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Polarization is a fundamental property of a photon

k: wave vector

μ=±1 : polarization mode

Operators of the quantized radiation fields

The state of a photon is determined by 
the wave vector and the polarization.

Polarization is a probe of anisotropy of astrophysical systems and physical processes 
associated with the systems.

✓ configuration of a magnetic field

✓ geometry of a scattering/reflecting medium around a neutron star and a black hole

✓ properties of a gravitational field in the vicinity of a black hole



Interesting objects in X-ray polarimetry
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Figure 2. Polarization degree and angle from a thermal disk as a function of
observed photon energy, including only direct radiation. The BH parameters
are as in Figure 1 (dashed curves) and also include identical calculations
corresponding to a nonspinning BH (solid curves). The angle of polarization
is measured with respect to the horizontal axis in the image plane with point
symmetry through the origin: ψ = ψ − 180◦.
(A color version of this figure is available in the online journal.)

Connors et al. (1980), who performed a similar calculation using
semi-analytic transfer functions from the observer to the disk.
Again we see that at low energies (dominated by emission from
large disk radii), the polarization is given by the Chandrasekhar
result, and is a function only of the disk inclination angle. At
higher energies, we begin to probe the inner regions of the
accretion disk and see the relativistic effects described above
that reduce the polarization fraction in the integrated light.

The angle of polarization as a function of energy in the
integrated disk emission is plotted in the lower panel of Figure 2.
For an inclined accretion disk with the BH axis projected
onto the vertical, or y-axis, ψ = 0 corresponds to horizontal
polarization parallel to the disk surface. From Equation (4), we
see there is a point symmetry in the definition of ψ , giving
ψ = ψ ± 180◦. As can be seen in the simulated image of
Figure 1, the individual polarization vectors are rotated in the
inner disk, due largely to gravitational lensing and, to a lesser
degree, frame-dragging around a spinning black hole. Although
individual photons can experience significant rotation, the net
result is a modest rotation of the total observed polarization
in the clockwise direction, giving ψ < 0 at higher energies.
From Figure 2, it is clear this effect is more pronounced for
small inclinations, where the low amplitude of polarization
makes it easier to “overcome” the classical result with additional
relativistic effects. Similarly, the polarization rotation is greater

Figure 3. Ray-traced image of radiation from a thermal disk, as in Figure 1,
but here including returning radiation. Photons emitted from the inner disk get
bent by the BH and scatter off the opposite side of the disk toward the distant
observer.
(A color version of this figure is available in the online journal.)

for more rapidly spinning BHs, where the accretion disk extends
closer in toward the horizon and probes a stronger gravitational
field. In this way, it has previously been proposed that the
polarization degree and angle as a function of energy could
be used to infer the spin of the BH in the thermal state (Connors
et al. 1980; Laor et al. 1990; Dovciak et al. 2008).

4. RETURNING RADIATION: QUALITATIVE
DISCUSSION

When returning radiation is included, although little changes
in terms of the total observed spectrum, the polarization picture
(Figure 3) changes significantly—in much of the disk, the
observed polarization rotates by 90◦, even though none of the
model’s physical parameters has been changed at all!

This effect can be understood qualitatively in very simple
fashion (see also Agol & Krolik (2000)). For most reasonable
stellar-mass BH accretion disk models, the opacity in the inner
disk is dominated by electron scattering (Shakura & Sunyaev
1973; Novikov & Thorne 1973), so returning radiation in the
∼1–10 keV energy range should scatter off the disk with
negligible absorption. Detailed atmospheric calculations (S.
Davis 2008, private communication) show that the photospheric
region is strongly scattering dominated for R ! 50 M whenever
L/LEdd " 0.01. If these calculations were altered to take
into account magnetic contributions to vertical support, which
should be substantial at these altitudes in this regime (Hirose
et al. 2009), absorption opacity would likely be even weaker
(however, when the central mass is much larger, as in an AGN,
the inner disk temperature is much lower, giving significantly
greater absorptive opacity in the X-ray band). While we use the
exact results for diffuse reflection from a scattering-dominated
atmosphere (Chandrasekhar 1960), the typical photon scatters
only once or twice before permanently departing the disk. Its
outgoing polarization can thus be approximated using the single-
scattering Thomson cross section’s polarization-dependence:

(
dσ

dΩ

)

pol
= r2

0

∣∣fi · ff
∣∣2

, (5)

The Crab Nebula (pulsar wind nebula) 
✓ a cosmic lepton accelerator up to 1 PeV 

powered by a rapidly rotating neutron star

✓ shining via synchrotron radiation 

in the X-ray band

✓ polarization traces the configuration 

of magnetic field which plays a key role 
in the mysterious acceleration mechanism 

Black hole 
✓ a theoretical polarimetric image in X-rays  

of an accretion flow onto a spinning 
black hole


✓ polarization will reveal physical properties 
of the falling flow and the gravitational field 
in the closest vicinity of the event horizon

imaged with CXO (NASA)



Hard X-rays are more important

Energy10 keV 30 keV

Thermal radiation 
almost unpolarized

Dominated by non-thermal radiation or scattered radiation 
high degree of polarization is expected

few photons…

low statistics…

gas pixel detector

IXPE (2021–)

PoGO+ (2016)

Hitomi-SGD (2016)

Many bright objects

Gap

The Imaging X-ray Polarimetry Explorer (IXPE, NASA), launched in 2021, 
has opened a new window of X-ray polarization.

However, the hard X-ray band, i.e., above 10 keV, still remains unexplored 
in spite of its great scientific importance.

Energy

Photons
dN
dE

∝ E−Γ (Γ ∼ 2)

This is our target.

XL-Calibur (2024)



Methods of X-ray polarimetry
Photoelectric effect

γ

e-

The photo-electron tends to be ejected 
to the polarization angle

dσ
dΩ

∝
sin2 θ cos2 ϕ
(1 − β cos θ)4

The observation gap, namely the low energy part of hard X-rays, is between these two.

✓ X-Calibur adopts low-Z (beryllium) scatterer.

✓ Our choice is going to the photoelectric type using a silicon pixel detector.  

Compton scattering

γ

e-

The photon tends to be scattered 
perpendicular to the polarization angle 

dσ
dΩ

∝
E1

E0
+

E0

E1
− 2 sin2 θ cos2 ϕ



Gas pixel detector 
✓ A standard detector for soft X-ray 

polarimetry.

✓ An electron range is long enough 

thanks to low detector density.

✓ Pixel readout realizes the capability of 

tracking a photoelectron.

Semiconductor sensors for polarimetry
Silicon semiconductor detector 

✓ High energy resolution 
✓ High position resolution

✓ Easier handling

✓ High density (x1000 higher than gas) 
→ thin detector 
→ good for combination with optics 
with thin focal depth


However, an even shorter electron range 
makes it difficult to track photoelectrons.


→ We need very small pixels!

IXPE (NASA) website



CIPHER project
CMOS-based Imaging Polarimetry for High-Energy Radiation

• Odaka et al. (2020) proposed the first concept of CIPHER, 
which employed a CMOS-based active pixel sensor for 
high-resolution visible light inspection with very fine-pitch 
pixels.


• A similar idea was proposed by Asakura, Hayashida et al. 
(2019) for a high-resolution X-ray imaging mission.


• The first concept was a CubeSat-based X-ray imaging 
polarimetry mission using the combination of a fine-pixel 
CMOS sensor and a narrow field-of-view coded aperture 
mask.


• We also plan a solar X-ray mission using a similar 
detector design with high-resolution X-ray mirrors. 
(Hagino et al. 2025)

photoelectric absorption

interaction point

photoelectron direction

Geant4 simulation at 24 keV

2 μm



CMOS imaging sensors with small pixels
GPixel GMAX0505 Canon LI8020SA

2.5 μm pixel 1.5 μm pixel

25M pixels, 1” format, 12.8 mm × 12.8 mm 250M pixels, APS-H format, 29.4 mm × 18.9 mm

Infrared version (RF)

Normal



Our detector system
GPixel GMAX0505 (RF) series

pixel size: 2.5 um

pixel number: 25 million = 5k x 5k

area:12.8 x 12.8 mm2

Shimafuji ZDAQ board

Xilinx Zynq SoC 
beneath the heat sink sensor mount

LVDS data link

Gigabit Ethernet

Pixel process IP 
dynamic pedestal estimation

pedestal subtraction

detected pixels extraction

DMA 1

AXI-Stream

32 bit

AXI-full 1024 bit

capture control

data transfer

Data reduction logic

Frame capture logic

CPU (PS)

AXI-full 128 bit
AXI-full 128 bit

A0 Frame

A1 Frame

A2 Frame

A3 Frame

A4 Frame

A5 Frame

B Pedestals

C0 Extracted

pixel values

C1 Extracted 
pixel ID

RAM

Sensor 
I/F

DMA 2

FPGA (PL)

FPGA extracts X-ray events from an entire frame image 
for data reduction.



