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Compton Camera
Energy band from 100 keV to 10 MeV
Compton scattering is dominant over all other interactions of a 
photon with detector material.
Promising sub-MeV/MeV gamma-ray imaging spectrometer for
• Astrophysical observation
• Medical imaging
• Nondestructive inspection
• Search for radioactive isotopes
Energy and direction of the incident 
photon are determined by Compton 
kinematics.
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Accurate measurement of energy and position is important
to obtain high angular/spatial resolution.
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Advantage of Si/CdTe
Semiconductor imaging detectors are the most suitable.

1) Si detector as the scatterer [Low-Z: Z=14]
• High probability of Compton scattering
• Small Doppler broadening effect (by target electron momentum)
2) CdTe detector as the absorber [High-Z: Z=48,52]
• Large cross section of photoelectric absorption
• High density (5.85 g/cm3)
• Schottky diode electrode configuration

reduced low-energy tail (high bias voltage) 
Si

CdTe

gamma

Design of Si/CdTe Compton cameras
✓Combination of Si and CdTe detectors 

with high resolution
✓Many-layer stack structure with small pitch

High Energy/Position Resolution

Takahashi+ (2002)



Hard X-ray Imager (HXI) Soft Gamma-ray Detector (SGD)

4-layer Si-DSD
32.0 x 32.0 x 0.5 mm, 250 um strip pitch
1-layer CdTe-DSD
32.0 x 32.0 x 0.75 mm, 250 um strip pitch 

Si-Pad 0.6 mm thick, 32 layers
CdTe-Pad 0.75 mm thick, 
8 layers at bottom, 2 layers at each sides
13321 channels/CC unit × 6 CC

• 5 - 80 keV
• Focal plane detector of Hard-X-ray super 

mirror

• 10 - 600 keV
• Narrow-FOV Compton telescope

ASTRO-H X-ray Observatory
ASTRO-H is the next X-ray satellite led by JAXA, scheduled for launch 
in 2014. (Takahashi+ 2010)

HXI-S structure

S/C Baseplate

Coldplate
Heat-pipe
+ radiator

CFRP

BGO+APD

Double-Sided Silicon Strip Detector (DSSD)

Double-Sided CdTe Strip Detector (DSCD)

DSSD (0.5mm x 4) 
+ DSCD (0.5mm)

H. Tajima, SGD, ASTRO-H Design Meeting, FEB 22, 2011
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! SGD-S
• Compton camera
"Separate mechanical model before EM for vibration test
"Use FM parts for ASIC, Si/CdTe sensors
"Circuit boards are BBM/EM parts (not space qualified)
"Vibration and thermal vacuum test of EM

• Shield
"EM BGO/APD for each type (5 types)
"Thermal or mechanical dummy for the rest of BGO
"EM support structure (housing)
"FM parts for APD
"EM for APD assembly and readout chain
"Test strategy is still under discussion

! SGD-AE
• EM circuit boards
• Electric parts are not space qualified
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Main detector
Si/CdTe

Main detector
Si/CdTe

Kokubun+ (2008) Tajima+ (2008)

BGO shield
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Results from Prototypes
Compton Imaging

back projection (z = 60mm) LM-ML-EM method

• In LM-ML-EM image, we can see as far as 7!7 array of the sources.

• Background between the sources is well reduced.

y-projection

D=120º

• Liquid 131I source (364 keV)
• Grid with a gap of 20 mm
• Distance of 60 mm from the camera top

• 1 mm position accuracy (distance: 60 mm)
• FOV > 120º

1-layer Si + 4-layer CdTe
Multiple point sources

Takeda+ (2009)
collaboration with 

Gunma Univ. & JAEA 



Takeda+ (2009)
collaboration with 

Gunma Univ. & JAEA 

Results from Prototypes
Compton Imaging

1-layer Si + 4-layer CdTe

• Liquid 131I source (364 keV)
• reverse “C” shape
• Distance of 30 mm from the top

• Imaging of diffuse emission is well 
performed.

