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Abstract
We report on using synthetic silicon for a high-precision X-ray polarimeter comprising a polarizer and an analyzer, each based 
on a monolithic channel-cut crystal used at multiple Brewster reflections with a Bragg angle very close to 45°. Experiments 
were performed at the BL09B bending magnet beamline of the Shanghai Synchrotron Radiation Facility using a Si(800) 
crystal at an X-ray energy of 12.914 keV. A polarization purity of 8.4 × 10

−9 was measured. This result is encouraging, as 
the measured polarization purity is the best-reported value for the bending magnet source. Notably, this is the firstly sys-
tematic study on the hard X-ray polarimeter in China, which is crucial for exploring new physics, such as verifying vacuum 
birefringence.
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1  Introduction

Polarization is a fundamental characteristic of electromag-
netic waves. The discovery of X-ray polarization by Barkla 
in 1904 [1] was decisive in its identification as electro-
magnetic waves, and polarized X-rays have enabled many 
applications. Today, high-precision polarization modula-
tion and measurement of X-rays are significant techniques 
in synchrotron radiation (SR) applications, particularly for 
resonant/non-resonant X-ray scattering [2–5] and nuclear 
resonant X-ray scattering experiments [6, 7], as they can pro-
vide deep insights into the structure of materials via X-ray 
dichroism [8, 9], as well as detect novel physics phenomena 
such as vacuum birefringence [10–13], which was initially 
predicted in the early days of quantum electrodynamics 
(QED) [14]. The key to the above experiments was obtain-
ing X-rays with ultrahigh polarization purity, defined as the 
ratio of the polarized components parallel and normal to 
the diffraction plane integrated over a certain angular and 
energy range [15].

Realizing the first X-ray diffraction experiments based on 
crystals [16] and developing the diffraction theory [17] laid 
the foundation for effectively modulating the polarization 
of X-rays. Cole et al. utilized the Borrmann effect in perfect 
crystals to obtain linearly polarized X-rays and created the 
first crystal polarimeter [18]. Nonetheless, the polarization 
purity based on the Borrmann effect is limited to the 1% level 
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because of the problems of modulation efficiency and absorp-
tion [19]. Consequently, there has been a dearth of systematic 
studies on X-ray polarization over the past 30 years. Since the 
1990s, high-precision X-ray polarimeters [20–24] based on the 
Bragg diffractions of perfect crystals have made tremendous 
strides, benefiting from advancements in SR sources and crys-
tal processing technology. In 1990, an extinction ratio of 106 
was achieved near the cobalt K-edge using a white SR beam 
from a bending magnet (BM) source [20]. In 1997, a polari-
zation purity of 4 × 10–8 at 14.4 keV was achieved using an 
asymmetrically cut Si(840) crystal [21]. Marx et al. employed 
four reflections of a channel-cut crystal with a Bragg angle 
fairly close to 45° to reach a polarization purity of 9 × 10–9 
at 12.914 keV and 1.5 × 10–9 at 6.457 keV [22], and 2 years 
later, this result was elevated to an order of 10–10 [23]. Cur-
rently, the best polarization purity of X-rays could approach 
8 × 10–11 attained at an X-ray free-electron laser (XFEL) [24], 
which has met the demands to explore new physics, such as 
the experimental verification of vacuum birefringence [13].

With the progress of accelerator [25–28] and laser tech-
nology in recent years [29–31], new generation accelera-
tor light sources with ultrahigh brightness and ultra-intense 
lasers with ultrashort pulses are already being made, which 
will establish a solid foundation for exploring new physics in 
the future. However, related research on X-ray polarimeters, 
one of the key technologies in pump-probe experiments, is 
almost absent in China. Therefore, developing a high-pre-
cision X-ray polarimeter that can be used in related experi-
ments is highly desirable. A high-quality accelerator light 
source is required to develop high-precision X-ray polarim-
eters. The Shanghai Synchrotron Radiation Facility (SSRF) 
is the only third-generation accelerator light source in China, 
and its X-ray test beamline, which is a BM radiation source 
[32] with a broad X-ray spectrum, large experimental space, 
and high experimental flexibility, is a good choice for the 
first X-ray polarimeter research in China.