Proof-of-concept experiment

sensor

power supply

data 
acquisition 

system

stage complex
slit with 

attenuation filter

polarized X-rays

rotational stage 
 (pol. angle control)

✓ Monochromatic 100% linearly polarized photon beams

✓ Energies between 6 keV and 30 keV

SPring-8 synchrotron radiation facility 
in Hyogo, Japan

200 m long beamline BL20B2 
for a large-area uniform X-ray beam

Beam size: 300 mm (H) x 20 mm (V)

450 m 200 m

BL20B2



X-ray event shapes

…

single double triple extended

Multi-pixel events can be used for polarimetry.

X-ray Imaging Polarimetry using a Fine Pixel CMOS Imager
Hirokazu Odaka (Department of Physics, The University of Tokyo)
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Introduction 
• Polarization is a fundamental property of a photon, and brings us unparalleled 

information on the anisotropy of astrophysical systems, e.g., the configuration 
of a magnetic field, geometry of a scattering medium, and properties of a 
gravitational field in the vicinity of a black hole.


• NASA’s IXPE [1], launched in 2021, is opening a new window of X-ray 
polarization. However, the hard X-ray band, i.e., above 10 keV, still remains 
unexplored in spite of its great scientific importance. In this band, non-thermal 
and/or scattered components dominate over thermal, unpolarized radiation.


• We propose a new approach that uses a photoabsorption-type 
semiconductor polarimeter that has high energy and spatial resolutions, 
in contrast to Compton polarimeters adopted by many hard X-ray instruments, 
e.g., PoGO+ [2], Hitomi-SGD [3], and X-Calibur [4].


        

❖ Left: The Crab Nebula emitting via synchrotron radiation imaged by the Chandra X-ray 
Observatory. (credit: NASA). This nebula is powered by a rapidly rotating neutron star, 
accelerating electrons up to 1015 eV. Spatially resolved polarimetry will measure the 
configuration and uniformity of the magnetic field, which plays an essential role in the 
mysterious acceleration mechanism.

❖ Right: Theoretical model of X-ray polarimetric image of the accretion disk of a spinning 
black hole. This figure is taken from [5]. The black bars denote polarization angles and 
fractions while colors indicate X-ray intensities. Hard X-ray polarimetry will reveal the 
properties of the accretion flow in the closest vicinity of the event horizon.


Detector System 
• We have developed an ultracompact hard X-ray imaging polarimeter system 

that can be installed onboard a 6U CubeSat mission called cipher (coded 
imaging polarimeter of high energy radiation) [6]. This system employs the 
combination of a fine-pixel CMOS imaging sensor and a coded aperture mask.


• The small pixel size of 2.5 micrometers allows us to track a photoelectron 
whose direction depends on the polarization of an incident photon, yielding the 
sensitivity to polarization of hard X-rays [7].


• The aperture pitch of 35 µm and the aperture-to-sensor distance of 25 cm give 
an excellent angular resolution of 30 arcseconds. The coded mask employs 
parallel different random patterns that significantly reduce imaging artifacts [8].


    

❖ Left: the sensor readout system. Middle: a 3D-printed metal X-ray collimator with 5 × 5 
sections with a dimension of 2.5 mm × 2.5 mm × 200 mm. Right: a coded aperture mask with 
femtosecond laser micromachining. Each pattern area is isolated by the collimator to 
suppress confusion from other patterns.


Proof-of-Concept Experiments 
• We performed a series of proof-of-concept experiments on our novel hard X-

ray imaging polarimeter at KEK Photon Factory and the SPring-8 synchrotron 
radiation facility in Japan. At SPring-8, we measured monochromatic 100% 
linearly polarized photon beams with energies of 10, 16, and 24 keV for 
evaluating polarimetric and imaging performances.


  

❖ The concept demonstration model (left) of cipher and an experimental setup (right) at 
SPring-8. The beam can be regarded as a distant celestial source. The 3-axes rotation stages 
allow us to emulate a point source at any location in the sky while the rotation stage about the 
optical axis controls the polarization angle.
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Figure 2. Polarization degree and angle from a thermal disk as a function of
observed photon energy, including only direct radiation. The BH parameters
are as in Figure 1 (dashed curves) and also include identical calculations
corresponding to a nonspinning BH (solid curves). The angle of polarization
is measured with respect to the horizontal axis in the image plane with point
symmetry through the origin: ψ = ψ − 180◦.
(A color version of this figure is available in the online journal.)

Connors et al. (1980), who performed a similar calculation using
semi-analytic transfer functions from the observer to the disk.
Again we see that at low energies (dominated by emission from
large disk radii), the polarization is given by the Chandrasekhar
result, and is a function only of the disk inclination angle. At
higher energies, we begin to probe the inner regions of the
accretion disk and see the relativistic effects described above
that reduce the polarization fraction in the integrated light.

The angle of polarization as a function of energy in the
integrated disk emission is plotted in the lower panel of Figure 2.
For an inclined accretion disk with the BH axis projected
onto the vertical, or y-axis, ψ = 0 corresponds to horizontal
polarization parallel to the disk surface. From Equation (4), we
see there is a point symmetry in the definition of ψ , giving
ψ = ψ ± 180◦. As can be seen in the simulated image of
Figure 1, the individual polarization vectors are rotated in the
inner disk, due largely to gravitational lensing and, to a lesser
degree, frame-dragging around a spinning black hole. Although
individual photons can experience significant rotation, the net
result is a modest rotation of the total observed polarization
in the clockwise direction, giving ψ < 0 at higher energies.
From Figure 2, it is clear this effect is more pronounced for
small inclinations, where the low amplitude of polarization
makes it easier to “overcome” the classical result with additional
relativistic effects. Similarly, the polarization rotation is greater

Figure 3. Ray-traced image of radiation from a thermal disk, as in Figure 1,
but here including returning radiation. Photons emitted from the inner disk get
bent by the BH and scatter off the opposite side of the disk toward the distant
observer.
(A color version of this figure is available in the online journal.)

for more rapidly spinning BHs, where the accretion disk extends
closer in toward the horizon and probes a stronger gravitational
field. In this way, it has previously been proposed that the
polarization degree and angle as a function of energy could
be used to infer the spin of the BH in the thermal state (Connors
et al. 1980; Laor et al. 1990; Dovciak et al. 2008).

4. RETURNING RADIATION: QUALITATIVE
DISCUSSION

When returning radiation is included, although little changes
in terms of the total observed spectrum, the polarization picture
(Figure 3) changes significantly—in much of the disk, the
observed polarization rotates by 90◦, even though none of the
model’s physical parameters has been changed at all!

This effect can be understood qualitatively in very simple
fashion (see also Agol & Krolik (2000)). For most reasonable
stellar-mass BH accretion disk models, the opacity in the inner
disk is dominated by electron scattering (Shakura & Sunyaev
1973; Novikov & Thorne 1973), so returning radiation in the
∼1–10 keV energy range should scatter off the disk with
negligible absorption. Detailed atmospheric calculations (S.
Davis 2008, private communication) show that the photospheric
region is strongly scattering dominated for R ! 50 M whenever
L/LEdd " 0.01. If these calculations were altered to take
into account magnetic contributions to vertical support, which
should be substantial at these altitudes in this regime (Hirose
et al. 2009), absorption opacity would likely be even weaker
(however, when the central mass is much larger, as in an AGN,
the inner disk temperature is much lower, giving significantly
greater absorptive opacity in the X-ray band). While we use the
exact results for diffuse reflection from a scattering-dominated
atmosphere (Chandrasekhar 1960), the typical photon scatters
only once or twice before permanently departing the disk. Its
outgoing polarization can thus be approximated using the single-
scattering Thomson cross section’s polarization-dependence:

(
dσ

dΩ

)

pol
= r2

0

∣∣fi · ff
∣∣2

, (5)

CMOSセンサ読み出し系
可視光用のCMOSセンサをX線検出器として利用するために、専用の読み出し系を新規開発し、運用している。 
今年度、データ削減ロジックを追加し、X線検出ピクセルのみをデータ取得計算機に転送する。 
デッドタイムは、38 ms/frame (exposure: >550 msのとき) に減少した。(もともとは1秒程度)

GPixel GMAX0505

pixel num: 25M

pixel size: 2.5 um

12.8 x 12.8 mm2

Shimafuji ZDAQ board

Zynq SoC

beneath the heat sink

sensor mount

LVDS data link

ピクセル処理IP 
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検出ピクセル抽出
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符号化開口マスクによる2次元偏光撮像を実証するため、複数偏光角の天球面2次元スキャンデータを取得する。

