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Many long-lived non-gamma emitting radioactive nuclei such as 129I, 14C and 93Zr are produced as wastes from 
nuclear fuel cycle facilities. They are called “difficult-to-measure” radio nuclei. Among them 129I is a long-lived -
emitting isotope with a half-life of 1.57 x 107 years. Iodine compounds are mobile in the vadose zone and 
groundwater and increase a significant long-term risk. Transmutation of 129I is a challenging issue in nuclear waste 
management and disposal. If 129I is transmuted into 128I (half life; 25 minutes), it can easily be measured by a Ge 
detector. However, the 129I( , n) reaction cross section has not been measured so far. In this study we have measured 
the inclusive 129I( , n)128I cross section by using bremsstrahlung photons. The bremsstrahlung photons were produced 
from a 30-MeV electron linac. Measured average activation cross section agrees with 12% deviation from the 
evaluated one in the IAEA photonuclear data library. Gamma and neutron fluxes for the ( , n) and the (n, ) reaction 
were also calculated by the EGS and the MCNP codes. 
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I. Introduction   
Some nuclei in nuclear wastes are seriously hazardous to 

the environment because of very long decay times of more 
than million years which is longer than the life of artificial 
barriers. The concept of partitioning and transmutation of 
long-lived nuclides is an attractive option to reduce the long-
term risk of the storage of high-level waste from nuclear 
facilities. A number of methods have been presented and 
discussed involving transmutation by bombardment with 
neutrons from a reactor or a particle accelerator1), 2) and 
nuclear transmutation by high-brightness gamma-ray 
generated through laser Compton scattering (LCS)3), 4). 
Radioactive wastes contain transuranic or fissile nuclides 
and should be classified according to their radioactivity 
levels so that they would be properly disposed. The wastes 
generally include a large amount of long-lived non-gamma 
emitting “difficult to measure” nuclides such as 129I and 14C. 
Measurement of the quantity of such radioactive nuclide has 
been carried out by conventional method like the scaling 
factor technique (SF)5). However, before applying the 
technique, the correlation is needed between ‘easy-to-
measure’ nuclides which are readily measured non-
destructively and ‘difficult-to-measure’ ones such as pure -
radioactive nuclide. Since the SF method is carried out by 
chemical analysis, it takes a long time and much cost. We 
propose a technique, “non-destructive-detection” for gamma 
ray measurement. The principal of the ‘non-destructive 
detection’ method is illustrated in Fig. 1. This method 

*Corresponding Author, Tel. +81-92-802-3484, Fax.+81-92-802-
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consists of an electron accelerator, a heavy-metal target like 
a tantalum, a drum containing radioactive waste and a Ge 
gamma-ray detector. An electron beam strikes on the heavy-
metal target and generates high-energy bremsstrahlung 
photons.  

 
Fig. 1 Concept of non-destructive detection using an electron 
accelerator. 
 

The -emitting long-lived radio nuclides in the waste 
drum are converted into short-lived -emitting ones by 
bombardment of high energy bremsstrahlung photons. After 
that, their radioactivity is measured non-destructively from 
the outside of the waste drum with a Ge spectrometer. 

Examples of some photonuclear reaction applicable to 
non-destructive detection method are listed in Table 1. 
Among them 129I is of large amount in the nuclear waste. It 
decays by beta emission with a half-life of 1.57 × 107 years. 
5.54 kg/GWey of 129I together with 1.22 kg/GWey of a stable 
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nuclide of 127I are contained in a UO2 spent fuel of a light 
water reactor burnt to 60 GWd/t after 5 years cooling6). 
 
Table 1: Example of photonuclear reactions applicable to non-
destructive detection. 

