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a b s t r a c t

In this study, we evaluated the performance of a commercial pixelated cadmium zinc telluride (CZT)
detector for spectroscopy and identified its feasibility as a Compton camera for radiation monitoring in a
nuclear power plant. The detection system consisted of a 20 mm � 20 mm � 5 mm CZT crystal with 8 � 8
pixelated anodes and a common cathode, in addition to an application specific integrated circuit. The
performance of the various radioisotopes 57Co, 133Ba, 22Na, and 137Cs was evaluated. In general, the
amplitude of the induced signal in a CZT crystal depends on the interaction position and material non-
uniformity. To minimize this dependency, a drift time correction was applied. The depth of each inter-
action was calculated by the drift time and the positional dependency of the signal amplitude was
corrected based on the depth information. After the correction, the Compton regions of each spectrum
were reduced, and energy resolutions of 122 keV, 356 keV, 511 keV, and 662 keV peaks were improved
from 13.59%, 9.56%, 6.08%, and 5%e4.61%, 2.94%, 2.08%, and 2.2%, respectively. For the Compton imaging,
simulations and experiments using one 137Cs source with various angular positions and two 137Cs sources
were performed. Individual and multiple sources of 133Ba, 22Na, and 137Cs were also measured. The
images were successfully reconstructed by weighted list-mode maximum likelihood expectation maxi-
mization method. The angular resolutions and intrinsic efficiency of the 137Cs experiments were
approximately 7�e9� and 5� 10�4e7� 10�4, respectively. The distortions of the source distribution were
proportional to the offset angle.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Since AgCl crystals were initially used to detect alpha particles
and gamma rays in 1945, various compound semiconductors have
been developed for radiation detection. Among them, cadmium
zinc telluride (CZT) has several advantages including a high
detection efficiency and high-energy resolution at room tempera-
ture without cooling, owing to its high atomic number, high den-
sity, and wide band-gap [1,2].

However, because of the associated low mobility and short
lifetime of the holes, trapping occurs, and this causes the charge
collection of the holes to be incomplete. As a result, the signal
amplitude depends on the depth of the interaction, and there is a
low energy tailing of the peak in the energy spectrum [3]. To

overcome this problem, a detector with a small pixel effect [4],
coplanar grid [5] and virtual Frisch grid [6] instead of the planar
electrode was proposed for single-charge-carrier sensing. In this
regard, many types of detectors have been developed such as single
3D position sensitive CZT detectors with pixelated anodes [7,8], the
high-efficiency multi-mode imager (HEMI) using coplanar CZT
detectors [9], the CZT quasi-hemispherical CAPture™ detector with
a shielding cap on the cathode electrode [10], and a mosaic array of
CZT crystals with a non-contacting Frisch ring [11] based on the
virtual Frisch-grid effect.

The CZT detectors with a 3D position sensing technique facili-
tate Compton imaging with a 4p solid angle using a single detector.
Because of its large solid angle, the intrinsic detection efficiency of
such detectors is much higher than that of a conventional Compton
camera, which consists of a scatterer and an absorber. Therefore, a
Compton camera based on a single CZT detector has been devel-
oped [12,13]. Recently, the Polaris-H from H3D (Ann Arbor, MI) has
been widely used in US nuclear power plants for monitoring.
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In this study, we evaluated the performance of a commercialized
CZT detector and verified its viability as a Compton imager for ra-
diation monitoring in laboratories, nuclear power plants in
decommissioning, and other industrial areas. The used detector
was the RENA mini™ - long detector system from Kromek
(Durham, UK) which consists of a pixelated CZT crystal and its
application specific integrated circuit (ASIC). The point sources of
57Co, 133Ba, 22Na, and 137Cs weremeasured for spectrometry, and all
sources except for 57Co were reconstructed by the Compton im-
aging technique. The reconstructed images of the offset and mul-
tiple sources of 137Cs, typically one of the long-lived fission
products, were obtained and quantitatively analyzed.