• Spatial resolution is better than 3 mm. 
(distance: 30 mm)

LM-ML-EM methodphoto of sample

3mm

Compton imaging of a diffuse source

RI : 131I (364keV), z = 30mm

• Compton image of the diffuse source is successfully obtained.

• Using LM-ML-EM method, the 3mm interval at z=30mm is completely 

resolved.

LM-ML-EM methodphoto of sample

3mm

Compton imaging of a diffuse source

RI : 131I (364keV), z = 30mm

• Compton image of the diffuse source is successfully obtained.

• Using LM-ML-EM method, the 3mm interval at z=30mm is completely 

resolved.

3 mm

Extended sources



Results from Prototypes
High-Precision Polarimetry

Principle: anisotropy of the azimuth angle distribution of Compton scattering
Advantage over conventional Compton polarimeters
• High precision measurement of the azimuth angle
• Restrict the incident direction of photons (Background rejection)

3. コンプトンカメラでの偏光測定

回転角 Modulation factor 偏光角
0° 0.82 ± 0.01 0.2° ± 0.4°
15° 0.80 ± 0.02 15.0° ± 0.7°
22.5° 0.82 ± 0.02 22.4° ± 0.6°
30° 0.82 ± 0.02 30.0° ± 0.6°
45° 0.80 ± 0.02 45.4° ± 0.5°
90° 0.83 ± 0.02 88.5° ± 0.6°
180° 0.81 ± 0.02 180.2° ± 0.6°

検出器の偏光検出能力の
指標となるパラメータ得られた方位角分布

実験から得られたModulation factorの値は、理論的に予測される値
0.926 ! 0.90 = 0.83

とほぼ一致。
偏光角は1°の精度で求められている。

入射光子の偏光度 100%偏光のときのmodulation factor

コンプトンカメラによるsub-MeVガンマ線の高精度偏光測定に成功。

Modulation factor = 0.82 ± 0.01
Polarization angle = 0.2º ± 0.4º

Al scatterer

collimator

Compton 
camera

synchrotron 
photon beam

250 keV
100% polarized

scattered photon
170 keV

degree of pol.
92.6%

SPring-8, JAPAN

rotation

• The measured modulation factor agrees with the theoretical value.
0.83 = 0.926 × 0.90 (modulation factor for 100% polarized beam)

• Polarization angle is determined to a precision of 1º. Takeda+ (2010)



Strategy for Higher Performance
Two important performance keys:
1) Angular/Spatial Resolution

2) Detection Efficiency
• Large-area & multi-layer stacking of double-sided strip detectors
• Modular design → flexible & scalable configuration

Energy Position

Precise 
measurement

New ADC-included low-
noise readout ASICs

VATA 450/460/461

New fine-pitch
CdTe double-sided

strip detectors

Detailed data 
reduction

Efficient calibration 
method

using Compton events

Depth sensing
& inter-strip events

using multi-strip 
information 



New Camera Module
Flexible detector modules 

Selectable in the number of detectors and their combination !!
Example : 5-layer stack system (Si 1, CdTe 4)

Si; 3.2cm wide, 0.5 mm thick
CdTe; 3.2cm wide, 0.75 mm thick

ADC implemented VATAs
250 um strip pitch

Double-sided strip detectors 

Floating bias supply
High energy resolution
Si; 1.5 keV @ 60 keV
CdTe; 1% @ 511 keV

ASTRO-H HXI model 
( 4.0 mm stack pitch )Common

spec.

