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Around sites of severe nuclear accidents such as the Fukushima Daiichi Nuclear Power Plant, in-situ 
measurements of gamma-ray energy spectra and identifying radionuclides are important for radiological 
protection from both external and internal dose uptake. For such applications, a commercially available 
CdZnTe spectrometer (Kromek GR-1) was characterized within the calibration fields at the Facility of 
Radiation Standards (FRS) of Japan Atomic Energy Agency (JAEA). The angular dependence of detection 
efficiency was studied using the photoelectric peak counts of the 137Cs and 226Ra gamma-rays. The efficiency 
was kept within 15 % degradation in the range from -135˚ to 135˚, which covers 85% of all incident angles, 
for gamma-rays above 242 keV. The usable dose ranges for peak-energy and energy spectrum measurements 
were investigated by evaluating the photoelectric peak channel and comparing the air kerma rates calculated 
from the measured gamma-ray spectra to the reference ones determined by the ionization chamber. The 
spectrometer could correctly measure the gamma-ray spectra and the photoelectric peak of the 137Cs 
gamma-ray below 200 μGy·h-1 and 3 mGy·h-1, respectively.  
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1. Introduction1 
Various radionuclides are widely dispersed around 

sites of severe nuclear accidents such as the Fukushima 
Daiichi Nuclear Power Plant, which increases the dose 
rate [1]. Identifying dispersed radionuclides with 
gamma-ray spectroscopy is significant for radiological 
protection from internal exposure. Furthermore, the 
gamma-ray energy spectrum in the environment is 
useful, not only for planning protection measures against 
external exposure but also for evaluating the effective 
dose as well as the ambient dose equivalent from air 
kerma rate provided by the radiation monitoring posts 
around nuclear facilities. It is for the above reasons that 
in-situ measurements of gamma-ray energy spectra are 
necessary [2].  

A commercially available CdZnTe gamma-ray 
spectrometer (Kromek GR-1) was employed for the 
in-situ measurements of gamma-ray energy spectra. Its 
performance test was carried out in the gamma-ray 
calibration fields of FRS/JAEA [3]. The spectrometer 
consists of a CdZnTe semiconductor with a dimension 
of 10 mm × 10 mm × 10 mm, a preamplifier, a shaping 
amplifier, a high voltage power supply and a pulse 
height digitizer [4]. It sends the digitized pulse heights 
of the detected gamma-ray signals to a personal 
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computer via universal serial bus (USB), which 
simultaneously powers the spectrometer.  

Because gamma-rays radiate omnidirectionally in the 
environment, the angular dependence of the detection 
efficiency must be known. Kurosawa reported that there 
were no change among the pulse height spectra 
measured at the angles of 0°, 45° and 90° for the 137Cs 
gamma-rays [2]. As the more detailed angular 
dependence for lower energy gamma-rays were 
necessary, the detailed dependence was studied using 
gamma-rays emitted by not only 137Cs but also 226Ra. 
The correct energy evaluation of the emitted 
gamma-rays is necessary to identify the radionuclides in 
the environment. To accomplish this, the channel shift of 
the photoelectric peak in the pulse height spectrum was 
measured by varying the irradiated dose rate in the 137Cs 
and 60Co gamma-ray calibration fields of the FRS/JAEA. 
Using the channel shift, the usable dose range for 
gamma-ray peak energy measurement was evaluated. 
Furthermore, the dose range, in which the gamma-ray 
energy spectrum can be correctly measured, was 
investigated in the gamma-ray calibration fields of the 
FRS/JAEA. This paper describes the angular 
dependence and usable air kerma rate range of the 
CdZnTe spectrometer as an in-situ gamma-ray 
spectrometer.  
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2. Experimental procedures 

2.1. Angular dependence 

The angular dependence of the detection efficiency of 
the spectrometer was studied using the counts of the 
photoelectric peaks observed in the pulse height 
spectrum for the gamma-rays from a 1.11 GBq 137Cs 
source and a 222 MBq 226Ra source. Figure 1 shows the 
measurement setup of the angular dependence. The 
distances from the sources to the spectrometer and the 
air kerma rates at the spectrometer were 1.16 m and 48.9 
μGy·h-1 for the 137Cs source, and 1.01 m and 42.0 
μGy·h-1 for the 226Ra source, respectively. The 
spectrometer was fixed on a horizontal rotary table with 
a stepper motor (IAI ROBO ROTARY RCP2-RTCL). 
The angle of the gamma-ray incidence to the 
spectrometer was remotely varied from -180° to 180° by 
controlling the table with a personal computer.  