In this study, we designed and built a high-precision 
X-ray polarimeter consisting mainly of two channel-cut 
crystals used as a polarizer and analyzer, a high-precision 
motion-controlling mechanism, and a high-sensitivity detec-
tion system. With the help of precise electron orbit align-
ment and photon energy calibration technology, the polari-
zation purity of 8.4 × 10−9 was achieved at an X-ray energy 
of 12.914 keV, which established the foundation for vacuum 
birefringence experiments in China based on a free-electron 
laser (FEL) [33] and 100-PW lasers [34].

2 � Theory

The polarization direction can be defined for the electric 
radiation field. For a general BM source, the electric field 
is parallel to the plane of the electron orbit in the orbit 

plane, producing a horizontal polarization, or σ-mode. 
Above and below the plane, the electric field has a com-
ponent perpendicular to the orbit plane, producing a ver-
tical polarization, or π-mode. The angular distribution of 
the different polarized photon fluxes follows the modified 
Bessel functions K1/3 and K2/3, and the intrinsic polariza-
tion purity of the SR is defined as the ratio of the polarized 
components parallel and normal to the diffraction plane 
[35]:

where � and �c are the photon frequency and critical photon 
frequency, respectively, � is the relativistic Lorentz factor 
of the electrons, and � is the vertical angle of the photons 
departing from the orbit plane. Figure 1a shows the angular 
distribution of photon flux percentage in different polari-
zation states of the SR from the BM source, in which the 
horizontal axis is the vertical angle of the photons’ departure 
from the electron orbit plane, the left vertical axis is the 
photon flux percentage of σ-mode and π-mode polarization, 
and the right vertical axis is the intrinsic polarization purity 
of the SR. Figure 1a shows that the spatial distribution of 
the σ-polarized photons is directed mainly toward the orbital 
plane, and its flux drops rapidly off the plane. In Fig. 1a, 
the flux percentage of the σ-polarized photons is over 99% 
within a 10-μrad departure from the orbital plane. Then, 
the photon flux drops rapidly from 99 to 1% within 10–200 
μrad and even below 1% when the vertical angle exceeds 
this range. Therefore, it is important to precisely align the 
orbit plane for maximum σ-polarized photon flux and, con-
sequently, for optimal linear polarization purity. In contrast, 
Fig. 1a shows that the intrinsic polarization purity of the SR 
decreases even more rapidly off the orbital plane. In Fig. 1a, 
the vertical angle of the photons departing from the orbital 
plane must be restricted to the order of nanoradians to reach 
an intrinsic polarization purity of the 10–10 level, which is 
almost impossible for the BM source. Generally, the accept-
ance angle of the Si(111) monochromator is about 20 μrad 
( � = 10 μrad), and the corresponding polarization purity 
of the diffraction beam is only about 3‰. Therefore, it is 
impossible to obtain an SR with extremely high polarization 
purity using slits or ordinary monochromators.
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The limit of polarization purity that can be reached based 
on crystal diffraction is determined by the dynamic theory 
of X-ray diffraction [36], which can be expressed as follows:

where � is the asymmetry factor, �h is the dielectric suscep-
tibility, and �B is the Bragg angle. At the Bragg angle of 
exactly 45°, the diffracted X-ray is totally σ-polarized, and 
the corresponding Bragg angle is called the polarization 
angle or Brewster angle. Figure 1b shows the theoretical 
limit of the polarization purity based on crystal Bragg dif-
fraction for different angle deviations from the Brewster 
angle, in which the horizontal coordinate is the angle devia-
tion from the Brewster angle, the vertical axis is the theoreti-
cal limit of the polarization purity for the Si(800) diffraction 
in the symmetric Bragg configuration ( � = −1 , 
�h = 1.8 × 10−6 ), and both horizontal and vertical coordi-
nates are logarithmic coordinates. Figure 1b shows that the 
limit of the polarization purity achieved is quite sensitive to 
the angle/energy deviation from the Brewster angle/energy. 
For example, the angle deviation must not exceed 0.0016° 
to make sure the polarization purity is better than the 10–10 
level, and the corresponding energy deviation should not 
exceed 360  meV according to the differential form of 
Bragg's equation, i.e., Δ�

tan �B
=

ΔE

EB

 , in which Δ� = ||� − �B
|| , 

ΔE = ||E − EB
|| , �B/EB is the Brewster angle/energy, and Δ�

/ΔE is the angle/energy deviation from the Brewster angle/
energy. Therefore, a high-precision angle/energy calibration 
is essential for improving the theoretic limit of polarization 
purity.

(2)�lim =

√
�����h�2

��tan 2�B��

3 � Experiments and results

The experiments were conducted at the BL09B X-ray test 
beamline of the SSRF, which is a BM source with a critical 
energy of 10 keV [37]. The experiment was divided into four 
parts: crystal quality characterization, electron orbit align-
ment, photon energy calibration, and polarization purity 
measurement.

3.1 � Crystal quality characterization

Perfect polarization requires perfect channel-cut crystals. 
On the one hand, channel-cut crystals can perform multiple 
reflections without changing the direction of the light, which 
reduces the number of crystals required and the difficulty 
of crystal adjustment. On the other hand, high reflectivity 
allows for a high transmission efficiency of the X-ray, even 
for multiple reflections. Therefore, it is necessary to charac-
terize the quality of the channel-cut crystals used as polar-
izers and analyzers.

The optical layout of the crystal quality characteriza-
tion is shown in Fig. 2a. Two grooves with different widths 
were cut into a monolithic crystal to facilitate adjustment 
and measurement, allowing 4-reflection, 6-reflection, and 
8-reflection, respectively. The channel-cut crystal was placed 
on a high-precision turntable (KOHZU, KTG-16W, 0.0025 
arcsec/step) that was fixed in a high-load X–Z motorized 
stage (KOHZU, KHI-4SK, 1-μm resolution and 100-mm 
stroke). At the end of the light path, approximately 40 m 
from the light source, two different detectors were used to 
record the experimental data. A photodiode detector (PD, 
Hamamatsu, S3584-08) with a noise floor of ~ 0.1 pA was 

Fig. 1   (Color online) a The angular distribution of photon flux per-
centage in different polarization states of the SR from the BM source, 
in which the horizontal coordinate is logarithmic and represents the 
vertical angle of the photon departure from the electron orbit plane, 
the left vertical axis represents the photon flux percentage of σ-mode 
and π-mode, and the right vertical axis represents the intrinsic polar-
ization purity of the SR. b The theoretical limit of the polarization 

purity based on crystal Bragg diffraction for different angle deviations 
from the Brewster angle, in which both horizontal and vertical coor-
dinates are logarithmic coordinates, the horizontal coordinate repre-
sents the angle deviation from the Brewster angle, and the vertical 
axis represents the theoretical limit of the polarization purity for the 
Si(800) diffraction
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employed to measure the rocking curves (RCs) of the 6- and 
8-reflection beam, and the reflectivity was calculated using 
the formula R =

√
I8∕I6 , where I6 and I8 are the peak intensi-

ties of the 6- and 8-reflection RC, respectively. In addition, 
a CCD camera (XIMEA, MH160XC-KK-FA) with a reso-
lution of 7.4 μm/pixel was used to record the position and 
shape of the diffraction spots. First, the photon energy of 
the X-rays was adjusted to 12.914 keV based on the Si(111) 
plane diffraction of a double-crystal monochromator (DCM). 
The size of the incident beam was adjusted to 5 mm × 1 mm 
through the slit upstream of the DCM to ensure that the 
areas of the inner surfaces of the groove were sufficiently 
large. Subsequently, the position of the channel-cut crystal 
along the Z-axis and the incident angle of the beam around 
the X-axis were adjusted to ensure that the incident X-rays 
could be fully diffracted by the channel-cut crystal. The 6- 
and 8-reflection RCs were recorded by the PD, as shown in 
Fig. 2b. Finally, the channel-cut crystal was rotated to the 
Bragg angle, and the diffraction spots of 6- and 8-reflection 
were recorded using the CCD, as shown in Fig. 2c.