2. Material and method

Fig. 1 shows the RENA mini™ - long detector system with di-
mensions of 166mm� 78mm� 46mmwith a carbon fiberwindow
on the light-tight enclosure. The specifications of the detector sys-
tem are presented in Table 1. The 20 mm � 20 mm � 5 mm CZT
crystal was located at the center of the entrance window, and its
electrode consisted of 8� 8 pixelated anodes and a common cathode
as described in Table 1. The outputs were written as list mode data
with a 2.5 MHz timestamp clock, and the amplitude and timing in-
formation could be acquired simultaneously using two signal pro-
cessing paths at each channel.

The interaction depth (z) was inferred by calculating the elec-
tron cloud drift time based on the time difference between the
signals of the cathode and the anode [14]. Therefore, each voxel
could be virtually divided into small units in the depth direction,
and 3D position sensing was realized. The spatial resolution was
approximately 2.5 mm in the x, y-direction, which was limited by
the pixel size and the 0.25mm depth with a 50 ns timing bin. Based
on the 3D spatial information, it is feasible to correct the positional
dependency of the detector response. This dependency was caused
by electron trapping, non-uniformity of the material, the effect of
weighting potential, and the electronic variation. Fig. 2 shows the
dependency of 137Cs spectra as a function of drift time for one pixel.
To minimize the dependency, drift time correction was performed
by multiplying a correction factor with the signal amplitudes for
each voxel. The correction factor was calculated as the ratio of the
peak channel of the total spectrum to that of each unit [4,15].

In the current detection system, when Compton scattering and
photoelectric absorption occur sequentially, it is also possible to
identify the incident direction of the gamma-ray via Compton im-
aging technique using the measured 3D position and energy in-
formation for each interaction. The scattering angle q is calculated
based on the energy as follows:

cos q ¼ 1� mec2Ee
E0ðE0 � EeÞ (1)

where E0 is the incident energy, Ee is the energy deposited in the
first detector,me is the electronmass, and c is the speed of light. The

axis is defined by extrapolating from the second to the first inter-
action position and a cone based on the scattering angle, and the
axis can be back-projected on the source plane as shown in Fig. 3.

Fig. 1. Photograph of the RENA mini™ - long detector system.

Fig. 2. 137Cs pulse height spectra as a function of the drift time in a pixel.

Fig. 3. Schematic of Compton scattering event and the Compton imaging technique for
the single detection system.

Table 1
Specification of rena minitm - long detector system.

Parameter Description/Value

Sensor type Cadmium Zinc Telluride
Sensor size 20 mm � 20 mm � 5 mm

(8 � 8 pixel pattern)
Energy range 20 keV - 3 MeV
Channel 64 channels for anode

1 channel for cathode
(total 72 channels available)

Timing resolution �10 ns
Maximum count rate 105 count/s
Power consumption �6 mW/channel
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After repeating the back-projections of many events, the overlap of
the cones indicates the source position. This so-called simple back-
projection method is straightforward and fast, but there is some
blurring caused by the overlap of cones in the reconstructed image.

To reconstruct the source distribution precisely, the maximum
likelihood expectation maximization (MLEM) as described in
equation (2) has been applied to various radiation detectors
[16e18].

lnþ1
j ¼ lnjPN

i cij

XN
i

YicijPM
k cikl

n
k

(2)

where lj
n and lj

nþ1 are the current and new estimates, respectively,
of the pixel j in the source plane for the nth iteration, and Yi is the
measured number of counts as event i, N is the number of detected
events used for image reconstruction, and cij which is also termed
the systemmatrix is the probability that a photon emitted at pixel j
is detected as event i. The event i was defined by information of
scatter detector element, absorption detector element, and scat-
tering energy [19]. In Compton image reconstruction, the system
matrix should be extremely large tominimize information loss, and
this requires vast memory resources and excessive computational
time, since the possible combinations of measured energy and
position can be astronomically large. Therefore, the list-mode
MLEM, which sets Yi ¼ 1 for all measured events and can calcu-
late the system matrix in real time, is generally used [20,21].