実験セットアップ @BL20B2 (中尺ビームライン) 
ステージの首振りにより、広がった天体を模擬

センサ読み出し系

CMOSセンサθyθx

符号化開口マスク 
SUS304, 100 um厚, 35 umピッチ

コリメータ 
1区画: 2.5 mm; 長さ: 20 cm

12.5 mm
7.5 mm

2021年11月

X線

SUS304, thickness of 100 um  
35 um pitch apertures

SPring-8 2021B 実験 (渡邊修論)

符号化開口
マスク

コリメータ

6軸ステージ

冷却用ファン

y

x
z

θz

実験目的 
符号化開口マスクによる2次元偏光撮像を実証するため、複数偏光角の天球面2次元スキャンデータを取得する。

実験セットアップ @BL20B2 (中尺ビームライン) 
ステージの首振りにより、広がった天体を模擬

センサ読み出し系

CMOSセンサθyθx

符号化開口マスク 
SUS304, 100 um厚, 35 umピッチ

コリメータ 
1区画: 2.5 mm; 長さ: 20 cm

12.5 mm
7.5 mm

2021年11月

X線

SUS304, thickness of 100 um  
35 um pitch apertures

coded aperturesensors

collimators

data acquisition 
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stage complex
slit with 

attenuation filter

polarized X-rays

rotational stage 
 (pol. angle control)

Results 
We extracted X-ray events from sensor data frames, and performed 
spectroscopic and polarimetric analysis. We demonstrate that:

✓ The fine-pixel CMOS sensor has polarization sensitivity at energies of 10, 

16, and 24 keV.

✓ The coded aperture imaging with the different random patterns achieves 

artifact-reduced image decoding with an angular resolution of 30 arcseconds.

✓ Polarimetric image is successfully obtained by the combination of polarimetric 

analysis and coded aperture imaging.




❖ Event shapes obtained with the sensor and their spectra for a monochromatic 16 keV X-ray 
beam. Information on the photoelectron tracks can be extracted from multi-pixel events. 
Energy was reconstructed by summing all pixel values for the multi-pixel events.




❖ Modulation was obtained by plotting the fraction of H-events (=H/(H+V)) as a function of the 
polarization angle, clearly showing that the sensor has high sensitivity to polarization. 
Only the double events were used in these results. An event analysis algorithm based on a 
neural network for the triple and extended events is under development.




❖ Four different coded aperture patterns and corresponding decoded images of a circle in the 
sky with a radius of 60 arcseconds. By summing all images, pattern-specific artifacts were 
cancelled out. We will use a larger numbers of patterns to obtain artifact-free images.




❖ “Demo” of imaging polarimetry. We generated an input data set (showing Stokes I and Q 
parameters) by blending X-ray events with different polarization properties from 2D “sky” scan 
data. We applied our new polarimetric image reconstruction method based on an expectation-
maximizing (EM) algorithm. We successfully obtained spatially resolved polarization properties 
in the “sky”. The degree of polarization of the Stokes Q-component was extracted by 
averaging within each quadrant.


Concluding Remarks 
• We illustrate our novel concept of an ultracompact hard X-ray imaging 

polarimeter system using the combination of a fine-pixel CMOS imaging 
sensor and an artifact-less coded aperture mask.


• This system is fitted to a cost-effective CubeSat platform, and can be 
extended to a future larger mission using an X-ray collection mirror. More 
advanced analysis methods including polarimetric imaging are under 
development.
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decoded sources is extended although the actual beam is regarded not to be diffused in the angu-
lar space. This extension is due to the angular resolution σ, and our results imply σ (FWHM) that
is ∼20 arc sec. It is consistent with the calculation that

EQ-TARGET;temp:intralink-;e008;116;251σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ p2

D

p

L
; (8)

where r is the diameter of the aperture, pD is the pixel pitch of the detector, and L is the distance
between the coded aperture and the detector. This angular resolution is comparable to that of
the NuSTAR satellite in terms of FWHM 18 arc sec.10 This means that our experimental setup
achieved an excellent imaging performance with a dramatically downsized imaging system
compared to existing missions. Next, the dataset (iii) is for a demonstration of a diffuse source.
The imaging system measured a circular source with a radius of 60 arc sec. As shown in Fig. 7, a
circle at the center of the FoV is clearly decoded with the precise size considering the angular
resolution. Its shape is slightly distorted, which is due to the discrete stage control.

The decoded images in Figs. 5–7 show less artifacts in the summed image. For estimating
this effect precisely, Table 2 shows the standard deviation of each artifact level histogram in
Figs. 5–7. This value should be close to 0 in an artifact-free image. Each pattern shows different
characteristics. Pattern (A) shows the smallest standard deviation in all datasets. Pattern (C) looks

Fig. 7 The same as Fig. 5 but for the dataset (iii). Note that these images are displayed in
a wider sky area compared to Figs. 5 and 6 in order to show the artifact pattern distributed in
the entire FoV.

Fig. 6 The same as Fig. 5 but for the dataset (ii).

Kasuga et al.: Artifact-less coded aperture imaging in the x-ray band. . .

J. Astron. Telesc. Instrum. Syst. XXXXXX-7 • Vol. ()

Substituting Eq. (1) for Eq. (2), ~S is represented as

EQ-TARGET;temp:intralink-;e003;116;434S̃ ¼ ðÃ # AÞ # Sþ Ã # B: (3)

Ignoring B, which is independent of A, ~S is reconstructed into the original image S if the
convolution ~A # A is approximately the δ function. However, the difference between S and ~S
results in artifacts. Since artifacts are originated from and unique to the pattern structure A,
they are regarded as systematic errors of the coded aperture imaging. Such artifacts cause
over- and under-estimations of the source intensity S. In the case of random patterns, ~A # A
converges to the delta function with the degree of randomness. Thus the problem is reduced
to how to increase the number of the pattern elements.

We consider a coded aperture imaging system with a high-resolution and narrow-FoV
configuration. The diameter of each aperture and the total pattern size should be determined by
scientific requirements for the angular resolution and the FoV size. Since a general narrow FoV
configuration does not need a large size of the entire system unit compared to the total size of its
satellite, we can gain the effective area by configuring them parallelly. Random patterns have 2N
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cases of varieties when the pattern size is N × N. Figure 1 shows one example. These four
patterns are made randomly and independently, but the pattern size of each is equally set to
be 37 × 37. The number of the aperture elements is 684 in order to keep the aperture ratio almost
50%. Here we propose a simple idea to use this 2N2 variation. Configuring parallelly some differ-
ent random patterns with the same size instead of the exact same patterns, they give independent
decoded images ~Sp with the same FoV size and the angular resolution, where p is a label for

a pattern. They can be addable and a new summed image ~S is given by

EQ-TARGET;temp:intralink-;e004;116;159S̃ ¼
X

p

S̃p: (4)

Due to the different artifact distribution in each ~Sp, their contribution should be canceled out

in the summed ~S. It is important that the decoding is processed independently for each decoding
pattern ~A and is simply implemented in parallel computing.

Fig. 1 Example of multiple different random patterns. They are different only in terms of the con-
figuration of apertures. This set of patterns was used for the experiments described in Sec. 3.
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偏光撮像の解析結果 preliminary

領域 入力値 測定値
第１象限 -1.0 -0.65
第２象限 +0.4 +0.53
第３象限 +1.0 +0.85
第４象限 0.0 -0.05

•領域ごとの偏光特性を抽出することができた。 
→「符号化偏光撮像」に成功！ 
•まだ入力値と推定値の系統誤差が大きい。 
→ 実験のセットアップ、入力データ作成時の誤差 (位置合わせなど) 
→ 系統誤差を低減する解析手法の工夫

偏光撮像結果
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の分布Π̃(Q)
θx,θy

の分布Ĩθx,θy

実験値 理論値
θx < 0, θy < 0
θx > 0, θy > 0
θx > 0, θy < 0
θx < 0, θy > 0

+1.00
−1.00

0.00
+0.40

+0.85
−0.65
−0.05
+0.53

拡張EMアルゴリズムでの999ステップ目の再構成画像

天球面領域ごとに異なる偏光度を出すことに成功 
→偏光撮像の達成 

系統誤差には重ね合わせ時の天球面座標原点のずれ
や、検出器座標の切り出しのずれなどが考えられる

(6.6節)

※実験値は 領域の平均50′ ′ ≤ |θx | ≤ 200′ ′ , 50′ ′ ≤ |θy | ≤ 200′ ′ 

S̃u

D̃v

Mvu

複数偏光源データの作成とEMアルゴリズムの拡張
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複数偏光源データの作成
210′ ′ 

1.0

1.00.0

0.00.5 0.5

0.7 0.3

θz = 0∘ θz = 90∘

+ =
1.01.0

1.0 1.0

+1.0

0.0

+0.5

+0.7 -1.0

0.0 -0.5

-0.3 -1.0

+1.0 0.0

+0.4

I

Q + =

210′ ′ 

blended
天球面領域を分割し、 と のデータを 
強度を変えて混ぜ合わせる 
方向の偏光度 は

θz = 0∘ θz = 90∘

Q Π(Q)