Gamma-ray
source

Rotary table

CdZnTe
spectrometer

 
Figure 1.  Experimental setup for the angular dependence 
measurement using a 137Cs source and a 226Ra source. 
 
2.2. Usable dose ranges 

2.2.1 Gamma-ray peak energy 
The upper dose limits to measure the gamma-ray 

peak energies from the 137Cs and 60Co sources were 
studied for air kerma rates ranging between 0.003 
mGy·h-1 and 5 mGy·h-1 by using the gamma-ray 
calibration fields of the FRS/JAEA. The spectrometer 
was placed at the calibration points where the reference 
air kerma rates were determined using our reference 
ionization chamber which was calibrated for the 137Cs 
gamma-rays at the National Metrology Institute of Japan 
(NMIJ/AIST). The pulse height spectra were remotely 
obtained by the personal computer in the control room 
using the spectrum acquisition software K-Spect, 
provided by Kromek Ltd. The photoelectric peak 
channels were calculated from the pulse height spectra 
using the K-Spect software as well.  

 
2.2.2 Gamma-ray energy spectrum 

The usable dose range of the spectrometer was 
evaluated by comparing the measured air kerma rates to 
the reference ones. The measured air kerma rates were 
derived using the energy spectra, which were obtained 
by unfolding the measured pulse height spectra, and the 
fluence to air kerma conversion coefficient, found in 

ICRP publication 74[5]. The pulse height spectra for the 
gamma-ray energy spectrum measurements were 
obtained as described in 2.1.1.  

 
 

3. Spectrum unfolding 

An unfolding procedure is necessary to derive the 
gamma-ray energy spectrum from the pulse height 
spectrum acquired by the spectrometer because the 
acquired spectrum is different from the true gamma-ray 
spectrum. This is primarily due to the Compton 
continuum. The unfolding was performed with the 
MAXED code from the UMG package[6]. The MAXED 
code uses an algorithm applying the maximum entropy 
principle to the unfolding problem.  

Response functions of the spectrometer used in the 
unfolding procedure were calculated using the EGS 
mode in the PHITS 2.88 code[7,8]. The pulse height 
spectra were calculated for incident photons with 
energies from 40 keV to 3 MeV, at 5 keV intervals. The 
calculated response functions of the detector were 
broadened using a Gaussian distribution that had an 
energy resolution experimentally measured as a function 
of gamma-ray energy. The standard deviation σ of the 
Gaussian distribution was given by the following 
equation  

 
2EcEba ×+×+=σ  (1) 

 
where E is the pulse height in MeV and a, b and c are 
parameters fitted to the experimental energy 
resolution[9]. The resolution was determined from the 
measured pulse height spectra for several gamma-ray 
point sources as shown in Figure 2. As the measured 
resolution varied markedly due to the each measurement 
statistics, the parameters were selected not to surpass the 
measured resolution to have a successful unfolding.  

25.1003.00015.0 EE ×+×+=σ

 
Figure 2.  Energy resolution curve of the spectrometer using 
the peaks of 241Am, 133Ba, 226Ra, 137Cs and 60Co gamma-rays. 
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Figure 3.  Angular dependence of the photoelectric peak 
counts using the 137Cs and 226Ra sources. 

4. Results and discussions 

4.1. Angular dependence 

Figure 3 shows the measured angular dependence of 
the detection efficiency for the gamma rays from the 
137Cs and 226Ra sources. They are normalized to the 
efficiency for gamma-rays that entered at 0°. It was 
found that the efficiency was kept within 15% 
degradation, in the range from -135° to +135°, for 
gamma-rays above 242 keV. This result corresponds to 
the previous research reported by Kurosawa [2]. The 
angular range covers 85% of all incident angle and the 
angular dependence satisfy the requirement specified in 
the Japanese Industrial Standard [10]; the efficiency 
should kept within 25% in the range from -90° to 90°. 
Therefore, the spectrometer is applicable to in-situ 
measurements of gamma-ray spectra in an environment 
where the gamma-rays are omnidirectional.  