Nuclide Half-life 
[years] Reaction Residual 

nuclide 
Half-
life 

Decay 
mode

14C 5.73× 103 ( , p) 13B 17.4 ms  - 
36Cl 3.01× 105 ( , 2n) 34m Cl 32.3 m  + 
59Ni 7.50× 105 ( , p) 58Co 70.9 d EC 
79Se 6.50× 104 ( , p) 78As 1.5 h  - 
99Tc 2.13× 105 ( , 3n) 96mTc 51.5 m EC 
129I 1.57× 107 ( , n) 128I 25 m  - 
93Zr 1.53× 106 ( , p) 92Y 3.54 h  - 

 
The 129I is a long-life difficult-to measure nuclide. On the 

other hand 128I is a short-life one and easily can be measured 
by gamma counting. So it is necessary to know the cross 
section of 129I( , n)128I and also the feasibility of non-
destructive method. The photonuclear reaction cross section 
of 129I has not been measured so far. In this work, the 
inclusive photonuclear reaction cross section of 129I( , n) 128I 
was measured by using bremsstrahlung photons emitted 
from a target irradiated by a 30-MeV electron linac. The 
experimental data were analyzed by the calculation with 
Monte Carlo codes EGS57) and MCNP8). 

 
II. Experiment and Materials  

The irradiation experiment was carried out for a sealed 
source of radioactive iodine sample (radioactivity of 2.65 
MBq) by using a 30-MeV electron linear accelerator at 
Kyoto University Research Reactor Institute. Fig. 2 shows 
the experiment layout.  

 
Fig. 2 Irradiation experiment layout 

 
The irradiation time was 30 minutes. The beam current 

was 27.8 A. The frequency was 100 Hz and the pulse width 
was 100 ns. Bremsstrahlung photons were generated from a 
thick tantalum target 50 mm in diameter and 61 mm long 
near the extraction port of the accelerator. Fig. 3 illustrates 
the geometrical positions in the experiment. The radioactive 
iodine sample was placed at 33 cm from the target along the 
beam axis. The iodine sample 27.8 mm in diameter and 2.8 
mm thick contains radioactive 129I of 68% and stable 127I of 
32%. The sample was irradiated together with 197Au foils 

placed in front and back of the iodine sample to measure 
photon and neutron fluxes at the sample position. One of the 
gold foils was covered by cadmium sheets to get the fast-
neutron flux information. The sizes and weights of the gold 
foils are shown in Table 2.  

 
Table 2 Sizes and weights of gold foils. 

Sample Position Size Weight 

Small gold Front of 
iodine 6 mm  × 15 m 8.32 mg

Small gold Back of 
iodine 6 mm  × 15 m 8.33 mg

Big gold Back of 
iodine 20 mm  × 10 m 76.67 mg

Small gold 
covered by 
Cd sheet 

Back of 
iodine 6 mm  × 30 m 17.81 mg

 
Fig. 3 Sample geometrical position in the experiment 

 
Gamma rays from irradiated gold foils and iodine sample 

were measured by a Ge detector for 30 minutes. The cooling 
time for gold foil was 1 hour 4 minutes and for iodine 
sample was 24 minutes. The gold foils were placed 4 mm 
and the iodine sample was 170 mm apart from the end cup of 
the detector surface. 

 
III. Results and Discussion 
1. Flux Calculation 

The measured photon flux data obtained from the gold 
foil irradiation were checked by the values from the EGS5 
calculation. Gold foils of different sizes were used to know 
the uniformity of photon flux distribution in the iodine 
sample. Photon fluxes at the iodine sample position were 
determined by averaging fluxes on different gold foils in 
front and back of the iodine. The average fluxes were then 
used in the iodine sample analysis. The effect of angular 
distribution of the photon flux was considered and it was 
evaluated as the experimental error of the average cross 
section. To know the contribution of 127I (n, ) 128I reaction to 
the yield of total 128I, fast neutron flux was calculated by the 
MCNP code. In addition, slow-neutron flux in the thermal 
and epithermal regions was derived from the experimental 
data of gold foils with and without cadmium sheets. The 
slow neutron flux was assumed to have a Maxwellian 
distribution with amplitude and a temperature parameters. 
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The two parameters were determined by the gold activation 
results with and without cadmium. The neutron transmission 
through the cadmium sheet was taken into account. The 
temperature of slow neutron was given as 2.69×10-2 keV. The 
contribution of 127I (n, ) 128I was obtained mainly through 
the slow neutron flux. 

 
2. Results of Gold Foil Irradiation 

Fig. 4 shows the example of gamma ray spectrum from 
irradiated gold.  