Π(Q) ≡ Q
I

= I0∘ − I90∘

I0∘ + I90∘

このデータを再構成し 
天球面領域ごとに異なる偏光度が得られればよい

EMアルゴリズムの偏光撮像への拡張
• 天球面座標 に偏光角 を追加し、 とする 

• 検出器座標 に光電子放出角 を追加し、 とする 

• 行列 の各 で開口部の と の対応を次のように定める

u = (θx, θy) ∈ U ϕs ∈ {0∘, 90∘} u = (θx, θy, ϕs)

v = (k, px, py) ∈ V ϕd ∈ {H-type,V-type} v = (k, px, py, ϕd)

Mvu k, px, py, θx, θy ϕs ϕd

D̃k,px,py,H

D̃k,px,py,V
= 1

2 (1 + MF 1 − MF
1 − MF 1 + MF)

S̃θx,θy,0∘

S̃θx,θy,90∘
 : 100%偏光に対する 
モジュレーションファクター

MF

このとき 方向の偏光度は で再構成されるQ Π̃(Q)
θx,θy

=
Q̃θx,θy

Ĩθx,θy

=
S̃θx,θy,0∘ − S̃θx,θy,90∘

S̃θx,θy,0∘ + S̃θx,θy,90∘

(6.6節)
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Ĩθx,θy

=
S̃θx,θy,0∘ − S̃θx,θy,90∘

S̃θx,θy,0∘ + S̃θx,θy,90∘

(6.6節)
Input data

Π(Q) = Q
I

Q-component 
polarization fraction

image image

-0.65+0.53

+0.85 -0.05

One-frame image at 16 keV 

5000 x 5000 pixels.


Many X-ray events.

Grey scale is enhanced for visibility.

X-ray events 

Various shapes from a single point 
to very extended.

Grey scale is logarithmic.


Extended events are probably due 
to diffusion in the low-field layer.

beam size of 11 mm

GMAX0505

normal version
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Introduction 
• Polarization is a fundamental property of a photon, and brings us unparalleled 

information on the anisotropy of astrophysical systems, e.g., the configuration 
of a magnetic field, geometry of a scattering medium, and properties of a 
gravitational field in the vicinity of a black hole.


• NASA’s IXPE [1], launched in 2021, is opening a new window of X-ray 
polarization. However, the hard X-ray band, i.e., above 10 keV, still remains 
unexplored in spite of its great scientific importance. In this band, non-thermal 
and/or scattered components dominate over thermal, unpolarized radiation.


• We propose a new approach that uses a photoabsorption-type 
semiconductor polarimeter that has high energy and spatial resolutions, 
in contrast to Compton polarimeters adopted by many hard X-ray instruments, 
e.g., PoGO+ [2], Hitomi-SGD [3], and X-Calibur [4].


        

❖ Left: The Crab Nebula emitting via synchrotron radiation imaged by the Chandra X-ray 
Observatory. (credit: NASA). This nebula is powered by a rapidly rotating neutron star, 
accelerating electrons up to 1015 eV. Spatially resolved polarimetry will measure the 
configuration and uniformity of the magnetic field, which plays an essential role in the 
mysterious acceleration mechanism.

❖ Right: Theoretical model of X-ray polarimetric image of the accretion disk of a spinning 
black hole. This figure is taken from [5]. The black bars denote polarization angles and 
fractions while colors indicate X-ray intensities. Hard X-ray polarimetry will reveal the 
properties of the accretion flow in the closest vicinity of the event horizon.


Detector System 
• We have developed an ultracompact hard X-ray imaging polarimeter system 

that can be installed onboard a 6U CubeSat mission called cipher (coded 
imaging polarimeter of high energy radiation) [6]. This system employs the 
combination of a fine-pixel CMOS imaging sensor and a coded aperture mask.


• The small pixel size of 2.5 micrometers allows us to track a photoelectron 
whose direction depends on the polarization of an incident photon, yielding the 
sensitivity to polarization of hard X-rays [7].


• The aperture pitch of 35 µm and the aperture-to-sensor distance of 25 cm give 
an excellent angular resolution of 30 arcseconds. The coded mask employs 
parallel different random patterns that significantly reduce imaging artifacts [8].


    

❖ Left: the sensor readout system. Middle: a 3D-printed metal X-ray collimator with 5 × 5 
sections with a dimension of 2.5 mm × 2.5 mm × 200 mm. Right: a coded aperture mask with 
femtosecond laser micromachining. Each pattern area is isolated by the collimator to 
suppress confusion from other patterns.


Proof-of-Concept Experiments 
• We performed a series of proof-of-concept experiments on our novel hard X-

ray imaging polarimeter at KEK Photon Factory and the SPring-8 synchrotron 
radiation facility in Japan. At SPring-8, we measured monochromatic 100% 
linearly polarized photon beams with energies of 10, 16, and 24 keV for 
evaluating polarimetric and imaging performances.


  

❖ The concept demonstration model (left) of cipher and an experimental setup (right) at 
SPring-8. The beam can be regarded as a distant celestial source. The 3-axes rotation stages 
allow us to emulate a point source at any location in the sky while the rotation stage about the 
optical axis controls the polarization angle.
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Figure 2. Polarization degree and angle from a thermal disk as a function of
observed photon energy, including only direct radiation. The BH parameters
are as in Figure 1 (dashed curves) and also include identical calculations
corresponding to a nonspinning BH (solid curves). The angle of polarization
is measured with respect to the horizontal axis in the image plane with point
symmetry through the origin: ψ = ψ − 180◦.
(A color version of this figure is available in the online journal.)

Connors et al. (1980), who performed a similar calculation using
semi-analytic transfer functions from the observer to the disk.
Again we see that at low energies (dominated by emission from
large disk radii), the polarization is given by the Chandrasekhar
result, and is a function only of the disk inclination angle. At
higher energies, we begin to probe the inner regions of the
accretion disk and see the relativistic effects described above
that reduce the polarization fraction in the integrated light.

The angle of polarization as a function of energy in the
integrated disk emission is plotted in the lower panel of Figure 2.
For an inclined accretion disk with the BH axis projected
onto the vertical, or y-axis, ψ = 0 corresponds to horizontal
polarization parallel to the disk surface. From Equation (4), we
see there is a point symmetry in the definition of ψ , giving
ψ = ψ ± 180◦. As can be seen in the simulated image of
Figure 1, the individual polarization vectors are rotated in the
inner disk, due largely to gravitational lensing and, to a lesser
degree, frame-dragging around a spinning black hole. Although
individual photons can experience significant rotation, the net
result is a modest rotation of the total observed polarization
in the clockwise direction, giving ψ < 0 at higher energies.
From Figure 2, it is clear this effect is more pronounced for
small inclinations, where the low amplitude of polarization
makes it easier to “overcome” the classical result with additional
relativistic effects. Similarly, the polarization rotation is greater

Figure 3. Ray-traced image of radiation from a thermal disk, as in Figure 1,
but here including returning radiation. Photons emitted from the inner disk get
bent by the BH and scatter off the opposite side of the disk toward the distant
observer.
(A color version of this figure is available in the online journal.)

for more rapidly spinning BHs, where the accretion disk extends
closer in toward the horizon and probes a stronger gravitational
field. In this way, it has previously been proposed that the
polarization degree and angle as a function of energy could
be used to infer the spin of the BH in the thermal state (Connors
et al. 1980; Laor et al. 1990; Dovciak et al. 2008).

4. RETURNING RADIATION: QUALITATIVE
DISCUSSION

When returning radiation is included, although little changes
in terms of the total observed spectrum, the polarization picture
(Figure 3) changes significantly—in much of the disk, the
observed polarization rotates by 90◦, even though none of the
model’s physical parameters has been changed at all!

This effect can be understood qualitatively in very simple
fashion (see also Agol & Krolik (2000)). For most reasonable
stellar-mass BH accretion disk models, the opacity in the inner
disk is dominated by electron scattering (Shakura & Sunyaev
1973; Novikov & Thorne 1973), so returning radiation in the
∼1–10 keV energy range should scatter off the disk with
negligible absorption. Detailed atmospheric calculations (S.
Davis 2008, private communication) show that the photospheric
region is strongly scattering dominated for R ! 50 M whenever
L/LEdd " 0.01. If these calculations were altered to take
into account magnetic contributions to vertical support, which
should be substantial at these altitudes in this regime (Hirose
et al. 2009), absorption opacity would likely be even weaker
(however, when the central mass is much larger, as in an AGN,
the inner disk temperature is much lower, giving significantly
greater absorptive opacity in the X-ray band). While we use the
exact results for diffuse reflection from a scattering-dominated
atmosphere (Chandrasekhar 1960), the typical photon scatters
only once or twice before permanently departing the disk. Its
outgoing polarization can thus be approximated using the single-
scattering Thomson cross section’s polarization-dependence:

(
dσ

dΩ

)

pol
= r2

0

∣∣fi · ff
∣∣2

, (5)

CMOSセンサ読み出し系
可視光用のCMOSセンサをX線検出器として利用するために、専用の読み出し系を新規開発し、運用している。 
今年度、データ削減ロジックを追加し、X線検出ピクセルのみをデータ取得計算機に転送する。 
デッドタイムは、38 ms/frame (exposure: >550 msのとき) に減少した。(もともとは1秒程度)
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Results 
We extracted X-ray events from sensor data frames, and performed 
spectroscopic and polarimetric analysis. We demonstrate that:

✓ The fine-pixel CMOS sensor has polarization sensitivity at energies of 10, 

16, and 24 keV.