DC-coupled floating readout with VATA 460/461
Active area: 3.2 x 3.2 cm2

128 strips in each side with 250-um pitches

Si-DSD ΔE: 1.5 keV at 60 keV (FWHM)
Thickness: 500 um

CdTe-DSD ΔE/E: 1% at 500 keV (FWHM)
Thickness: 750 um

✓ Stack of DSDs with high 
energy/position resolutions

✓ Highly modular design

✓ The detector configuration is 
flexible and scalable for 
specific applications.
Example: 1 Si + 4 CdTe

Hamamatsu

ACRORAD

assembled by MHI



250-um Pitch CdTe-DSD
Key detector of the Si/CdTe system

Watanabe+ (2009), Ishikawa+ (2010)

Shadow image (28-33 keV)
550-um thick tungsten mask

100-um wide slits 

3.2 cm

3.2 cm



250-um Pitch CdTe-DSD
Key detector of the Si/CdTe system

Watanabe+ (2009), Ishikawa+ (2010)

Am-241 spectrum3.2 cm

Al-electrode side (+HV)
Pt-electrode side (GND)

Applied bias: 250 V
ΔE: 1.7-1.9 keV at 60 keV (FWHM)

Low threshold: 5 keV



Detector Response
For scientific applications (spectral fitting, image deconvolution,...),
correct understanding of the detector response is required.
To handle complex response of the Si/CdTe Compton camera, we have 
developed a full Monte Carlo simulator. (Odaka+ 2010)

Particle tracking
(Geant4)

Device
charge transport/diffusion

Signal processing
Data acquisition

Energy deposited in the detector  (E, x)

Data output 

Signal pulse height from readout channels

same format as the real experimental data

Figure 10: Normalized counts as a function of the horizontal position
y of the gamma-ray source at the energy of 356 keV. All the data
are normalized to the counts at y = 0; thus, the data at larger y are
reduced due to the small incident photon number. The error bars show
1σ statistical errors. The position of y = 100 mm is approximately
corresponds to 60◦.

function of the horizontal position y of the gamma-ray
source on the horizontal plane at z = 60 mm. The ori-
gin of the coordinate system is at the center of the top
Si scatterer. Details about the experimental setup and a
discussion of the detector’s field of view are described
by Takeda et al. (2009)[7]. The simulation nicely repro-
duced the experimental results.

4.3. Angular resolution
Angular resolution of the Compton cameras was eval-

uated by the ARM distribution of the reconstructed Si-
CdTe Compton events. It is characterized by the full
width at half maximum (FWHM) of the ARM distribu-
tion. Figure 11 shows an example of ARM distribution
at 356 keV obtained from an experiment and a simu-
lation. The data of the experiment and the simulation
are identical to the data for the study of the detection
efficiency described in §4.2. The simulation fittingly re-
produced the shape and the width of the ARM profile.
Systematic uncertainties can be caused by errors of an
mechanical alignment of a gamma-ray source with the
camera and/or imperfect reproducibility of the CdTe de-
tector responses which are not optimized individually.

In order to evaluate angular resolutions at various
energy points, we used the experimental data of the
first prototype for a balloon-borne experiment[6] be-
cause it has a good detection capability of very low en-
ergy Compton events down to 60 keV. Its scatterer is a
four-layer stack of Si-DSDs (thickness of 0.3 mm each,
stacking pitch of 2 mm). And, its absorber consists of
four layers of CdTe pad detectors under the Si detectors
and one layer of CdTe pad detectors which cover large
scattering angles (the thickness of each detector is 0.5
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Figure 11: An example of ARM distribution at 356 keV from the ex-
periment (filled squares) and the simulation (open circles). The error
bars show 1σ statistical error.

mm). The simulation results agree with the experimen-
tal data from 60 keV to 511 keV, as shown in Fig. 12.
Note that the simulation of the first prototype did not in-
clude the effects of the low-energy tail of CdTe detectors
and dead channels. Note also that experimental data at
low energy points have the large errors due to difficulty
in fitting the ARM profiles which do not have sufficient
events in each bin.

We also estimated the contribution of energy and po-
sition measurement uncertainties to the ARM by an-
alyzing the simulation data according to methods de-
scribed by Odaka et al.[9]. The curve representing the
energy uncertainty in Fig. 12 does not include contri-
bution of the Doppler broadening effect. Although the
angular resolution is degraded mainly by position reso-
lution of the detectors for energies above 300 keV, the
Doppler broadening effect and energy resolution of the
detectors significantly degrade the angular resolution at
lower energies. The capability provided by the simula-
tor to enable such estimates is essential for optimizing
the design of Compton cameras.