 
Fig. 4 Gamma spectrum of irradiated gold foil 

 
The peak at 355.73 keV originates from the decaying 

isotope 196Au through 197Au ( , n) 196Au reaction and that at 
411.80 keV from 198Au through 197Au (n, ) 198Au. The yields 
obtained from the irradiation are listed in Table 3.  

Table 3 Yields obtained from 197Au foil irradiation 

Gold foil Yield (Bq) 
196Au 198Au 

Front of iodine 2.39 × 105 1.39 × 104 

Back of iodine 2.32 × 105 1.19 × 104 

Back of iodine (big) 2.00 × 106 1.34 × 105 

Au covered by Cd 2.17 × 105 5.28 × 103 

 
The photon flux was calculated by the EGS5 code. Fig. 5 

shows the example of photon spectra of the EGS5 code 
calculation taking the number of particles 8 × 106 per batch. 

 
Fig. 5 Photon flux from 30 MeV incident electrons by the EGS5 
code. 

In the calculation the average statistical error was 4% and 
at the resonance energy region error was less than 3%. The 
peak energy at giant dipole resonance is 13.5 MeV for 197Au. 

For 197Au ( , n) 196Au reaction, the intensity of calculated 
flux deviated by 20% from the experimental one. We 
suppose that the deviation is in a tolerable level due to such 
possible situations as sample-position might shift from 
electron-beam axis. The calculated value was normalized to 
reproduce the experimental gold foil data at the iodine 
sample position.  

3. Results of Radioactive Iodine Sample Irradiation 
Fig. 6 stands for gamma ray spectrum of irradiated iodine 

sample.  

 
Fig. 6 Gamma ray spectrum of iodine sample 

 
The peaks at 442.9 and 526 keV originate from the 

decaying isotope 128I through 129I ( , n) 128I reaction and 
those at 536, 668.5 and 739.5 keV from 130I through     
129I (n, ) 130I. Since the iodine sample includes 127I at 32 %, 
127I (n, ) 128I reaction may occur simultaneously together 
with 129I ( , n) 128I reaction. Therefore the contribution of 127I 
(n, ) reaction to the production of 128I was estimated on the 
basis of the neutron flux. The yields obtained from the 
irradiation of 129I with the contribution of 127I (n, ) reaction 
are listed in Table 4. The contribution of 127I (n, ) was as 
small as 1.9 % due to minimized use of cooling water inside 
the target through a coiled channel.  

 
Table 4 Yields obtained from iodine irradiation 

Nuclide 
Yields (Bq) 

Total 128I from 129I 128I from 127I

128I 5.19 × 106 
± 3.11 × 105 

5.1 × 106  
± 3.06 × 105 

9.69 × 104 
± 5.8 × 103 

 
The yield obtained from the measurement can be 

expressed by the following equation. 
Centering activation rate = , (1) 
Yield = Centering activation rate/N = , (2) 
 

where  = Cross section,  = flux, N= number of nuclide.  
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The flux was corrected by the gold foil activation and was 
used in the determination of cross section using the 
following equation. 

ratectivationaCentering

correctedN
 (3) 

The average cross sections of 129I ( , n) 128I reaction are 
summarized in Table 5. The cross section average was taken 
in the photon energies from 9 to 30 MeV. The ratio of the 
measured cross section to the evaluated one is 88 %. The 
evaluated values in the IAEA photo nuclear data library9) 
shows an agreement with the experimental one with a 
deviation of 12%.  

  
Table 5 Average activation cross section of 129I over 
bremsstrahlung photon spectrum 

Average 
reaction 

cross 
section 

Measured 
(barn) 

Evaluated 
(barn) 

Ratio 
Measured/Evaluated

0.099 
(± 0.006) 0.113 0.88 (± 0.05) 

 
The details of systematic and statistical errors were listed 

in Table 6. The systematic error was assigned to be 5.3%, 
except the error of reference cross section of 197Au ( , n). 
The photon flux uncertainty in target was included in the 
systematic error and was derived from the differential 
activation values of front and back of gold foils. The 
uncertainties in the active diameter of 129I target and in the 
flux energy distribution at 0 to 2 degree angle were also 
considered in the table. The uncertainty in the concentration 
of 129I in the iodine sample was set at 5%. The statistical 
error was evaluated to be 3%, resulting in a total error of 6%.  