In this study, we utilized the advanced list-mode MLEMmethod
by applying aweighting factor based on the angular uncertainty [8].
The total angular uncertainty of each event Dqi was calculated
[22e25] and added to Yi as follows:

Dq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dq2e þ Dq2g þ Dq2Doppler

q
(3)

Yi ¼
1
Dqi

(4)

where Dqe, Dqg and DqDoppler were the angular uncertainties caused
by energy uncertainty, voxel size and Doppler effects, respectively.
To maintain the intensity information, a normalization factor N=

PN
iYi also was also added to equation (2).

lnþ1
j ¼ NlnjPN

i Yi
PN

i cij
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i

YicijPM
k cikl

n
k

(5)

The system matrix cij was calculated considering the probabi-
listic angular distribution of the Compton scattering (i.e., the
KleineNishina formula), the distances between the interaction
positions, and the radiation attenuation in the detectors.

Since the contribution of each event in the image was inversely
proportional to its total angular uncertainty, and the total uncer-
tainty could be increased by increasing the number of scatterings,
only two-interactions except multiple scattering events were used
for imaging [26]. In addition, it is difficult to distinguish between
the real Compton event and the charge sharing event between
directly adjacent pixels. Hence, the events in two adjacent pixels
were neglected.

Since the CZT detectors are usually ohmic contact due to the
metal-semiconductor-metal structure, the dark current is propor-
tional to the applied voltage [27] and can cause noise. Therefore,

Fig. 4. Total energy spectra before correction.
(a) 57Co (b) 133Ba (c) 22Na (d) 137Cs.
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1000 V or less per 1 cm is generally preferable [28] and therefore,
we applied a �500 V bias on the cathode for all experiments. Four
kinds of radiation sources (57Co, 133Ba, 22Na, 137Cs) were employed,
and to cover the energy range from 122 keV to 662 keV, the
threshold and gainwere chosen appropriately. The shaping times of
the anode and the cathode were set to 1.1 and 2.3 ms, respectively.

First, the point sources of 9.48 kBq 57Co, 241.1 kBq 133Ba,
65.7 kBq 22Na and 318.7 kBq 137Cs were positioned at the center of
the entrance window surface, and were measured for the evalua-
tion of spectroscopic performance. The distance between the center
of the detector and the source was 2.3 cm, and the measurement
time was set to 30 min for all sources. For 137Cs Compton imaging,
both simulations and experiments were carried out. The simulation
tool used was Geant4 application for tomographic emission (GATE)
v7.0, and the energy resolutions measured in the experiments were
compared with the simulation results. A 20 mm� 20 mm� 20 mm
cubic configuration was also simulated to investigate the effect of
geometry on the reconstructed image. The source was positioned
22.3 cm away from the center of the CZT. A single 318.7-kBq 137Cs
positioned at different locations and two 137Cs sources (318.7- and
334-kBq) with various distances from each other were used to test
the imaging performance of our system. Individual and simulta-
neous measurements of the 2420-kBq 133Ba, 65.7-kBq 22Na, and
318.7-kBq 137Cs were also performed. The measurement time of
each experiment was 8 h.

3. Results and discussions

For the spectroscopy measurements, only single events from
Compton scattering or photoelectric absorption were selected, and

the energy spectrawere calibrated by the 122, 356, 511 and 662 keV
photopeaks of the sources. Figs. 4 and 5 showed the energy spectra
of the total detector before and after correction for the four kinds of
sources. After applying the correction, the photopeaks became
sharper, the low energy tailing was removed, and as a result, the
energy resolutionwas improved. In the case of 133Ba, photo peaks of
276 keV, 302 keV, 356 keV, and 383 keV were clearly observed.
Since the energy resolution depends on the energy of the photon,
this parameter also improved with an increase in energy.

Fig. 6 shows corrected energy spectra and the energy resolution
of each pixel for 137Cs. With the exception of one dead pixel, the
energy resolutions were approximately 1%e3%, and the pixels at
the center exhibited better performances compared to those at the
periphery. In the peripheral region of the pixelated detector, two
phenomena contributed to the degradation of energy resolution: 1)
the incomplete charge collection caused by distortion of the electric
field near the side surfaces, and 2) the charge sharing between the
outmost guard ring and the peripheral pixels; both were related to
the angular resolution of the Compton imaging [29].

