X-rays, which is crucial in determining
both the sensitivity and detection capabilities of these
apparatuses. In this experiment, a HPGe detector was
employed to quantify the counts of omnipresent peaks
from polarized X-rays across various crystal sub-
strates. The flux rate ® of polarized X-rays is defined
as the number of polarized photons traversing a unit
area per unit time, and its relationship can be expressed
as follows [27]

N
) o ©)
where N is the number of counts of the overall peaks of
polarized X-rays measured by the detector, 4 — the bot-
tom area of the effective detection volume of the
HPGe, and ¢ — the measurement time.

In order to evaluate the flux rate of the apparatus,
this study used a high-purity germanium detector to
measure the all-around peak counts of polarized X-rays
at energies of 4.59 keV, 6.39 keV, and 10.029 keV pro-
duced by LiF200, LiF220, and LiF420 crystals at 2 mm,
4 mm, and 6 mm diaphragms, for 60 seconds. By inte-
grating eq. (9), the flux rate of the polarization appara-
tus across various crystal types and stop configurations
is computed. In order to evaluate the reliability of the
flux rate, we also calculate the relative deviation

oN _ JN 1
® N N N

The results presented in tab. 3.

The results of the calculations indicate that the ap-
paratus exhibits a flux rate of 4.135-10° m2s~! at an en-
ergy level of 4.59 keV with a diaphragm size of 4 mm,
while at an energy level of 6.39 keV and the same dia-

£y =2 = (10)

Table 3. The results of calculations regarding the monochromaticity of polarized X-rays

Crystallography | Diaphragm [mm] | Energy [keV] N @ [m*s] o [%] @ +AD [ms ']
2 10153 1.749-10° 1.0 (1.749 +0.017)-10°
LiF200 4 4.59 24009 4.135-10° 0.6 (4.135 40.026)-10°
6 24988 4.304-10° 0.6 (4.135 £0.026)-10°
2 54309 9.354.10° 0.4 (4.135 +0.026)-10°
LiF220 4 6.39 128331 2.210-10’ 0.3 (2.210 £0.006)-10’
6 130087 2.241-107 0.3 (2.241 £0.006)-10’
2 52582 9.056-10° 0.4 (9.056 +0.040)-10°
LiF420 4 10.029 113662 1.958-10’ 0.3 (1.958 £0.006)-10’
6 128954 2.221-107 0.3 (2.221 +0.006)-10’
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phragm size, the flux rate increases to 2.2'%10” m2s! .
Furthermore, at an energy level of 10.029 keV with a dia-
phragm aperture of 4 mm, the flux rate measured is
1.958-10” m2s!. Throughout the energy range from
(4-10) keV, all the recorded flux rates fall between
1.749:10°m™2s ' ~2.241-10" m ™! , and the relative de-
viation is less than 1 %, demonstrating that the apparatus
maintains high flux output and efficiency across various
energy levels, thereby facilitating more precise and re-
peatable polarization X-ray experiments which are bene-
ficial for calibrating polarization X-ray detectors.

Investigation of monochromaticity

Monochromaticity serves as a critical metric for
assessing the performance of polarized X-ray appara-
tuses, reflecting the apparatus's capability to generate
pure polarized X-rays and thereby evaluating the con-
centration of its energy distribution [28]. In the experi-
ment, the HPGe detector is employed to assess the en-
ergy resolution of the all-purpose peak of polarized
X-rays across various crystal substrates. After ac-
counting for the intrinsic energy resolution of the
HPGe detector, we derive the monochromatic charac-
teristics of the polarized X-ray produced by this appa-
ratus. The relationship between the monochromaticity
and the energy resolution of the detector and the en-
ergy resolution of the measured energy spectrum is
shown in