 
Table 6 The details of the uncertainty 

Uncertainty Systematic (%) Statistical (%) 
Flux at target position 1.5 

3 

Iodine active area 0.1 
Flux energy distribution (0-
2 degree) 

0.9 

129I concentration 5 
Total  5.3 
Total (Syst. and Stat. in %) 6.0 
  

 
The result indicates the applicability of non-destructive 

measurement for the transmutation of 129I in a radioactive 
waste by bremsstrahlung photon irradiation. 

 
IV. Conclusions 

The difficulties in radioactive waste management are the 

treatment of long-lived radio nuclei with the environmental 
sustainability. The applicability of non-destructive detection 
method favourable for the environment for long-lived 
“difficult-to-measure” 129I isotope was performed using an 
electron linac. The average inclusive cross section of 129I ( , 
n)128I reaction was measured by using continuous energy 
bremsstrahlung photons. The experimental fluxes were 
checked by the calculation of Monte Carlo codes EGS5 and 
MCNP. The measurement needed information about the 
influence of (n, ) reaction caused mainly by slow neutrons. 
The 127I (n, ) reaction rate in production of 128I with the help 
of Au (n, ) reaction was estimated. The result of photo 
neutron contribution was found to be an admissible level. 
The measured average 129I ( , n) 128I cross section gave a 
deviation of 12% from the evaluated value in the IAEA 
photonuclear data library.  
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In order to perform quality assurance (QA) and quality control (QC) of the X-ray radiographic systems, we studied 

the Compton spectroscopy using different shape and size of scatterer such as columnar carbon rods of 2 cm diameter, 
which were cut at different angles of 15º, 30º, 45º, 60º and 75º. The appropriate shape of a carbon scatterer was 
studied in terms of minimum multiple scattering, the energy broadening and easy practical use. Calculated exposure 
results from our Compton spectroscopy using two scatteres were confirmed by the results of exposure measurement 
using a calibrated ionization chamber. The Compton spectroscopy of x-ray radiographic systems with a thick carbon 
scatterer proved to be a useful method for the evaluation of such system performance.  

KEYWORDS: diagnostic x-ray, compton spectroscopy, scatterer, thick carbon target 
 
 

I. Introduction  
Radio diagnostic technologies are widely used in medical 

fields. Assessment of quality assurance and quality control 
of these systems is getting more important due to the 
development of diagnostic techniques. In order to evaluate 
the performance of the systems, knowledge on the primary 
x-ray spectrum is important.  

The Compton spectroscopy technique is used for the 
measurements of diagnostic x-ray units because direct 
measurement is very difficult due to an extremely high-
photon fluence rate that causes a significant detector pile-up 
effect. In this technique, scattered photons at 90º from a 
sample are measured and then the primary energy spectrum 
is derived using the Compton differential cross-section. The 
energy resolution of Compton scattering spectrum is 
influenced by material and shape of the scattering object. 
Scatterers of low atomic number give rise to small 
contributions of coherently scattered photons. On the other 
hand, scatterers of high atomic number produce energy 
broadening due to the Compton profile because the mean 
binding energy increases with the increasing atomic 
number1). 

The Compton spectroscopy technique was realized by 
Yaffe et al to measure x-ray spectra from diagnostic x-ray 
tubes2). In this study, a Lucite foil disc was used as a 
scattered. Matscheko and Ribberfors determined the optimal 
combination of some parameters like shape and volume of 
the scatterer in order to reduce the Compton broadening3). 
The optimal scatterer shape was a circular rod (diameter less 
than 5 mm), which lied in a scattering chamber of Compton 
spectrometer4), 5). Maeda et al measured the diagnostic x-ray 
spectrum using a carbon scatterer, which was made from a 

*Corresponding Author, Tel No: +81-22-795-780, E-mail: 
akram@cyric.tohoku.ac.jp 

columnar carbon rod of 2 cm diameter x 2 cm height and cut 
at 45 deg6).  