In Compton imaging, as shown in the GATE simulation, when
the energy of an incident photon is higher than 400 keV, the
probability that a photon deposits more energy in the first inter-
action is higher than that of the second interaction, and vice versa
(cf. Fig. 7). Therefore, after the extraction of effective Compton
events, the sequence order was determined based on a comparison
of their deposited energies. The accuracy of this method was
approximately 68%, 61%, and 78% at 356 keV, 511 keV, and 662 keV,
respectively. In the case of a wrong sequence of events, they were
reconstructed on the opposite side of the source plane, and caused
some imaging artifacts.

Fig. 5. Total energy spectra after correction.
(a) 57Co (b) 133Ba (c) 22Na (d) 137Cs.
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In the Compton imaging experiment, the z position was calcu-
lated based on the 10 ns timing bins unlike the aforementioned 50
ns bins for spectroscopy. The resolution in depth was approxi-
mately 0.05 mm. The radius of the spherical source plane was

22.3 cm. The size of each image pixel of the source plane was
0.0314 � 0.0314 rad2 after dividing into 100 and 200 pixels in the
azimuthal and zenithal angles, respectively.

Fig. 6. Energy spectra and energy resolutions after correction of all pixels for a137Cs source.

Fig. 7. Probability that first interaction deposits more energy than second interaction.

Fig. 8. Angular resolutions and source-to-RMS ratio for a centered 137Cs source versus
iterations (simulation).
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In general, in the case of the MLEM method, as the number of
iterations is increased, the FWHM decreases, and the noise of the
images, such as fluctuations or artifacts at non-source positions,

increases. Therefore, it is necessary to choose appropriate iteration
numbers. To determine the optimized iteration number, the
simulation results for a single 137Cs source were evaluated. The i7-
6700 3.40 GHz CPU was used for reconstruction and it took about
10s for 50 iterations. Fig. 8 shows the angular resolutions deter-
mined using the full width at half maximum (FWHM) with the
source-to-RMS ratio for each iteration number; the source-to-RMS
ratio is the relationship between the averaged value of the source
pixels and the root mean square value of the background pixels. As
the number of iterations increased, the angular resolution was
dramatically reduced at first and then became almost constant after
a certain point. The source-to-RMS ratio also increased and became
saturated. The figure of merit (FOM) was calculated as source-to-
RMS ratio/FWHM to consider the both parameters, simulta-
neously. Therefore, we were able to determine an optimized iter-
ation number of 20 based on the saturation points of FOMs (see
Fig. 9).

Figs. 10 and 11 represents the Compton images and their cross-
sections on azimuthal angle of 137Cs with 0,10, 20, 30 and 40� offset
angles on the x-axis. Fig. 10 (a)-(b) and (c)-(d) are the simulation
results of cuboidal and cubic geometries, respectively and Fig. 11 is
the experiment result. The images were quantitatively evaluated as
shown in Tables 2 and 3. The imaging artifacts around the source
were induced by the non-uniform distribution of projected cones

Fig. 9. Figure of merits for a centered 137Cs source versus iterations (simulation).

Fig. 10. Reconstructed images and cross-sections on azimuthal angle of 137Cs with offset angles in simulation.
(20th iteration) (a)e(b) 20 mm � 20 mm� 5 mm CZT (c)e(d) 20 mm� 20 mm � 20 mm CZT.
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Fig. 11. Reconstructed images and cross-sections on azimuthal angle of 137Cs with offset angles in experiment (20th iteration).
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and finite detection events. In the cuboidal geometry, the detection
efficiency strongly depended on the incident direction of photons;
therefore, the number of artifacts in the reconstructed image was
proportional to the offset angle. In the case of the cubic CZT, the
reconstructed image showed high uniformity, high positional ac-
curacy, and few artifacts because of its symmetric structure. In the
experiment, the reconstructed source distribution became dis-
torted at 30�, which was consistent with the simulation results. The
average and maximum deviation of the estimated source positions
from the actual positions were 11.60% and 19%, respectively. To
minimize the deviation, a look-up table should be made through a

number of experiments for each source position and applied to the
actual measurements.