82 +83 =83 (11)

where 9, is the intrinsic energy resolution of the HPGe
detector, and &, — the monochromaticity of the radia-
tion source, and 35 — the energy resolution as measured
by the detector itself. The intrinsic energy resolutiond;
of HPGe can be determined through calibration with a
radioactive source, which is generally accepted to pro-
duce unbroadened radiation. Table 4 presents the data
utilized for calibrating the energy resolution of HPGe
using radioactive sources

The relationship between the detector's energy
resolution and intrinsic energy is illustrated in [29]

_a+b\/E+cE2
E

3, -100[%] (12)

where E is the energy of the radioactive source, a, b,
and c are the calibrated parameters, The values for en-

Table 4. Calibration of high purity germanium detectors
using radioactive sources

Nuclide E[keV] | FWHM [keV] 81 [%]
Fe 5.899 0.183 3.102
TCo 6.404 0.176 2.748
1%¢d 22.163 0.332 1.498

*Am 59.541 0.347 0.583
$Ba 80.767 0.393 0.487
132gy 121.436 0.468 0.385

Calibration of detector energy resolution

3t ® Unprocessed data

— Fitting curve

Energy resolution [%]

0 20 40 60 80 100 120
Energy [keV]

Figure 9. Calibration of detector energy resolution

ergy and energy resolution presented in tab. 3 are
derived from fitting based on

002452+ 006416V E —0.006E>
E

The actual energy resolution 85, as measured by

the detector, is correlated with both the half-height

width and the energy of the universal peak; the precise
relationship is delineated in

_ FWHM

5, 100[%] (13)

O -100[%] (14)

To assess the monochromaticity of the appara-
tus, we measured the energy resolution of polarized
X-rays generated by LiF200, LiF220, and LiF420
crystals with diaphragm sizes of 2 mm, 4 mm, and 6
mm using a high-purity germanium detector. By inte-
gratingeqgs. (11), (13), and (14), we calculated both the
intrinsic energy resolution of the detector and the en-
ergy resolution as measured by it, thereby elucidating
the monochromatic characteristics of the polarized
X-ray produced by the apparatus. The results of these
calculations are presented in tab. 5.

Calculated results show that the monochroma-
ticity of the apparatus is 1.48 % at 4.59 keV energy
with a 4 mm diaphragm, 0.96 % at 6.39 keV energy
with a 4 mm diaphragm, and 0.15 % at 10.029 keV en-
ergy with a 4 mm diaphragm. The monochromatism
within the energy range of 4-10 keV is less than 1.48
%, thereby offering enhanced accuracy in polarization
X-ray energy information for the calibration of polar-
ization detectors and improving the overall calibration
precision of these instruments.

CONCLUSION

We designed and implemented an apparatus for
generating polarized X-rays via crystal diffraction,
followed by performance evaluation. This apparatus
reliably produces linearly polarized X-rays within the
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Table 5. Polarized X-ray monochromaticity calculation results

Crystallography Diaphragm [mm] E [keV] FWHM [keV] 81 [%] 83 [%] 8, [%]
2 0.150 3.27 1.22
LiF200 4 4.590 0.145 3.16 3.49 1.48
6 0.156 3.40 0.78
2 0.162 2.54 1.35
LiF220 4 6.390 0.173 2.71 2.87 0.96
6 0.174 2.72 0.92
2 0.219 2.18 0.33
LiF420 4 10.029 0.221 2.20 2.21 0.15
6 0.221 2.20 0.15
energy range of 4-10 keV, thereby offering a more pre- ORCID NO