It should be noted that the reconstruction algorithm in 
Compton spectroscopy assumes that only singly scattered 
photons from the scatterer are detected and others such as 
the multiply scattered photons and nonzero acceptance angle 
of the detector introduce errors or uncertainties into the 
reconstructed results unless they can be accurately corrected 
for. Therefore, it is necessary to have complete information 
about fraction of multiple scattering and the angle 
acceptance in Compton scattered spectrum.   

For this purpose, computer simulation is a useful tool to 
characterize the Compton scattered spectrum. In the present 
study, The MCNP4C code was used to determine Compton 
scattered spectrum from different shape of thick scatterers 
and then the primary spectra under a clinical operating 
condition were acquired by Compton method using a 
schottky CdTe detector and two scatterers. 

 
II. Materials and Methods 
1. Simulation Method 

The MCNP (Monte Carlo N-Particle Transport) code is a 
powerful simulation program for neutron, photon and 
electron transport calculations. In the detailed physics 
treatment for photon interaction, photoelectric absorption 
can result in fluorescent emission, the Thomson and Klein-
Nishina differential cross sections are modified by 
appropriate form factors taking electron-binding effects into 
account, and coherent scattering is included. Angular 
distributions of secondary photons are isotropic for 
photoelectric effect, fluorescence, and pair production, and 
come from sampling the well-known Thomson and Klein-
Nishina formulas for coherent and incoherent scattering. The 
energy of an incoherently scattered photon is calculated from 
the sampled scattering angle. The flux of photons can be 

333

Journal of NUCLEAR SCIENCE and TECHNOLOGY, Supplement 5, p. 333–336 (June 2008)



estimated with either point or ring detector next-event 
estimators (F5 tally).  

The spectrum of Compton scattered photon can be 
calculated by the MCNP4C. The experimental setup (Fig. 1 
without the detector) was simulated to calculate the 
Compton scattered photons at 90º after the secondary 
collimator using the F5 tally.  

The x-ray source was simulated as a point source because 
the focal spot dimension is very small compared with the 
large distance between the scatterer and the source. Photons 
are isotropically emitted into a solid angle focused on the 
scatterer in order to reduce computer time. 

Carbon was chosen as our scattering target because of its 
low-atomic number. The flux of 90º scattered photons was 
calculated for different shapes of carbon scatterers including, 
a cylinder with height and diameter of 2 cm and five 
cylinders with the same diameter of 2 cm, that are cut at 15º, 
30º, 45º, 60º and 75º with different height of 0.58, 1.157, 2, 
3.46 and 7.46 cm, respectively. The scattering target is made 
large enough for quick and accurate positioning in a clinical 
setting.  

 
2. Compton Scattering Measurement 

Fig. 1 shows the geometry of our experiment for the 90º 
Compton scattering measurement. The Compton scattered 
photon spectra of x-ray tube was measured in this 
experimental setup. 

 
Fig. 1. Experimental setup for Compton scattering measurement 

The x-ray unit employed was a Hitachi Medico (Model 
UH-6GB-11T). The inherent filtration of the x-ray tube was 
2.8 mm Aleq. The rotating anode had a tungsten target with 
10º angle and two focal spot sizes of 0.6 and 1 mm were 
available. The irradiation condition of x-ray tube was 70 kV 
and 10 mA. As shown in Fig.1, the scattering targets were 
placed 50 cm away from the focal spot (source), and the size 
of x-ray field on the surface of our scatterers was adjusted to 
be 2 x 2 cm2. 

The collimator system was composed of two 3 mm thick 
tantalum plates with pinhole diameter 2 mm. They were 
spaced with a spacing 3.6 cm apart and located in front of 
the detector. For tight and quick alignment of detector 
system, the scatterer and the collimators, they were fixed 

firmly to a common support, which is made of PVC (poly 
vinyl chloride). 

The detector employed in this study was a Schottky CdTe 
detector using a guard-ring cathode (provided by Clear Pulse 
Inc.,). It is a planar detector with the crystal size of 6 6 
mm2, active area of 4 4 mm2 and 0.3 mm thick. The 
detector bias voltage was 200 V and detector calibration was 
done by 241Am source with energy bin of 0.2 keV7).  

3. Correction of Measured Spectrum  
After measuring the Compton scattered in order to correct 

the measured spectra for the response of our detector we 
applied an unfolding method that is known as stripping 
procedure6) and it is given by the following equation. 