✓ The coded aperture imaging with the different random patterns achieves 

artifact-reduced image decoding with an angular resolution of 30 arcseconds.

✓ Polarimetric image is successfully obtained by the combination of polarimetric 

analysis and coded aperture imaging.




❖ Event shapes obtained with the sensor and their spectra for a monochromatic 16 keV X-ray 
beam. Information on the photoelectron tracks can be extracted from multi-pixel events. 
Energy was reconstructed by summing all pixel values for the multi-pixel events.




❖ Modulation was obtained by plotting the fraction of H-events (=H/(H+V)) as a function of the 
polarization angle, clearly showing that the sensor has high sensitivity to polarization. 
Only the double events were used in these results. An event analysis algorithm based on a 
neural network for the triple and extended events is under development.




❖ Four different coded aperture patterns and corresponding decoded images of a circle in the 
sky with a radius of 60 arcseconds. By summing all images, pattern-specific artifacts were 
cancelled out. We will use a larger numbers of patterns to obtain artifact-free images.




❖ “Demo” of imaging polarimetry. We generated an input data set (showing Stokes I and Q 
parameters) by blending X-ray events with different polarization properties from 2D “sky” scan 
data. We applied our new polarimetric image reconstruction method based on an expectation-
maximizing (EM) algorithm. We successfully obtained spatially resolved polarization properties 
in the “sky”. The degree of polarization of the Stokes Q-component was extracted by 
averaging within each quadrant.


Concluding Remarks 
• We illustrate our novel concept of an ultracompact hard X-ray imaging 

polarimeter system using the combination of a fine-pixel CMOS imaging 
sensor and an artifact-less coded aperture mask.


• This system is fitted to a cost-effective CubeSat platform, and can be 
extended to a future larger mission using an X-ray collection mirror. More 
advanced analysis methods including polarimetric imaging are under 
development.
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decoded sources is extended although the actual beam is regarded not to be diffused in the angu-
lar space. This extension is due to the angular resolution σ, and our results imply σ (FWHM) that
is ∼20 arc sec. It is consistent with the calculation that

EQ-TARGET;temp:intralink-;e008;116;251σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ p2

D

p

L
; (8)

where r is the diameter of the aperture, pD is the pixel pitch of the detector, and L is the distance
between the coded aperture and the detector. This angular resolution is comparable to that of
the NuSTAR satellite in terms of FWHM 18 arc sec.10 This means that our experimental setup
achieved an excellent imaging performance with a dramatically downsized imaging system
compared to existing missions. Next, the dataset (iii) is for a demonstration of a diffuse source.
The imaging system measured a circular source with a radius of 60 arc sec. As shown in Fig. 7, a
circle at the center of the FoV is clearly decoded with the precise size considering the angular
resolution. Its shape is slightly distorted, which is due to the discrete stage control.

The decoded images in Figs. 5–7 show less artifacts in the summed image. For estimating
this effect precisely, Table 2 shows the standard deviation of each artifact level histogram in
Figs. 5–7. This value should be close to 0 in an artifact-free image. Each pattern shows different
characteristics. Pattern (A) shows the smallest standard deviation in all datasets. Pattern (C) looks

Fig. 7 The same as Fig. 5 but for the dataset (iii). Note that these images are displayed in
a wider sky area compared to Figs. 5 and 6 in order to show the artifact pattern distributed in
the entire FoV.

Fig. 6 The same as Fig. 5 but for the dataset (ii).
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Substituting Eq. (1) for Eq. (2), ~S is represented as

EQ-TARGET;temp:intralink-;e003;116;434S̃ ¼ ðÃ # AÞ # Sþ Ã # B: (3)

Ignoring B, which is independent of A, ~S is reconstructed into the original image S if the
convolution ~A # A is approximately the δ function. However, the difference between S and ~S
results in artifacts. Since artifacts are originated from and unique to the pattern structure A,
they are regarded as systematic errors of the coded aperture imaging. Such artifacts cause
over- and under-estimations of the source intensity S. In the case of random patterns, ~A # A
converges to the delta function with the degree of randomness. Thus the problem is reduced
to how to increase the number of the pattern elements.

We consider a coded aperture imaging system with a high-resolution and narrow-FoV
configuration. The diameter of each aperture and the total pattern size should be determined by
scientific requirements for the angular resolution and the FoV size. Since a general narrow FoV
configuration does not need a large size of the entire system unit compared to the total size of its
satellite, we can gain the effective area by configuring them parallelly. Random patterns have 2N

2

cases of varieties when the pattern size is N × N. Figure 1 shows one example. These four
patterns are made randomly and independently, but the pattern size of each is equally set to
be 37 × 37. The number of the aperture elements is 684 in order to keep the aperture ratio almost
50%. Here we propose a simple idea to use this 2N2 variation. Configuring parallelly some differ-
ent random patterns with the same size instead of the exact same patterns, they give independent
decoded images ~Sp with the same FoV size and the angular resolution, where p is a label for

a pattern. They can be addable and a new summed image ~S is given by

EQ-TARGET;temp:intralink-;e004;116;159S̃ ¼
X

p

S̃p: (4)

Due to the different artifact distribution in each ~Sp, their contribution should be canceled out

in the summed ~S. It is important that the decoding is processed independently for each decoding
pattern ~A and is simply implemented in parallel computing.

Fig. 1 Example of multiple different random patterns. They are different only in terms of the con-
figuration of apertures. This set of patterns was used for the experiments described in Sec. 3.
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偏光撮像の解析結果 preliminary

領域 入力値 測定値
第１象限 -1.0 -0.65
第２象限 +0.4 +0.53
第３象限 +1.0 +0.85
第４象限 0.0 -0.05

•領域ごとの偏光特性を抽出することができた。 
→「符号化偏光撮像」に成功！ 
•まだ入力値と推定値の系統誤差が大きい。 
→ 実験のセットアップ、入力データ作成時の誤差 (位置合わせなど) 
→ 系統誤差を低減する解析手法の工夫

偏光撮像結果

26

の分布Π̃(Q)
θx,θy

の分布Ĩθx,θy

実験値 理論値
θx < 0, θy < 0
θx > 0, θy > 0
θx > 0, θy < 0
θx < 0, θy > 0

+1.00
−1.00

0.00
+0.40

+0.85
−0.65
−0.05
+0.53

拡張EMアルゴリズムでの999ステップ目の再構成画像

天球面領域ごとに異なる偏光度を出すことに成功 
→偏光撮像の達成 

系統誤差には重ね合わせ時の天球面座標原点のずれ
や、検出器座標の切り出しのずれなどが考えられる

(6.6節)

※実験値は 領域の平均50′ ′ ≤ |θx | ≤ 200′ ′ , 50′ ′ ≤ |θy | ≤ 200′ ′ 

S̃u

D̃v

Mvu

複数偏光源データの作成とEMアルゴリズムの拡張
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複数偏光源データの作成
210′ ′ 

1.0

1.00.0

0.00.5 0.5

0.7 0.3

θz = 0∘ θz = 90∘

+ =
1.01.0

1.0 1.0

+1.0

0.0

+0.5

+0.7 -1.0

0.0 -0.5

-0.3 -1.0

+1.0 0.0

+0.4

I

Q + =

210′ ′ 

blended
天球面領域を分割し、 と のデータを 
強度を変えて混ぜ合わせる 
方向の偏光度 は

θz = 0∘ θz = 90∘

Q Π(Q)

Π(Q) ≡ Q
I

= I0∘ − I90∘

I0∘ + I90∘

このデータを再構成し 
天球面領域ごとに異なる偏光度が得られればよい

EMアルゴリズムの偏光撮像への拡張
• 天球面座標 に偏光角 を追加し、 とする 

• 検出器座標 に光電子放出角 を追加し、 とする 

• 行列 の各 で開口部の と の対応を次のように定める

u = (θx, θy) ∈ U ϕs ∈ {0∘, 90∘} u = (θx, θy, ϕs)

v = (k, px, py) ∈ V ϕd ∈ {H-type,V-type} v = (k, px, py, ϕd)

Mvu k, px, py, θx, θy ϕs ϕd

D̃k,px,py,H

D̃k,px,py,V
= 1

2 (1 + MF 1 − MF
1 − MF 1 + MF)

S̃θx,θy,0∘

S̃θx,θy,90∘
 : 100%偏光に対する 
モジュレーションファクター

MF

このとき 方向の偏光度は で再構成されるQ Π̃(Q)
θx,θy

=
Q̃θx,θy

Ĩθx,θy

=
S̃θx,θy,0∘ − S̃θx,θy,90∘

S̃θx,θy,0∘ + S̃θx,θy,90∘

(6.6節)
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Π(Q) = Q
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The fraction of the H-events





is a measure of polarization.