cise and stable source for the calibration of polarized
X-rays. In contrast to the costly synchrotron radiation
apparatus, this apparatus offers advantages such as
affordability and ease of operation, thereby presenting
a more economical option for research in related
fields. Through experiments and simulations, three
kinds of crystals, LiF420, LiF220 and LiF200, with
small crystal plane spacing and elevated countrate, are
identified as polarizing crystals, which can effectively
produce polarized X-rays with monochromaticity
better than 1.48 % and fluxes ranging from
1.749-10°-2.241-107 m2s™!, with high energy resolu-
tion and high fluxes, and can effectively inhibit the in-
terference of background noise, thus providing a reli-
able source for related research. The apparatus is
applicable in fields such as astrophysics, nuclear phys-
ics research, and fluorescence imaging, thereby ad-
vancing the calibration technology for polarization X
detectors. Future optimizations of the apparatus's de-
sign will improve performance, stability, and applica-
bility to broader energy ranges.
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I'yejiu JbY, Cumunr I'YO, Ilen BAHT', Ben JIN, dexynr JAJ, usej JIN,
Hynrhe XOY, HBunbe BY, Banuanr JIAJ, IlIubyen JAHI'

INPOLIEHA KAPAKTEPUCTUKA ®JIYKCA U MOHOXPOMHOCTH
INIOJAPU30BAHOI M3BOPA PEHATI'EHCKOI 3PAYEILA

IIpencraBibeH je amapaT HpPOjeKTOBAaH 3a IEeHEPUCAIbE MONAPU30BAHUX PEHATCHCKHUX 3paka
yHoTpeGoM TexXHMKe KpucranHe Bparose pu¢ppakumje, Koja IPOM3BOJM CHEPrHjy IONAPU3OBAHMX
PEHITEHCKHX 3paKa y orcery 4-10 keV, onakmaBajyhn KaJII/IGpauI/I]y e(PUKaCHOCTH JIeTEKIje, EHePTeTCKE
pesonynuje, CTenena nojapusanuje u Apyrux napameTapa Koju ce OTHOCE Ha ICTEKTOPE MOTapH30BaHIX
PEHJTCHCKHX 3paka. Amapar ce cacTOju Off W3BOpa 3paycrba, MU(MPPAKIUOHOT KPUCTANIa, POTAIMOHOT
KOHTPOITHOT MEXaHU3Ma, IETEKTOpa U IPYrUX KOMIOHEHTH. ['eHepucame NoJapu30BaHNX PEHATCHCKUX
3paka BHCOKE IPENU3HOCTH MOKe ce HocTih U PaKIijoM Kpo3 KPHUCTaJIe Ca pa3InINTAM KOHCTaHTaMa
pemieTKe moj yriioM off 45° kopuirhemeM peHAreHcke nesn 1 bparosor gudpakmnuonor amapara. MoHTe
Kapno cumynanyje cipoBefiere ¢y jja 61 ce mpoleHuIn e(peKTH aflCOPIIIUje Ba3ayXa Ha peHITCHCKE 3paKe
Ha pa3IMYNTHM HUBOWMA CHepruje, OTKpuBajyhu onTuManHo pacrojambe Mepemwe of 30 cm. Kibyunu
mojjaIi Kao IITO Cy M3Jlla3Ha eHepruja, jaunHa (piykca, eHepreTcka pe3oiyIyja M MOHOXPOMHOCT 3a
reHeprcaHe TOoJapu30BaHe PEHATEHCKE 3pake MPOLEH-CHU CYy eKCIEpPUMEHTATHIM MepemnMa. JaurHa
0JIapU30BaHOT (PIIyKCca PEHATEHCKUX 3paKa u3MepeHe cy Kao: 4.135-10°m2s ! ma 4.59 keV, 2.210-10" m 25!
Ha 6.39keV 1 1.958-107 m™2s~! ma 10.029 ke V. Bpeoctu MOHOXpOMHOCTH Ouite cy: 1.48 % Ha 4.59 keV, 0.96 %
Ha 6.39 keV u 0.15 % Ha 10.029 keV. Anapar je norojaH 3a kanuOpauujy Ha Tiy, la OfroBapa HOCUBOCTH
aCTPOHOMCKHUX CaTeJINTAa U 32 pa3Boj IETEKTOpa.

Kmyune peuu: tionapusosano pernozencko 3paderse, bpazosa ougpparyuja, monoxpomnocia, jawuna
Gaykca