)(/)}(),()({)( 0
2.0

000
0

EENEERENEN t

E

E
dt

Max  (1) 

where Nt(E0) is the true number of photons of energy E0, 
Nd(E0)  is the number of photons detected of energy E0, 
Emax is the maximum energy of the spectrum, R(E0,E) is the 
response function of the detector for monoenergetic photons 
of energy E0  and  (E0) is  the photo peak efficiency for 
photons of energy E0. The stripping procedure is applied 
step-by-step starting from Emax to the minimum energy.  

The response functions were obtained using the Monte 
Carlo simulation code MCNP4C that simulates the photon 
interactions in a CdTe crystal. The charge carrier trapping in 
our detector was insignificant and not taken into account for 
the response function 7). An example of the detector response 
function for photon energy of 50 keV and the photo peak 
efficiency are shown in Fig. 2. 

 

 
Fig. 2. Response function of the detector for 50 keV (upper), and 
the photo peak efficiency of the detector (bottom) 
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4. Reconstruction Procedure 
In Compton scattering at 90º the energy of incident 

photons, Ep, is related to that of scattered photons, Es, by  
)511/1/( ssp EEE   (2) 

The intensity of the incident photons is calculated by  
)2/()//()()( ddESEI pp  (3) 

where I(Ep) is the primary photon numbers incident on the 
carbon scatterer, S(Ep)  is the scattered photon numbers 
after stripping correction and energy correction (equations 
(1), (2)). The (d /d ) = /2 is Compton differential cross 
section at 90º which is given by the Klein-Nishina formula.  
It is the probability that photon will scatter at 90º into solid 
angle d , in unit of cm2sr-1per atom. The Klein-Nishina 
formula is given as follows at 90º scattering. 

)
1

1()
1

1(
2
1)(

2
22

0)2/( Zrd
d  (4) 

511/pE   (5) 

where r0 is the classical radius of the electron and is equal to 
2.82 x 10-13 cm, and Z is atomic number of scatterer.  

  
5. Evaluation of Reconstructed Spectra 

Validity of reconstructed spectra was evaluated through 
comparisons with Monte Carlo calculation of x-ray spectra 
and an exposure measurement. Diagnostic radiology x-ray 
spectra can be generated successfully by MCNP4C8). The 
incident photon spectrum for the x-ray tube at 50 cm was 
simulated by this code. Also the exposure at 50 cm distance 
was measured using an ion chamber (Radiation Monitor 
Controller, Model 9015, 6 cc chamber) and was compared 
with calculated exposure from reconstructed spectra (see 
section ).  

III. Result and discussion 
1. Compton Scattered Spectrum 

The flux of Compton scattered photons were calculated 
by the MCNP4C code for different scatterers. Fig. 3 shows 
scattered photon spectrum at 90º for 100 keV monoenergetic 
photons at x-ray focal spot from a cylinder and the scatterers 
with cutting angle of 15º and 30º. The scattered photon 
spectra includes both single and multiple Compton scattering. 
It should be noted that the scattering angle is not always 
exactly 90º for all detected photons because it is spread 
slightly due to the electron movement in the scattering target 
and the geometrical irradiation angle. These two effects 
cause an energy broadening of the Compton scattered 
photons. Therefore, the best scatterer shape should be chosen 
on the basis of the minimum energy broadening and the 
minimum fraction of multiply scattered events.  

Fig. 3 indicates calculated flux of Compton scattered 
photons for primary photons of 100 keV. From this figure the 
maximum multiply scattered fraction is resulted from a 
Cylinder, and for other scatterers, the fraction of multiply 
scattered events decreases by reducing the cutting angle. 
This is interpreted as a result of effective scattering volume, 

which increases with cutting angle and it is maximum for 
cylinder.  

The energy broadening is shown in Fig. 4 for primary 
photon energy of 100 keV. The minimum broadening is 
resulted from scatterer with 15º cutting angle and it increases 
by increasing the cutting angle. This is owing to more 
angular spread of detected photons due to bigger effective 
volume of scatterer with increasing the cutting angle.  