We corrected an intrinsic bias 
for unpolarized data of .

f =
NH

NH + NV

f = 0.5

The H-event fraction is measured 
as a function of the polarization angle.


These modulation curves clearly show 
that the sensor has high sensitivity 
to polarization.

Modulation factor using multi-pixel events 

• Uses 2-4 pixel events for 2.5 um sensor


• Uses 2-6 pixel events for 1.5 um sensor


• The modulation factor increases 
with energy, as expected.


• Consistent with Geant4-based simulation

Nuclear Inst. and Methods in Physics Research, A 1065 (2024) 169487

4

T. Iwata et al.

Fig. 3. Modulation factors of the CMOS sensors at each energy. The modulation factors
of the GMAX0505RF were obtained from Odaka et al. (in prep). The events used
for the analysis were within the multiplicity range of 2–6 for LI8020SA and 2–4 for
GMAX0505RF.

their reconstructed energy and multiplicity values. The criteria used
for event selection can influence the count rates and thus introduce
uncertainty. To obtain the number of events and their uncertainties,
we selected smaller and larger regions in the (reconstructed energy,
multiplicity) space at each energy. The number of events was com-
puted by averaging the events within these regions. Dividing by the
total exposure time yielded the count rates of the CMOS sensor. The
uncertainty in the counts was estimated as half of the difference in
counts between the regions.

The output count rate of the SDD data can be determined by divid-
ing the number of events around the peak by the accumulation time.
In the experiment, the input count rate was sufficiently high that the
dead time could not be neglected. Assuming the paralyzable model, we
reconstructed the input count rate by numerically solving the formula
𝜔out = 𝜔in exp

⌋
ω𝜔in𝜀dead

⌈
, where 𝜀dead = 2(1 + 0.05)

⌋
𝜀peak + 𝜀f lat

⌈
, with

𝜀peak representing the peaking time and 𝜀f lat representing the flat top
duration [14]. Taking into account the detection layer depth of the SDD
(500 εm) and the transmission ratio of the window (B4C), we estimated
the input count rates of the CMOS sensor.

The QE of the CMOS sensor was determined based on the detected
count rates and the estimated input count rates. The uncertainty in
these quantum efficiencies was assessed using the variance of multiple
pairs of data at 10 keV and 12 keV. Assuming the sensor can approx-
imated by a silicon slab, we derived the thickness of the detection
layer from the QE of the CMOS sensor, as illustrated in Fig. 4. The
inferred detection layer thickness was 2.67 ± 0.48 εm. The detection
layer thickness of the GMAX0505RF is 18.1 ± 3.3 εm (Odaka et al. in
prep). As anticipated, the NIR-enhanced RF sensor exhibited a thicker
detection layer.

4. Discussion

4.1. Polarization sensitivity

The sensitivity of the polarimeter is often represented asMDP99, the
minimum detectable polarization at the 99% confidence level. MDP99
can be calculated using the equation:

MDP99 ϑ
4.29
𝜗
⌉
𝜛

(3)

where 𝜗 represents the MF and 𝜛 represents the number of detected
source events. For 𝜛 = 𝜚𝜍𝜑𝜀 , where 𝜍, 𝜑 , and 𝜀 denote the area,
source flux, and observation time, respectively, the MDP99 is deter-
mined by a quality factor, 𝛻 = 𝜗

⌉
𝜕, of the sensor. Fig. 5 illustrates the

quality factors of the LI8020SA and GMAX0505RF sensors at various
energies. In this calculation, we employed a multiplicity range of 2–
81 for LI8020SA data and 2–4 for GMAX0505RF data at 6, 10, and

Fig. 4. Quantum efficiency of LI8020SA at each energy. The blue circles represent the
measured quantum efficiency of the LI8020SA sensor. The orange line and shaded area
represent the fitted silicon slab model with the best-fit parameter and the 1ℵ range for
the detection layer thickness of 2.67 ± 0.48 εm.

Fig. 5. Quality factors of the CMOS sensors at each energy. The quality factors of the
GMAX0505RF sensor were obtained from Odata et al. (in prep).

12 keV, 2–10 at 16 keV, and 2–25 at 22 keV. Above 10 keV, the quality
factor of the GMAX0505 sensor exceeds that of the LI8020SA due to its
higher efficiency. Conversely, below approximately 10 keV, the quality
factor of the LI8020SA surpasses that of the GMAX0505RF. There-
fore, the LI8020SA can offer better polarization sensitivity for sources
that are highly polarized and bright below 10 keV. Consequently, the
LI8020SA provides better polarization sensitivity for sources that are
highly polarized and bright below 10 keV.

The MF of the LI8020SA exceeds that of the GMAX0505RF in the
energy range of 6–22 keV. This is attributed to the smaller pixel size
of the LI8020SA and the fact that the impact of thermal diffusion does
not significantly diminish the advantage of the smaller pixel size. This
suggests that a smaller pixel size is crucial for improving the MF of the
sensor. However, the quality factor of the LI8020SA was lower than
that of the GMAX0505RF above 10 keV due to the thinner detection
layer thickness. Therefore, for the development of a more sensitive
polarimeter, a sensor with a thicker detection layer is desirable. We
propose the use of CMOS sensors for X-ray polarimetry in bright sources
with significant exposure times. The feasibility of X-ray polarimetry
using the GMAX0505RF will be discussed in Odaka et al. (in prep).

4.2. Comparison with simulations

The MF of detectors is influenced by sensor properties such as
pixel size and thermal diffusion. To investigate whether the effects
of pixel size and thermal diffusion can account for the measured MF
of the sensor, we conducted simulations of a silicon pixel sensor. For
this purpose, we utilized ComptonSoft, a simulation software based on
Geant4. In our simulation setup, we approximated the detector as a slab
of silicon with a thickness of 2.7 εm, consistent with the experimental
result in Section 3.3. We did not include the insensitive neutral region,
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1.5 um pixel

2.5 um pixel



Sensitivity of polarization
Minimum detectable polarization (confidence level of 99%)


    ( : count, : modulation factor)


is a widely used for polarization sensitivity.

Thus, a figure of merit called the quality factor can be 
introduced:


    ( : quantum efficiency, : modulation factor)

MDP99 =
4.29

N ⋅ μ
N μ

q = ϵ ⋅ μ ϵ μ

Quality factor q = ϵ ⋅ μ

Sweet spot

Nuclear Inst. and Methods in Physics Research, A 1065 (2024) 169487

4

T. Iwata et al.

Fig. 3. Modulation factors of the CMOS sensors at each energy. The modulation factors
of the GMAX0505RF were obtained from Odaka et al. (in prep). The events used
for the analysis were within the multiplicity range of 2–6 for LI8020SA and 2–4 for
GMAX0505RF.

their reconstructed energy and multiplicity values. The criteria used
for event selection can influence the count rates and thus introduce
uncertainty. To obtain the number of events and their uncertainties,
we selected smaller and larger regions in the (reconstructed energy,
multiplicity) space at each energy. The number of events was com-
puted by averaging the events within these regions. Dividing by the
total exposure time yielded the count rates of the CMOS sensor. The
uncertainty in the counts was estimated as half of the difference in
counts between the regions.
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𝜀peak representing the peaking time and 𝜀f lat representing the flat top
duration [14]. Taking into account the detection layer depth of the SDD
(500 εm) and the transmission ratio of the window (B4C), we estimated
the input count rates of the CMOS sensor.

The QE of the CMOS sensor was determined based on the detected
count rates and the estimated input count rates. The uncertainty in
these quantum efficiencies was assessed using the variance of multiple
pairs of data at 10 keV and 12 keV. Assuming the sensor can approx-
imated by a silicon slab, we derived the thickness of the detection
layer from the QE of the CMOS sensor, as illustrated in Fig. 4. The
inferred detection layer thickness was 2.67 ± 0.48 εm. The detection
layer thickness of the GMAX0505RF is 18.1 ± 3.3 εm (Odaka et al. in
prep). As anticipated, the NIR-enhanced RF sensor exhibited a thicker
detection layer.
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Fig. 5. Quality factors of the CMOS sensors at each energy. The quality factors of the
GMAX0505RF sensor were obtained from Odata et al. (in prep).