Figure 2b and c shows the quality characterization results 
for the channel-cut crystal. Figure 2b shows the RCs of the 
Si(800) crystal of 6- and 8-reflection, in which the hori-
zontal coordinate is the deviation from the Bragg angle, 
and the vertical axis is the photocurrent intensity recorded 
by the PD. Figure 2b shows that the peak intensities of the 
6- and 8-reflection RC are 16.3 and 13.6 nA, respectively; 
therefore, the reflectivity calculated is higher than 90%. 
Additionally, each RC includes a distinct glitch derived 

from multiple-beam diffraction, which can be eliminated by 
selecting an appropriate in-plane crystal angle. Figure 2c 
shows the spots of the Si(800) diffraction of 6- and 8-reflec-
tion, where the horizontal and vertical coordinates are the 
horizontal and vertical positions in the CCD, respectively. 
The imaging results in Fig. 2c indicate that the sizes and 
shapes of the two diffraction beams were the same as those 
of the incident beam, demonstrating that the X-rays were 
successfully transmitted into the groove of the channel-cut 
crystal. Additionally, the beam position in Fig. 2c shows 
that the height of the 6-reflection beam is higher than that 
of the 8-reflection beam, due to the wider groove width of 
the 6-reflection.

3.2 � Electron orbit alignment

Considering the polarization characteristics of the BM 
source, as discussed in Sect. 2, and the narrow acceptance 
angle of the polarizer, it is essential to align the orbital plane 
precisely for optimal linear polarization purity.

The optical layout of the electron orbit alignment is 
shown in Fig. 3a. The orbit analyzer was a flat Si(800) crys-
tal that was placed on a turntable (KOHZU, RA10A-W01, 
20-subdivision settings with 0.36" resolution) approximately 
40-m downstream from the BM source. The diffraction 
plane of the orbit analyzer was perpendicular to that of the 
DCM. In this configuration, the π-polarized photons can be 
fully reflected, and the σ-polarized photons are greatly sup-
pressed. As described in Sect. 2, the photons are σ-polarized 

Fig. 2   (Color online) a Optical 
layout of the crystal quality 
characterization of the pola-
rimeter. b RCs of the Si(800) 
diffraction of 6- and 8-reflec-
tion, in which the horizontal 
coordinate represents the angle 
deviation from the Bragg angle, 
and the vertical axis represents 
the photocurrent intensity 
recorded by the PD. c Spots 
of the Si(800) diffraction of 
6- and 8-reflection, in which 
the horizontal and the vertical 
coordinates represent the hori-
zontal and the vertical position 
in the CCD, respectively (DCM 
double-crystal monochroma-
tor, BW beryllium window, IC 
ionization chamber, and PD 
photodiode detector)
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in the electron orbit plane, while the π-polarized photons 
are present above and below the orbital plane. Therefore, if 
the incident beam contains photons emitted from the elec-
tron orbit plane, there must be a dark area at the center of 
the diffraction spot. At the beginning of the experiment, 
two slits upstream and downstream of the DCM were fully 
opened to obtain the maximum photon flux at an energy of 
12.914 keV and to maximize the efficiency of alignment. 
Next, the orbit analyzer was rotated to the Bragg angle, and 
the CCD camera at the end of the optical path was used to 
record the diffraction spot of the orbit analyzer, as shown 
in Fig. 3b. Finally, the vertical size of the slit downstream 
of the DCM was gradually narrowed to only about 0.5 mm 
around the orbital plane according to the intensity distribu-
tion of the diffraction spot in the vertical direction, and the 
CCD camera was used to record the diffraction spot of the 
orbit analyzer, as shown in Fig. 3c.