 
4.2. Unfolding test using gamma-ray sources 

In order to verify the unfolding procedure, the pulse 
height spectra of the gamma-rays from the 1.11 GBq 
137Cs and the 222 MBq 226Ra sources were measured and 
their gamma-ray energy spectra were obtained by 
unfolding the pulse height spectra as shown in Figure 4. 
Then, the air kerma rates were calculated from the 
unfolded spectra by using the conversion coefficients for 
air kerma per unit fluence found in ICRP publication 74 
[5]. They were compared to the reference air kerma rates 
as shown in Table 1. The reference and measured air 
kerma rates were consistent within 3%; hence, the 
gamma-ray spectra were correctly unfolded.  

 
Table 1.  The reference and measured air kerma rates in the 
137Cs and 226Ra gamma-ray calibration fields at FRS/JAEA. 

Source 
Air kerma rate [μGy·h-1] M/R 

ratio Reference 
(R) 

Measured 
(M) 

137Cs 
226Ra 

48.9 
42.0 

48.8 
41.0 

0.999 
0.974 

 

 
Figure 4.  Gamma-ray energy spectra unfolded with the 
MAXED code in the 137Cs and 226Ra gamma-ray calibration 
fields at FRS/JAEA. The reference air kerma rates were 48.9 
μGy·h-1 and 42.0μGy·h-1 for the 1.11 GBq 137Cs and the 222 
MBq 226Ra sources, respectively. 

 
4.3. Usable dose ranges 

4.3.1 Gamma-ray peak energy 
Figure 5 shows the relationship between the 

reference air kerma rate and the gamma-ray peak 
channel measured in the 137Cs and 60Co gamma-ray 
calibration fields. The peak channel decreased markedly 
at 4 mGy·h-1 and 6 mGy·h-1 for the 137Cs and 60Co 
gamma-rays, respectively. These results are consistent 
with the results reported by Suzuki et al.; in their report, 
the peak shift was observed at 2.5 mGy·h-1 and the peak 
could not be identified at 5 mGy·h-1 [11]. 

 
Figure 5.  Photoelectric peak channels of the 137Cs and 60Co 
gamma-rays observed in the pulse height spectra measured by 
the spectrometer. 

 
4.3.2 Gamma-ray energy spectrum 

Figure 6 shows the relationship between the 
reference air kerma rate and the M/R ratio, which is 
calculated by dividing the measured air kerma rate by 
the reference air kerma rate. It was found that the 
gamma-ray energy spectrum could be correctly 
measured below 200 μGy·h-1 with the spectrometer in 
both 137Cs and 60Co gamma-ray fields. Figure 7 shows 
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the M/R ratio as a function of the count rate of the 
spectrometer. Though there are two points above 
8,000s-1 which deviate the data trend, the M/R ratio 
holistically drops around 7,000 s-1; this means that the 
upper limit of the usable dose range was restricted by the 
count rate of the spectrometer rather than the air kerma 
rate. 

 
Figure 6.  Ratio of the measured air kerma rate to the 
reference one as a function of the reference air kerma rate in 
the 137Cs and 60Co gamma-ray calibration fields at FRS/JAEA. 

 
Figure 7.  Ratio of the measured to the reference air kerma 
rate as a function of the count rate of the spectrometer. 

 
 

5. Conclusion 

A performance test of a commercially available 
CdZnTe gamma-ray spectrometer was carried out in the 
gamma-ray calibration fields of the FRS/JAEA. Angular 
dependency tests determined that the detection 
efficiency was found to be kept within 15% degradation, 
in the range from -135° to +135°, for the gamma-rays 
above 242 keV. This angular range covers 85% of all 
incident angles and is sufficiently wide to measure the 
gamma-ray energy spectra in an environment where 
omnidirectional radiation exists.  

The spectrometer was able to measure gamma-ray 
photoelectric peaks below 3 mGy·h-1 in the 137 Cs 
gamma-ray calibration field; this means that the 
radionuclides dispersed in the environment can be 

identified with the spectrometer below a few milligray 
per hour.  