5. Conclusion

We developed an integrated analysis software suite
for Si/CdTe semiconductor Compton cameras includ-
ing a full Monte Carlo simulator to model the detec-
tor response. In order to construct an accurate detec-
tor response function, the simulation involves a com-
prehensive treatment of the semiconductor detector de-
vices and the data processing system in addition to par-
ticle track simulation. The response of CdTe detec-
tors, which is one of the most difficult issues, repro-
duces measurements accurately by taking into account

8

Angular response (ARM) at 356 keV
Good agreement with an experimental 
result from the prototype

filled: experiment
open: simulation

3.5°



Response of CdTe
Complex detector response due to incomplete charge collection

(small mobility-lifetime product of hole)

projection

• We are now investigating inter-strip events, which can produce charge-shared events 
and/or low-energy tail structure.

• Polarization of CdTe is also an important issue. We established long-term stability at 
the ASTRO-H operation temperature, −20°C. (Sato+ 2010)
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Calibration
High resolution detectors require accurate calibrations!

Calibration using gamma-ray lines is not realistic at high energies
for Si detectors because photoelectric absorption hardly occurs.

→ Use two-hit Compton events

This method can be cross-checked by test pulses.
VATA 450/460 series has a function to operate calibration test pulses. 

Simple extrapolation
Preliminary fit of 3rd-order polynomial 
to Si/CdTe Compton events

CdTe E [keV]

Si
 E

 [k
eV

]

Cs-137
662 keV



Initial Results
22Na

511 keV

137Cs
662 keV

Angular resolution is 4-6 degrees, depending on event selection criteria.

Simple back projectionAngular resolution measure
all layers
w/o the top
CdTe layer

distance: 350 mm

distance: 350 mm



Simultaneous Multi-RI Imaging

Middle-field Advanced hot spot monitor 

133 Ba(356 keV, 2.3 MBq, 1.2m )

22 Na(511 keV, 0.5 MBq, 1.0 m)

137 Cs(662 keV, 2.8 MBq, 1.2 m)
≈ 50 MBq @ 5 m

180°

1 m

137Cs
22Na

133Ba



Simultaneous Multi-RI Imaging

Middle-field Advanced hot spot monitor 

133 Ba(356 keV, 2.3 MBq, 1.2m )

22 Na(511 keV, 0.5 MBq, 1.0 m)

137 Cs(662 keV, 2.8 MBq, 1.2 m)
≈ 50 MBq @ 5 m

180°

137Cs 662 keV (2.8 MBq)



Simultaneous Multi-RI Imaging

Middle-field Advanced hot spot monitor 

133 Ba(356 keV, 2.3 MBq, 1.2m )

22 Na(511 keV, 0.5 MBq, 1.0 m)

137 Cs(662 keV, 2.8 MBq, 1.2 m)
≈ 50 MBq @ 5 m

180°

22Na 511 keV (0.5 MBq)



Simultaneous Multi-RI Imaging

Middle-field Advanced hot spot monitor 

133 Ba(356 keV, 2.3 MBq, 1.2m )

22 Na(511 keV, 0.5 MBq, 1.0 m)

137 Cs(662 keV, 2.8 MBq, 1.2 m)
≈ 50 MBq @ 5 m

180°

133Ba 356 keV (2.3 MBq)

We successfully obtained multi-RI gamma-ray images with the new camera.



Summary
• Prototype camera
✓ High-spatial resolution Compton imaging

1 mm accuracy, better than 3 mm precision
✓ High-precision polarimetry

degree of polarization ~1 %, angle ~1° 

• New Si/CdTe module
✓ Flexible and scalable structure
✓ New ADC-included readout ASICs VATA 450/460/461
✓ 250-um-pitch double-sided strip detectors
✓ High energy resolution CdTe-DSD: 1%
✓ We demonstrated good Compton-imaging 

performance from the initial data analysis.