The results of the electron orbit alignment are shown in 
Fig. 3b and c. The results in Fig. 3b show that the size of the 
diffracted spots is approximately 30 mm × 4 mm, which is 
consistent with the size of the incident beam determined by 
the slit upstream of the DCM. Figure 3c shows the enlarged 
diffraction spots, including the dark center area, marked by 
the red rectangle in Fig. 3a. Figure 3d shows the intensity 

distribution of the center dark area in the vertical direction, 
where the horizontal coordinate is the vertical position of the 
spots in the CCD, and the vertical axis is the photocurrent 
intensity expressed by the gray value. Figure 3d shows that 
the vertical size of the dark area, i.e., the distance between 
the two peaks, was approximately 0.5 mm. Considering 
the incident beam flux, angular divergence, and crystal 
bandwidth, the final size of the incident beam is limited to 
approximately 1 mm × 0.5 mm centered on the orbit plane 
of the electrons, as shown in Fig. 3c, and the corresponding 
angular divergence is 25 μrad × 12.5 μrad in the horizon-
tal and vertical directions. The intrinsic linear polarization 
purity within the 0.5-mm range of the orbit plane is about 
1‰ according to formula (1); however, the theoretical limit 
of the polarization purity restricted by angular divergence 
in this condition can reach 10−10 level, which can be demon-
strated by � ≈ �2

H
+ �2

V
 [38], where �H and �V are the hori-

zontal and vertical divergence angles, respectively.

3.3 � Photon energy calibration

Given the polarization characteristics of crystal diffrac-
tion, as discussed in Sect. 2, the limit of the polarization 
purity achieved is sensitive to the angle/energy deviation 

Fig. 3   a Optical layout of the 
electron orbit alignment. Results 
for b diffracted spots and c 
central dark areas. d Intensity 
distribution of the center dark 
area in the vertical direction, 
where the horizontal coordinate 
represents the vertical position 
of the spots in the CCD, and 
the vertical axis represents the 
photocurrent intensity expressed 
by the gray value (DCM 
double-crystal monochromator, 
BW beryllium window, and IC 
ionization chamber)
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from the Brewster angle/energy. Therefore, it is essential 
to calibrate the photon energy precisely for maximum 
polarization purity.

The optical layout of the photon energy calibration is 
shown in Fig. 4a. The white beam generated by the BM 
was monochromatized to approximately 12.914  keV 
based on the Si(111) plane diffraction in DCM. In order 
to achieve high-precision calibration, a V-shaped crystal 
having two orthogonal Si(800) and Si(080) planes with 
an equal Darwin width of about 0.72″ was employed as 
the energy analyzer, providing an energy resolution of 
45 meV to calibrate the X-ray energy passed through the 
polarizer. The polarizer and the energy analyzer were each 
placed on a high-precision turntable (KOHZU, KTG-16W, 
0.0025 arcsec/step), fixed on a high-load X–Z motorized 
stage (KOHZU, KHI-4SK, 1-μm resolution and 100-mm 
stroke). At first, the polarizer was rotated around the 45° 
Brewster angle to obtain the RC recorded by the PD after 
the polarizer, as shown in Fig. 4b. The Bragg angle of the 
polarizer was set at the center of the flat-top part of the 
RC. Subsequently, the polarizer and energy analyzer were 
configured in a dispersion (+ – +) arrangement, and the 
Bragg angle of the energy analyzer was rotated to obtain 
the RC, as shown in Fig. 4c. Next, the DCM was rotated 
in steps of 1″ (corresponding to an energy resolution of 
63 MeV), and the energy analyzer was used to calibrate 
the photon energy passing through the polarizer accurately 
using the maximum RCs of the energy analyzer, as shown 
in Fig. 4c.