From Fig. 3 and Fig. 4, it is clear that smaller cutting 
angle leads to the better results. However, from the 
viewpoint of fabrication and practical use, this cutting angle 
is not convenient.  Fortunately, these parameters are weak 
functions of the cutting angle hence we adopted two carbon 
scatterers with cutting angle of 30º and 45º in our 
experiments.  

 
Fig. 3. Calculated spectra of Compton scattered photons for 
primary photons of 100 keV for three scatterers (see Fig. 1) 

 
Fig. 4. Energy broadening of Compton scattered photons for 
primary photons of 100 keV  

2. Validation of the Method  
For validation of the present method, the spectrum of 

Compton scattered photons were measured in the 
experimental setup of Fig. 1 for two scatteters. Fig. 5 and 
Fig. 6 show the measured and reconstructed spectra for 70 
kV tube voltage from scatterers with 30º and 45º cutting 
angles, respectively. In order to decrease the statistical error 
we collected the spectra for 20 times irradiation at the same 
conditions for each experiment. The measured spectra were 
corrected by stripping method (Eq. (1)) and then the 
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reconstructed spectra were obtained by applying equations 
(2), (3), (4) and (5) to the spectra after stripping. 

 
Fig. 5. Measured and reconstructed spectra using a scatterer with 
30º cutting angle for 70 kV tube voltage 

 
Fig. 6 Measured and reconstructed spectra using a scatterer with 
45º cutting angle for 70 kV tube voltage 

 
Fig. 7. Comparison of reconstructed spectra from 30º cutting angle 
with simulated one for 70 kV tube voltage 

Table 1. Comparison of measured exposure and calculated 
exposures for tube voltage of 70 kV  

Method Exposure (mR)

From scatterer with 30º cutting angle  669.9 

From scatterer with 45º cutting angle 680.3 

Ionization chamber 690.0 

Fig. 7 compares reconstructed spectra from 30º cutting 
angle with the simulated primary spectra using MCNP4C for 
tube voltage of 70 kV. In Table 1 calculated exposure from 
reconstructed spectra (Fig. 5 and Fig. 6) is compared with 
measured one by ion chamber for tube voltage of 70 kV. 

The measured exposure is in good agreement with 
calculated exposures from the reconstructed spectra (within 
3.5%). Also there is a small discrepancy between simulated 
primary spectra and the reconstructed spectra (Fig. 7). These 
results prove the validity of the present Compton 
spectrometry using the two mentioned scatterers.  

 
IV. Conclusion 

In our study we acquired diagnostic x-ray spectrum by 
Compton spectroscopy from two thick carbon scatterers. 
Appropriate thick scatterer shape was studied for Compton 
scattering measurement using Monte Carlo calculation. The 
results of the present method were validated by Monte Carlo 
calculation and exposure measurement.  

Therefore, Compton scattering measurements by thick 
carbon scatterers can be used effectively to evaluate the 
performance of radio-diagnostic systems. 
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Investigation into the Dispersion Coefficients for Natural Rivers by Using a 
Radiotracer Method 
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The mixing characteristics of natural rivers were investigated by analyzing their radioisotope concentration curves 
for transverse dispersion coefficients. The radioisotope was instantaneously injected into a river as a point source by 
means of an underwater glass-vial crusher. The detection was made with 60 2inch NaI(Tl) scintillation detectors 
bound to 6 transverse lines at a downstream position. The multi-channel data acquisition systems, specifically 
fabricated by the research group for field studies, collected and processed the detection signals transmitted from the 
detectors. Transverse dispersion coefficient was determined by a moment method on the basis of field measurement 
data. As a result, the averaged transverse coefficients were 0.25 for S-River and 0.24 for H-River. This result was 
compared with the conventional values calculated with the empirically proposed formulas and its physical meaning is 
discussed. 

 
KEYWORDS: transverse dispersion coefficient, natural river, radiotracer, simple moment method 
 
 

I. Introduction  
Industrial development over the last several centuries has 

caused serious problems. A pollutant is one of those 
problems, as a result of an increase in the population. When 
a pollutant has not been processed properly before flowing 
into rivers, it threatens the environment and the ecosystem. 
Understanding of hydraulic mixing behaviors is of 
importance in order to minimize the environmental impact of 
pollutants and to set up protection plans for rivers.  