12 keV, 2–10 at 16 keV, and 2–25 at 22 keV. Above 10 keV, the quality
factor of the GMAX0505 sensor exceeds that of the LI8020SA due to its
higher efficiency. Conversely, below approximately 10 keV, the quality
factor of the LI8020SA surpasses that of the GMAX0505RF. There-
fore, the LI8020SA can offer better polarization sensitivity for sources
that are highly polarized and bright below 10 keV. Consequently, the
LI8020SA provides better polarization sensitivity for sources that are
highly polarized and bright below 10 keV.

The MF of the LI8020SA exceeds that of the GMAX0505RF in the
energy range of 6–22 keV. This is attributed to the smaller pixel size
of the LI8020SA and the fact that the impact of thermal diffusion does
not significantly diminish the advantage of the smaller pixel size. This
suggests that a smaller pixel size is crucial for improving the MF of the
sensor. However, the quality factor of the LI8020SA was lower than
that of the GMAX0505RF above 10 keV due to the thinner detection
layer thickness. Therefore, for the development of a more sensitive
polarimeter, a sensor with a thicker detection layer is desirable. We
propose the use of CMOS sensors for X-ray polarimetry in bright sources
with significant exposure times. The feasibility of X-ray polarimetry
using the GMAX0505RF will be discussed in Odaka et al. (in prep).

4.2. Comparison with simulations

The MF of detectors is influenced by sensor properties such as
pixel size and thermal diffusion. To investigate whether the effects
of pixel size and thermal diffusion can account for the measured MF
of the sensor, we conducted simulations of a silicon pixel sensor. For
this purpose, we utilized ComptonSoft, a simulation software based on
Geant4. In our simulation setup, we approximated the detector as a slab
of silicon with a thickness of 2.7 εm, consistent with the experimental
result in Section 3.3. We did not include the insensitive neutral region,

As energy gets higher,

• the electron range gets longer (good for modulation factor),

• photoabsorption cross section decreases (bad for statistics),

Thus, ideally, we need a sensor with

• small pixel size < 2.5 um

• thick depletion layer > 40 um with backside bias

Currently we use optical sensors but need real X-ray sensors.



Demonstration of polarimetric imaging
✓ Optics is necessary. A mirror is a straightforward way, but it requires 

large system size for its long focal length.

✓ Coded aperture imaging—a kind of computational imaging method. 

A shadow image is reconstructed into an object image.

✓ High angular resolution of 30” with a small system size of 25 cm

coded aperturesensors

collimators

data acquisition 
system

rotation stage

25 cm

7.5 mm

4 Results

Figures 5–7 show the results of the decoding process for the three datasets in Table 1. Figures 5
(a)–7(a) show the decoded images by all patterns shown in Fig. 1. Because these decoded values
depend on the decoding process, we show only the ratio to the peak value here in order to com-
pare the magnitude of artifacts. Figures 5(b)–7(b) show the sum of the four decoded images,
which is the result of our newly proposed method of the artifact reduction. To compare the effect
of the artifact reduction under the same statistical conditions, we demonstrate the situation that
we configured four of the same patterns and did the same experiments. Figures 5(c)–7(c) are the
results with 4 times longer exposure time by the same setup. Figures 5(d)–7(d) show histograms
of the normalized pixel values ~Sðsx;syÞ of the source-free region in the decoded images to evaluate
the effect of summing for multiple different patterns. These histograms give the degree of the
fluctuations due to the artifacts.

First, we evaluated the performance for point-like sources using dataset (i) and (ii). For the
dataset (ii), the detected images are separated by 50 pixels from each other as shown in Fig. 4(ii).
It corresponds to a source separation of 103 arc sec. Considering the reading error of 2 pixels and
the angular resolution σ, this is consistent with our decoded image in Fig. 6. This confirms that
our decoding method works precisely. As we clearly see in Figs. 5 and 6, the shape of the

Fig. 4 The position distributions of x-ray detections in the case of pattern (A) for the datasets in
Table 1. These images are shown in linear scales.

Fig. 5 Imaging results for the dataset (i) in Table 1. (a) The decoded image by each random pat-
tern in Fig. 1. These images are binned in 5 arc sec and expanded near the source. The scale is
normalized such that the peak value of ~Sðsx ;sy Þ is 1 and the color at 0 is common among all images.
(b) The summed image of all decoded images. The color scale is made in the same way.
(c) The decoded images with 4 times longer exposure experiments in each pattern. Then the pho-
ton statistics is comparable to that of the summed image. The color scale is made in the same way.
(d) The histogram of S̃ðsx ;sy Þ within the entire FoV excluding the source region considering
the angular resolution σ, i.e., a histogram of the artifact levels. The value 0 means artifact-less.
The solid line is for the summed image and colored dashed lines for each long-exposure decoded
image, where the color red, blue, green, and magenta represent the pattern (A)–(D), respectively.
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decoded sources is extended although the actual beam is regarded not to be diffused in the angu-
lar space. This extension is due to the angular resolution σ, and our results imply σ (FWHM) that
is ∼20 arc sec. It is consistent with the calculation that

EQ-TARGET;temp:intralink-;e008;116;251σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ p2

D

p

L
; (8)

where r is the diameter of the aperture, pD is the pixel pitch of the detector, and L is the distance
between the coded aperture and the detector. This angular resolution is comparable to that of
the NuSTAR satellite in terms of FWHM 18 arc sec.10 This means that our experimental
setup achieved an excellent imaging performance with a dramatically downsized imaging
system compared to existing missions. Next, the dataset (iii) is for a demonstration of a
diffuse source. The imaging system measured a circular source with a radius of 60 arc sec. As
shown in Fig. 7, a circle at the center of the FoV is clearly decoded with the precise size con-
sidering the angular resolution. Its shape is slightly distorted, which is due to the discrete stage
control.

The decoded images in Figs. 5–7 show less artifacts in the summed image. For estimating
this effect precisely, Table 2 shows the standard deviation of each artifact level histogram in
Figs. 5–7. This value should be close to 0 in an artifact-free image. Each pattern shows

Fig. 7 The same as Fig. 5 but for the dataset (iii). Note that these images are displayed in
a wider sky area compared to Figs. 5 and 6 in order to show the artifact pattern distributed in
the entire FoV.

Fig. 6 The same as Fig. 5 but for the dataset (ii).
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4 Results

Figures 5–7 show the results of the decoding process for the three datasets in Table 1. Figures 5
(a)–7(a) show the decoded images by all patterns shown in Fig. 1. Because these decoded values
depend on the decoding process, we show only the ratio to the peak value here in order to com-
pare the magnitude of artifacts. Figures 5(b)–7(b) show the sum of the four decoded images,
which is the result of our newly proposed method of the artifact reduction. To compare the effect
of the artifact reduction under the same statistical conditions, we demonstrate the situation that
we configured four of the same patterns and did the same experiments. Figures 5(c)–7(c) are the
results with 4 times longer exposure time by the same setup. Figures 5(d)–7(d) show histograms
of the normalized pixel values ~Sðsx;syÞ of the source-free region in the decoded images to evaluate
the effect of summing for multiple different patterns. These histograms give the degree of the
fluctuations due to the artifacts.

First, we evaluated the performance for point-like sources using dataset (i) and (ii). For the
dataset (ii), the detected images are separated by 50 pixels from each other as shown in Fig. 4(ii).
It corresponds to a source separation of 103 arc sec. Considering the reading error of 2 pixels and
the angular resolution σ, this is consistent with our decoded image in Fig. 6. This confirms that
our decoding method works precisely. As we clearly see in Figs. 5 and 6, the shape of the

Fig. 4 The position distributions of x-ray detections in the case of pattern (A) for the datasets in
Table 1. These images are shown in linear scales.

Fig. 5 Imaging results for the dataset (i) in Table 1. (a) The decoded image by each random pat-
tern in Fig. 1. These images are binned in 5 arc sec and expanded near the source. The scale is
normalized such that the peak value of ~Sðsx ;sy Þ is 1 and the color at 0 is common among all images.
(b) The summed image of all decoded images. The color scale is made in the same way.
(c) The decoded images with 4 times longer exposure experiments in each pattern. Then the pho-
ton statistics is comparable to that of the summed image. The color scale is made in the same way.
(d) The histogram of S̃ðsx ;sy Þ within the entire FoV excluding the source region considering
the angular resolution σ, i.e., a histogram of the artifact levels. The value 0 means artifact-less.
The solid line is for the summed image and colored dashed lines for each long-exposure decoded
image, where the color red, blue, green, and magenta represent the pattern (A)–(D), respectively.
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decoded sources is extended although the actual beam is regarded not to be diffused in the angu-
lar space. This extension is due to the angular resolution σ, and our results imply σ (FWHM) that
is ∼20 arc sec. It is consistent with the calculation that

EQ-TARGET;temp:intralink-;e008;116;251σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ p2

D

p

L
; (8)

where r is the diameter of the aperture, pD is the pixel pitch of the detector, and L is the distance
between the coded aperture and the detector. This angular resolution is comparable to that of
the NuSTAR satellite in terms of FWHM 18 arc sec.10 This means that our experimental
setup achieved an excellent imaging performance with a dramatically downsized imaging
system compared to existing missions. Next, the dataset (iii) is for a demonstration of a
diffuse source. The imaging system measured a circular source with a radius of 60 arc sec. As
shown in Fig. 7, a circle at the center of the FoV is clearly decoded with the precise size con-
sidering the angular resolution. Its shape is slightly distorted, which is due to the discrete stage
control.