Figure 4b shows the RC of the polarizer at approximately 
12.914 keV before energy calibration, in which the horizon-
tal coordinate is the angle deviation from the Bragg angle, 
and the vertical axis is the photocurrent intensity recorded 
by the PD. Figure 4b demonstrates that the angular width 
(FWHM) of the polarizer RC is about 66″, much larger 
than the 4.1″ Darwin width of the Si(111), and cannot meet 
the angle/energy accuracy requirement of the polarizer (no 
more than 0.002°/7.2″), as discussed in Sect. 2. Figure 4c 
shows the RCs of the analyzer at different photon energies 
of approximately 12.914 keV after energy calibration, in 
which the horizontal coordinate is the angle deviation from 
the Bragg angle, the vertical axis is the photocurrent inten-
sity recorded by the PD, and RCs in different colors indicate 
different energy deviations. The angular width (FWHM) of 
each RC in Fig. 4c is about 0.72″, and the corresponding 
energy bandwidth is about 45 meV, which is consistent with 
the Darwin width of the Si(800) plane. The calibration accu-
racy of the energy analyzer is almost one order of magnitude 
more precise than that of the absorbing edge [39]. It can 
reach the level of the energy bandwidth of the Si(800) plane, 
which is sufficient to obtain a linearly polarized beam with 
a polarization purity better than that of 10−10 , according to 
Fig. 1b.

3.4 � Polarization purity measurement

The position and size of the SR beam were limited to 
approximately 1 mm × 0.5 mm centered on the electron orbit 

Fig. 4   (Color online) a Optical 
layout of the photon energy cali-
bration. b RC of the polarizer 
at around 12.914 keV before 
energy calibration, in which the 
horizontal coordinate represents 
the angle deviation from the 
Bragg angle, and the vertical 
axis represents the photocur-
rent intensity recorded by the 
PD. c RCs of the analyzer at 
different photon energies around 
12.914 keV after energy calibra-
tion, in which the horizontal 
coordinate represents the angle 
deviation from the Bragg angle, 
and the vertical axis represents 
the photocurrent intensity 
recorded by the PD; RCs in 
different colors indicate differ-
ent energy deviations (DCM 
double-crystal monochroma-
tor, BW beryllium window, IC 
ionization chamber, and PD 
photodiode detector)
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plane after orbital alignment, and the photon energy was 
calibrated to 12.914 keV with an energy bandwidth better 
than 50 meV. Therefore, the theoretical limit of the polariza-
tion purity in such a situation can reach the 10−10 level, as 
previously discussed.

The optical layout of the polarization purity measurement 
setup is shown in Fig. 5a. An ionization chamber (IC) was 
installed before the polarizer to monitor the beam intensity 
during the experiments. The polarizer was positioned close 
to the beryllium window (BW) of the beamline, whereas the 
analyzer was positioned approximately 5-m downstream of 
the polarizer to suppress background radiation efficiently. 
Moreover, the position and angle of the polarizer crystal 
were adjustable in seven dimensions, including crystal 
translation along the X-, Y-, and Z-axes related to the crystal 
turntable, crystal rotation of the pitch angle (Bragg angle), 

yaw angle (in-plane angle), and translation of the crystal 
turntable along the X- and Z-axes. In contrast, the adjust-
ment mechanism of the analyzer crystal was more compli-
cated and included three additional rotations of the crystal 
turntable, including the pitch angle (around the X-axis), yaw 
angle (around the Z-axis), and roll angle (around the Y-axis, 
defined as the analyzer angle which is the angle between the 
two diffraction planes of the analyzer and polarizer crys-
tals). The adjustment accuracy and range of the pitch, yaw, 
and roll angles were 0.004″ in ± 5°, 072″ in ± 2°, and 072″ 
in ± 175°, respectively. The polarimeter system comprised 
12 reflections: four in the polarizer crystal to adequately sup-
press π-mode photons while ensuring reasonable transmis-
sion of σ-mode photons and eight in the analyzer crystal to 
minimize scattering photons as much as possible. The scan-
ning range of the analyzer angle was 0°–95°; the 0° and 90° 