Figs. 12 and 13 show the results of the simulations and experi-
ments, respectively, which include the Compton images and cross-
sections of the azimuthal angle axis of two 137Cs sources with angle
differences of 20�, 40�, 60�, and 80�; the two sources were suc-
cessfully separated for all angles. The quantitative values of these
images are presented in Table 4 and 5. The averaged FWHM dif-
ferences of each source in the simulation and experiment of the
cuboidal geometry were 0.39� and 0.53�, respectively. At 30� offset
angles, the artifacts at the middle point between the two sources
were intensified in both the simulation and experimental results.
The large artifacts appeared as back-projected cones from each
source were overlapped at the specific angle. The average and
maximum percent errors of the estimated two source positions
were 20% and 28%, respectively.

Fig. 14 shows the reconstructed images of 133Ba, 22Na, and 137Cs,
and the quantitative values of these images are presented in
Table 6. The value of angular resolution was inversely proportional
to the energy owing to improvement of the energy resolution. The
source-to-RMS ratio of 662 keV was higher than those of other
energy values because of the high accuracy of sequence determi-
nation. Fig.15 shows themultiple sources that were simultaneously
measured. The reconstructed image of each source was separated
based on the measured energy. The total image was created by
summing images of each source normalized by the maximum
pixels for each image. Compared to the measurement for single
sources, the background noise and artifacts slightly increased for
the multi-source image, but every source was clearly identified at
each position.

Table 7 shows a comparison of the Polaris-H, a virtual Frisch-
grid detector array from Brookhaven National Laboratory (BNL),
and the Rena mini™ e long. Other systems showed better perfor-
mance than our system in terms of energy resolution and intrinsic

Fig. 12. Reconstructed images and cross-sections on azimuthal angle of two 137Cs sources in simulation (20th iteration)
(a)e(b) 20 mm � 20 mm� 5 mm CZT (c)e(d) 20 mm� 20 mm � 20 mm CZT.

Table 2
FWHM and source positions of reconstructed images in single-source-simulation.

Offset angle 20 mm � 20 mm � 5 mm
CZT

20 mm � 20 mm � 20 mm
CZT

FWHM Source position
(Error)

FWHM Source position
(Error)

0� 8.78� 0� (0%) 9.94� 0� (0%)
10� 8.88� 10.8� (8%) 9.00� 10.8� (8%)
20� 9.43� 18� (10%) 9.50� 19.8� (1%)
30� 9.80� 27� (10%) 9.97� 30.6� (1%)
40� 11.54� 36� (10%) 10.85� 39.6� (1%)

Table 3
FWHM and source position of reconstructed images and intrinsic efficiency in sin-
gle-source-experiment.

Offset angle FWHM Source position (ERROR) Intrinsic efficiency

0� 8.15� 0� (0%) 6.70 � 10�4

10� 8.37� 9� (10%) 6.11 � 10�4

20� 8.51� 16.2� (19%) 6.15 � 10�4

30� 9.00� 27� (10%) 5.84 � 10�4

40� 12.74� 32.4� (19%) 5.83 � 10�4
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Fig. 13. Reconstructed images and cross-sections on azimuthal angle of two 137Cs sources in experiment (20th iteration).
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imaging efficiency; the detector sizes of these systems were also
several times larger than that of our system, which was strongly
related to the detection efficiency. However, our system showed
higher angular resolution comparedwith the Polaris-H100 and BNL
systems. The pixel size of our system was also smaller than that of
the BNL system. Neighboring interaction events that showed large
angular uncertainty were rejected, and aweighted list mode MLEM
was applied to our system.

4. Conclusion

In this study, the energy spectra for various radioactive sources
were measured by using a pixelated CZT detector, RENA mini™ -
long detector system from Kromek. Since it is possible to detect 3D
position via data acquisition from each channel and the drift time
measurement, the fluctuations of the detector response in accor-
dance with the interaction position were corrected based on each
voxel and as a result, the energy spectra were improved in terms of
both the energy resolution and the Compton scattering region.