The decoded images in Figs. 5–7 show less artifacts in the summed image. For estimating
this effect precisely, Table 2 shows the standard deviation of each artifact level histogram in
Figs. 5–7. This value should be close to 0 in an artifact-free image. Each pattern shows

Fig. 7 The same as Fig. 5 but for the dataset (iii). Note that these images are displayed in
a wider sky area compared to Figs. 5 and 6 in order to show the artifact pattern distributed in
the entire FoV.

Fig. 6 The same as Fig. 5 but for the dataset (ii).
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Polarimetric imaging with coded aperture mask
We successfully obtained a polarimetric image by the combination 
of a CMOS polarimeter and a coded aperture imaging.

We develop a new analysis technique using EM algorithm.

Data: counts on the detector  where  : pattern ID,  : pixel coordinates, : photoelectron angle

Model: intensities in the sky  where  : sky coordinates, : polarization angle (here we assume Stokes-U is zero)


E-step:    →   M-step:   (  : iteration step)

v = (k, px, py, ϕ) k (px, py) ϕ ∈ {H-type, V-type}
u = (θx, θy, χ) (θx, θy) χ ∈ {0∘, 90∘}

Ỹ(l) = ∑
u

TuvX̃(l)
u X̃(l+1)

u = ∑
v

Yv
TuvX̃(l)

u

Ỹ(l)
v

l
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Fig. 1. (left) Imaging polarimetry setup at Spring-8 beam line. (middle) Picture of coded apertures. (right) Sky region subject to the imaging scan experiment.

Fig. 2. Definition of the imaging polarimetry test data (see Section 3.1).

of view and angular resolution of 0.5⋛ ω 0.5⋛ and 29
εε, respectively. The

orientation of the collimator (𝜔𝜀 and 𝜔𝜗) is adjustable using a rotation
stage, facilitating the control of the incident X-ray direction. Moreover,
the entire system can rotate around the beam axis, allowing for the
adjustment of the polarization angle detected by the CMOS sensor.

A comprehensive sky scan was conducted by manipulating the rota-
tion stage, and an image for an extended source was created by merging
the acquired data. The data points for the imaging scan experiments
are illustrated in the right panel of Fig. 1, covering a 420

εε
ω 420

εε

plane with a pitch size of 15εε. A total of 29 ω 29 = 841 scan points
were utilized. Table 1 provides the details on the datasets employed in
this paper. To verify the hard X-ray imaging polarimetry, we exposed
the system to 16.0 keV polarized X-rays with polarization angles of
both 0

⋛ and 90
⋛. This beam energy was selected by balancing between

the polarization detection capability and the quantum efficiency of
the sensor. Lower-energy photons would result in low sensitivity for
polarization detection because they are more likely to be recorded
as single-pixel events. Conversely, higher-energy photons lead to poor
statistical quantity due to their smaller cross section with the Si CMOS
sensor. The incident beam was attenuated by a 120 ϑm Cu filter to avoid
pile-up. Each dataset has 10 frames per scan point, resulting in a total
of 8410 frames. The initial four datasets in Table 1 were merged to
generate the ‘‘0⋛ polarization data’’, while the latter four were merged
to generate the ‘‘90⋛ polarization data’’.

3. Results

3.1. Data processing

We performed standard data processing on the acquired data using
ComptonSoft [19–21], which included pedestal subtraction, bad pixel
exclusion, event extraction, and event classification. Subsequent to the
data processing, double-pixel events exhibiting either horizontal (H-
type) or vertical (V-type) elongation were specifically selected. The
polarization angle and polarization degree can be determined by mea-
suring the ratio between the two types of events. The numbers of
H-type/V-type events were 9485530/8008517 for 0⋛ polarization and
7622987/9741000 for 90

⋛ polarization. The modulation factor was
calculated from these values to be 𝜛 = 0.1033 ± 0.0001 for 16.0 keV

polarized photons (for more details of the modulation factor, see [10]).
In addition to the 0⋛ and 90

⋛ polarization data, a new dataset named
‘‘imaging polarimetry test data’’ with various polarization degrees de-
pending on incident directions was generated. This dataset can easily be
generated by appropriately blending the 0

⋛ and 90
⋛ polarization data;

for instance, an unpolarized source can be simulated by mixing equal
proportions of the 0⋛ and 90

⋛ polarization data. To evaluate the imaging
polarimetry capability, we divided the entire scan region into four sub-
regions and assigned distinct polarization degrees (𝜚ϖ𝜍) to them. Fig. 2
illustrates the definition of the segmentation. We assigned 𝜚ϖ𝜍 = 0.4,
ϱ1.0 (90⋛ polarization), 1.0 (0⋛ polarization), and 0.0 (unpolarized)
to Regions 1, 2, 3, and 4, respectively, where the intensity 𝜍 was
spatially uniform. The first value (𝜚ϖ𝜍 = 0.4) was assigned to examine
a ‘‘realistic’’ polarization degree for a celestial object, while the latter
three values (𝜚ϖ𝜍 = ϱ1.0, 1.0, 0.0) were included to examine extreme
cases.

3.2. Imaging polarimetry

The EM algorithm was applied to the reconstruction of the po-
larization map from the encoded images on the detector plane. We
set 𝜑𝛻(0)

𝝎, 𝜕 as a spatially uniform distribution, and iterated through the
expectation and maximization steps using Eqs. (3) and (4). The recon-
struction was simultaneously applied to all eight coded apertures, with
the transmittance of the apertures set to ℵ = 0.02 (corresponding to
0.1 mm SUS304 for 16 keV photons). The encoded image on the detector
plane was binned in every 4 ω 4 pixels due to the limited memory
resources, but this did not affect the results as the angular resolution is
primarily dominated by the aperture pitch. The reconstructed images
were generated with an image pixel size of 20

εε
ω 20

εε, which is
slightly smaller than the angular resolution of the system. The EM steps
were iterated until ℶ = 1500, ensuring a sufficient convergence. The
reconstructed images were obtained after the vignetting correction was
applied.
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Table 1
List of datasets.
Start time
(JST)

Beam energy
(keV)

Polarization angle
(degree)

Frame exposure
(ms)

Number
of frames

2021-11-03 18:50 16.0 0 600 8410
2021-11-03 20:40 16.0 0 600 8410
2021-11-03 22:42 16.0 0 600 8410
2021-11-04 00:22 16.0 0 600 8410
2021-11-04 03:42 16.0 90 600 8410
2021-11-04 05:23 16.0 90 600 8410
2021-11-04 07:00 16.0 90 600 8410
2021-11-04 08:54 16.0 90 600 8410

Fig. 3. The upper panels show the reconstructed images from 0
⋛ polarization data, while the lower panels show those from imaging polarimetry test data (see text). Reconstructed

images include 𝜔(𝜀𝜗 , 𝜀𝜛) (left), 𝜚(𝜀𝜗 , 𝜀𝜛) (middle), and polarization degree 𝜚ω𝜔 (right).

Fig. 4. Evaluation of imaging reconstruction on the imaging polarimetry test data. The left panel shows the histogram of source intensity plotted for the Regions 1–4. The right
panel displays the histogram of polarization degree plotted for Regions 1–4.
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Concluding remarks
✓ CMOS imaging sensors with fine pixels for visible light have great capability of X-ray 

spectro-polarimetric imaging.


✓ Small pixels are essential: we used 2.5 μm pixels (GPixel GMAX0505) and 1.5 μm 
pixels (Canon LI8020SA).


✓ We completed the proof-of-concept experiments using linearly polarized X-ray beam 
at SPring-8 and KEK-PF in 6–30 keV.

Ongoing projects and future prospects of CIPHER 
• We are planning to use this sensor system for solar X-ray polarimetry mission and to deploy it 

into atomic physics experiments.


• For higher polarimetric sensitivity, we need a “real” X-ray detector with thicker sensitive layer.


→ hybrid sensor of fine-pitch CMOS readout + X-ray sensing high-resistivity (FZ) Si layer would 
be promising.