Fig. 5   (Color online) a Optical layout of the polarization purity meas-
urement. b The spots of the diffracted beam from the polarimeter sys-
tem, in which the horizontal coordinate represents the analyzer angle 
of the analyzer crystal, and the vertical axis represents the relative 
height of the diffracted beam imaged by the 2D-SPD. The color bar 
represents the photon counts of the spots, and logarithmic coordinates 
are taken because of the large range. The inner figure shows the par-
tially enlarged drawing around the perpendicular position, in which 
the horizontal coordinate represents the beam size of the diffracted 
beam, and the vertical axis represents the deviation angle from the 
90° analyzer angle, i.e., the perpendicular position. c The polarization 

purity measurement results of the polarimeter system, in which the 
horizontal coordinate represents the analyzer angle of the analyzer 
crystal, and the vertical axis represents the normalized intensity of 
the diffracted beam, i.e., the polarization purity of the exit beam. The 
inner graph is the Bragg angle peaks of the RCs at the parallel posi-
tion and the perpendicular position, in which the horizontal coordi-
nate represents the angle deviation from the Bragg angle, and the ver-
tical axis represents the photocurrent intensity of the diffracted beam 
recorded by the PD and APD (DCM double-crystal monochromator, 
BW beryllium window, IC ionization chamber, and SPD single-pho-
ton detector)
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positions denoted the parallel and perpendicular positions 
of the two diffraction planes of the polarizer and analyzer 
crystals, respectively. First, the polarizer and analyzer were 
preliminarily aligned using a laser to ensure that the bases 
of the two channel-cut crystals were at the same height as 
the incident beam. Subsequently, the SR beam was limited 
to approximately 1 × 0.5 mm, centered on the electron orbit 
plane, and the photon energy was calibrated to 12.914 keV, 
as discussed previously. Meanwhile, the Bragg angle of the 
polarizer was maintained at 45.002° with an appropriate in-
plane angle to avoid the effect of multiple-beam diffraction. 
Subsequently, the position and altitude of the analyzer were 
adjusted to ensure that the SR beam was perpendicular to 
the turntable plane of the roll angle and through its rota-
tion center, which was indispensable for guaranteeing the 
same Bragg angle of the analyzer crystal over the scanning 
range of the analyzer angle. Finally, the analyzer angle was 
rotated from 0° to 95°, and three different detectors were 
used to record the signals: A PD was used to measure the 
RCs of the analyzer at different analyzer angles from 0° to 
85°, a homemade avalanche photodiode detector (APD) 
was used to measure the RCs from 85° to 89.97°, and a 
two-dimensional single-photon detector (2D-SPD, SPEC-
TRUM, Lambda 250 K) was placed behind the analyzer to 
record the intensity, shape, and position of the exit beam at 
each analyzer angle. The integration time of the 2D-SPD 
was varied from 1 to 10,000 s to avoid signal saturation of 
the detector and obtain sufficient photons, depending on the 
analyzer angles.

Figure 5b shows the spot distribution of the diffracted 
beam from the polarimeter system, in which the horizontal 
coordinate is the analyzer angle of the analyzer crystal, and 
the vertical axis is the relative height of the diffracted beam 
imaged by the 2D-SPD. Each spot was imaged at the Brew-
ster angle of the analyzer, corresponding to the maximum 
RC at each roll angle position, and the final results were 
normalized to the integration time. The analyzer rotation 
radius of the roll angle was 45 mm, creating a 45-mm rela-
tive height between the parallel and perpendicular positions. 
The maximum photon flux (0° roll angle) entering the 
2D-SPD was approximately 3 million photons/s in the paral-
lel position. The exposure time was set to the maximum 
achievable limit of 10,000 s at the current noise floor of the 
2D-SPD to collect a credible number of photons near the 
perpendicular position. A photon flux of 25 photons/10,000 s 
was recorded at the perpendicular position, and the uncer-
tainty caused by background noise was approximately 1 
photons/10,000 s. As shown in Fig. 5b, the measurement 
results indicate that the intensity range of the 21 spots spans 
more than eight orders of magnitude as the analyzer moves 
from 0° to 95°, and each spot is a DuMond diagram of the 
diffraction beam. Meanwhile, the inclined angles between 
the DuMond diagrams and the horizontal direction gradually 