The gamma-ray energy spectra were obtained by 
unfolding the measured pulse height spectra in the 137Cs, 
226Ra and 60Co calibration fields up to 5 mGy·h-1. The 
air kerma rates calculated from the unfolded spectra and 
the reference air kerma rates were consistent below 200 
μGy·h-1 and at 7,000 s-1; this means that the gamma-ray 
energy spectra were correctly unfolded using the 
response function and the MAXED code within this 
dose range. Because the gamma-ray spectra are essential 
information for precise dose uptake estimations, the 
developed method using this spectrometer is worthwhile 
to plan radiological protection measures against severe 
nuclear accidents. Moreover, the effective dose or 
ambient dose equivalent rate in the environment can be 
evaluated from the air kerma rate provided by a 
radiation monitoring post and a conversion factor which 
can be precisely determined by measuring the 
gamma-ray energy spectrum with the developed method 
and using the conversion coefficients specified in the 
ICRP publication 74 report in the accident[5]. 
 
 
Acknowledgements  

The authors wish to thank the staff of FRS for their 
assistance during the experiments. Helpful discussions 
about the spectrometer with Prof. H. Hirayama and Prof. 
K. Kondo of High Energy Accelerator Research 
Organization, which motivated the authors to start this 
study, are greatly acknowledged. 
 
 
References 
[1] United Nations Scientific Committee on the Effect 

of Atomic Radiation, UNSCEAR 2013 Report 
Volume I Report to the General Assembly Scientific 
Annex A: Levels and Effects of Radiation Exposure 
due to the Nuclear Accident after the 2011 Great 
East-Japan Earthquake and Tsunami, United 
Nations, New York (2014). 

[2] T. Kurosawa, H. Iwase and N. Saito, Field photon 
energy spectra I Fukushima after the nuclear 
accident, J. Nucl. Sci. Technol. 51 (2014), 
pp.730-734. 

[3] M. Yoshizawa, S. Shimizu, Y. Kajimoto, T. 
Kawasaki, K. Fujii, J. Saegusa, Y. Tanimura and H. 
Yamamoto, Present status of calibration facility of 
JAERI – Facility of Radiation Standards, Proc. 
IRPA11, May 23-28, 2004, Madrid, Spain, (2004). 
[CD-ROM] 

[4] Kromek Group PLC, GR1 - Gamma Ray 
Spectrometer, Kromek Group PLC [accessed 2017 
July 3]. Available from: http://www.kromek.com/ 
index.php/products/nuclear-technology/czt/gr1-ga
mma-ray-spectrometer 

[5] International Commission on Radiological 
Protection, Conversion coefficients for use in 
radiological protection against external radiation, 
ICRP publication 74, Ann ICRP, 26 (1996).  



Y. Tanimura et al. 

 

138

 

[6] M. Reginatto, P. Goldhagen and S. Neumann, 
Spectrum unfolding, sensitivity analysis and 
propagation of uncertainties with the maximum 
entropy deconvolution code MAXED, Nucl. 
Instrum. Meth. A 476 (2002), pp.242-246.  

[7] H. Hirayama, Y. Namito, A.F. Bielajew, S.J. 
Wilderman and W.R. Nelson, The EGS5 Code 
System, SLAC-R-730 (2005) and KEK Report 
2005-8 (2005). 

[8] T. Sato, K. Niita, N. Matsuda, S. Hashimoto, Y. 
Iwamoto, S. Noda, T. Ogawa, H. Iwase, H. 
Nakashima, T. Fukahori, K. Okumura, T. Kai, S. 
Chiba, T. Furuta and L. Sihver, Particle and heavy 
ion transport code system PHITS, version 2.52, J. 
Nucl. Sci. Technol. 50 (2013), pp.913-923. 

[9] J.F. Briesmeister (ed.), MCNP – A General Monte 
Carlo N-Particle Transport Code Version 4C, 
LA-13709-M , Los Alamos National Laboratory 
(2000). 

[10] Japanese Industrial Standard, Portable photon 
ambient sose equivalent rate meters for use in 
radiation protection, JIS Z4333 (2006). 

[11] T. Suzuki and J. Saito, Development of in-situ 
radiation detector for activity measurements in 
powder and liquid sample, 44th Hoken-Butsuri 
Gakkai, Oct 17-18, 2011, Mito, Japan (2011) 
[accessed 2017 July 3]. Available from: 
http://www.nikiglass.jp/KromeK_REF/data/HF201
1.pdf [in Japanese] 