To verify the viability of the CZT system as a Compton imager,
simulations and experiments were performed using the typical

long-lived fission product 137Cs. The single and double sources with
offsets were measured, and the weighted list-mode MLEM method
was applied to reconstruct the sources. As a result, the location of
the source at each offset angle and the separation of the two
sources were well identified with angular resolutions of approxi-
mately 7�e9�. The distortion of the source distribution and back-
ground noisewere proportional to the offset angle, primarily due to
the non-symmetric geometry. In the simulation of cubic geometry,
the distortions of the reconstructed images were largely reduced.
Therefore, we expect that the performance our system could be
improved by replacing the CZT detector with a cubic one. Individual
and simultaneous experiments with 133Ba, 22Na, and 137Cs sources
were also performed. In both experiments, each source was well
reconstructed and located at its own position.

In comparison with existing conventional systems used to
identify source distribution, our system showed lower detection
efficiency and energy resolution but higher angular resolution.

Fig. 14. Reconstructed images of 133Ba, 22Na, 137Cs in experiment (20th iteration).

Table 4
FWHM and source positions of reconstructed images in two-source-simulation.

Offset angle 20 mm� 20 mm � 5 mm
CZT

20 mm� 20 mm 20mm CZT

FWHM Source position
(Error)

FWHM Source position
(Error)

10� 10.60�

9.95�
10.8� (8%)
10.8� (8%)

10.10�

10.44�
10.8� (8%)
10.8� (8%)

20� 10.04�

9.81�
16.2� (19%)
18� (10%)

10.38�

9.68�
18� (10%)
18� (10%)

30� 9.90�

9.77�
28.8� (4%)
30.6� (2%)

9.41�

9.48�
30.6� (2%)
30.6� (2%)

40� 9.52�

10.08�
37.8� (5.5%)
36� (10%)

9.95�

9.45�
39.6� (1%)
39.6� (1%)

Table 5
FWHM and source positions of reconstructed images in two-source-experiment.

Offset angle FWHM Source position (ERROR) Intrinsic efficiency

10� 8.10�

7.58�
7.2� (28%)
9� (10%)

7.11 � 10�4

20� 8.13�

7.54�
14.4� (28%)
16.2� (19%)

7.07 � 10�4

30� 7.56�

7.20�
23.4� (22%)
25.2� (16%)

5.76 � 10�4

40� 7.66�

7.04�
32.4� (19%)
32.4� (19%)

4.87 � 10�4

Table 6
FWHM, source to RMS ratio and intrinsic efficiency for 133Ba, 22Na and 137Cs sources
in experiment.

Source
(Energy)

FWHM source to RMS ratio Intrinsic efficiency

133Ba (356 keV) 11.28� 37.56 1.55 � 10�3

22Na (511 keV) 9.76� 30.37 1.35 � 10�3

137Cs(662 keV) 8.15� 44.36 6.70 � 10�4

Fig. 15. Reconstructed images of multiple sources in experiment (20th iteration).
(a) Three sources (b) 22Na (511 keV) (c) 137Cs (662 keV) (d) 133Ba (356 keV).
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Table 7
Comparison of performances for a 662 keV radiation.

System CZT size
(Pixel size)

Depth
resolution

ASIC Energy
resolution

Intrinsic imaging
efficiency

Angular
resolution
(iteration)

Polaris-H100
(H3D)
[12,29e32]

20 � 20 � 15 mm3

(1.22 � 1.22 � 15 mm3)
�0.5 mm BNL-H3D ASIC �1.1% ~2.00 � 10�2 ~20�

(�)

Virtual Frisch-grid detector
array

(BNL) [11,13]

36 � 36 � 15 mm3

(6 � 6 � 15 mm3)
0.5 mm Low-noise front-end AVG

ASIC
1.36 ± 0.04% 9.40 � 10�3 26 ± 1.30�

(10)

Rena mini™ long
(Kromek)

20 � 20 � 5 mm3

(2.5 � 2.5 � 5 mm3)
0.05 mm RENA-3TM IC 2.20% 6.70 � 10�4 10.18�

(10)
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