approached 45°, as demonstrated more clearly in the inner 
figure, which is a partially enlarged drawing near the per-
pendicular position, in which the horizontal coordinate is the 
beam size of the diffracted beam, and the vertical axis is the 
deviation angle from the 90° analyzer angle, i.e., the perpen-
dicular position. This follows the dynamic theory of X-ray 
diffraction based on orthogonal crystals [40], where the 
inclined angle of the DuMond diagram for the horizontal 
direction can be expressed as � = tan−1

sin �B,p tan �B,p

tan �B,a
 . �B,p and 

�B,a are the Bragg angles of the polarizer and analyzer, 
respectively, at a given X-ray energy. Therefore, we can 
obtain � = 35◦ when the X-ray arrives at the Brewster angles 
for polarizer and analyzer crystals ( �B,p = �B,a = 45◦).

Figure 5c shows the result of the polarization purity 
measurement, i.e., a quantitative analysis of the spot inte-
gral intensities in Fig. 5b, in which the horizontal coordi-
nate is the analyzer angle of the analyzer crystal, and the 
vertical axis is the spot distribution of the diffracted beam 
imaged by the 2D-SPD. The inner graph in Fig. 5c depicts 
the Bragg angle peaks of the RCs in the parallel position and 
near the perpendicular position, where the horizontal coor-
dinate represents the angle deviation from the Bragg angle, 
and the vertical axis represents the photocurrent intensity 
of the diffracted beam recorded by the PD and APD. The 
inner graph reveals that the Bragg angle of the RC peak 
at the parallel position is shifted by less than 1°, indicat-
ing that we achieved satisfactory parallelism between the 
X-ray beam and the axis of the roll angle (analyzer angle). 
Furthermore, the width (FWHM) of the RC is quite close 
to the theoretical limit of the Darwin width of the Si(800) 
plane at the parallel position, increasing to about 3.5″ while 
moving to the perpendicular position. This is partly due to 
the perfect crystal quality of the excellent processing tech-
nology, which minimized the bandwidth expansion caused 
by lattice deformation during the diffraction process. Also, 
high-precision electron orbit alignment and photon energy 
calibration technologies make it possible to achieve a small 
angle divergence of less than 25 μrad and a small energy 
deviation of less than 50 meV. Notably, the transmission effi-
ciency of the system can exceed 20% within the bandwidth 
of the polarizer and analyzer due to high-quality crystals 
with a reflectivity of more than 90%. Finally, the intensity 
was normalized for the incident photon flux, and the result 
indicates that the flux of the π-mode photons can be sup-
pressed by a factor of 8.4 × 10−9.

4 � Conclusion

We designed and built a high-precision X-ray polarimeter 
based on multiple Brewster reflections of channel-cut crys-
tals at an energy of 12.914 keV. A 2D-SPD was employed 
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to record the shape and intensity of the diffracted beam. The 
measured polarization purity was 8.4 × 10−9 using precise 
electron orbit alignment and photon energy calibration tech-
nology, a significant step in exploring vacuum birefringence 
in China. Polarization purity is mainly limited by the bright-
ness of the BM source, which is several orders of magnitude 
less than that of the undulator source. In time, a polariza-
tion purity better than ~ 10–10 can be expected based on 
X-ray sources with higher brightness and lower divergence 
angle, such as DLSRs and FELs, and further improvements 
to X-ray polarimeters, such as using different crystals with 
lower atomic numbers.
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