Pollutants are diluted in rivers mainly by a dispersion that 
is a spreading out of the particles along a stream or channel 
due to differences in their velocity. Evaluation of such 
dispersion characteristics is necessary in terms of the 
maintenance of a water quality. Especially, a transverse 
dispersion determines the degree of mixing of pollutants 
from point sources across the rivers. 

The dispersion process in a natural river with many 
curvatures is so complicated that its dispersion coefficients 
should be accurately evaluated. Unfortunately, they have 
seldom been obtained in the field in Korea. In many cases, 
the dispersion coefficients for simulating the dynamic 
behaviors of rivers in Korea have cited foreign researches 
which had been carried out on their own rivers and hydraulic 
models. This causes a potential risk in that the self 
purification capacity of a river could be overestimated.  

Tracer methods constitute a very convenient means for an 
observation and examination of effluent dispersion and 
dilution processes in natural water receivers. Particularly 
radioisotope tracers provide valuable information with a high 
accuracy that originates from an in-situ measurement method 
with no sampling procedure. The mixing characteristics of 

*Corresponding Author, Tel. +82-42-868-8057, Fax. +82-42-862-
6980, E-Mail: shjung3@kaeri.re.kr

natural rivers were investigated by analyzing their 
radioisotope concentration curves for their transverse 
dispersion coefficients.  
 
II. Experiment 
1. Radiotracer Detection Range 

Sensors for detecting a radiotracer were submerged under 
water and the concentration of radiotracer passing around 
those sensors was measured. The detection range of the 
radiation sensor was experimentally determined as follows. 
For the calculation of the experimental linear attenuation 
coefficient ( ), 2inch NaI detector was placed at 21.8cm 
distance (x) from the radioisotope and the radiation intensity 
(I0) was measured. In turn, the space corresponding to the 
distance (x) was filled with water and the radiation was 
measured (I). From the well-known Beer-Lambert equation, 
the measured intensity as the function of distance from the 
center of a sensor was derived. As plotted in the Fig. 1, more 
than 90% of the radiation intensity originated from the 
surrounding volume of 50cm in radius so that the 
measurement can be assumed as point detections in the 
consideration of the interval distance between sensors in a 
transverse line of 5~10m. 
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For a steady flow, the quantities (u, v, h, DL and DT) are 
independent of the time. Furthermore, by observing that             

0
0Cdt  

for an instantaneous injection, the equation becomes 

y
hD

yhx
hD

xhy
v

x
u TL

11  (3) 

 
where  = dosage of a tracer which is defined as following  

0
),,( dttyxC  

 
For a steady-state concentration condition, the time 

variations vanish and the longitudinal dispersion can be 
negligible. Assuming both the velocity and depth are 
constant, and the transverse velocity is negligibly small, the 
above equation can be simplified to 

2

2

y
D

x
u T

  (4) 

 
By multiplying y2 and integrating it, the moment equation 

for the transverse dispersion coefficient is as follows3): 

dx
du

dy

dyy

x
uD y

W
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2

0

0

2

22
 (5) 

 
where 2

y is the variance of the transverse distribution of the 
depth-averaged concentration. DT was obtained from the 
slope of the straight line that was fitted to the data in the plot 
of 2

y versus x.  
 
III. Results and Discussion 

From a study in a mildy curved river, Glover(1964) 
measured the temperature distributions downstream of a 

heated water discharge from a power plant and analyzed 
them for the transverse dispersion coefficients (DT/HU*)4). 
It was calculated as 0.72 which is definitely higher than the 
radiotracer measurement values, 0.25 for S-river and 0.24 for 
H-river. It is evident that there may be a risk in 
overestimating a self-purification of a river by simply 
adopting reference values without confirming their validity 
by the field measurement.  

It was clearly confirmed that radiotracer technique is very 
useful for obtaining hydraulic parameters from a natural site 
that is such a vast system to establish measurement data by 
sampling technologies. This radiotracer technique for 
hydraulic research can contribute to the sustainable 
development of natural resources. 
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RE1/E2 which is the attenuation coefficient ratio for high 
energy, E1, and low energy, E2, is expressed in Eq (2). 

1 2

1
/

2

( , ) /
( , ) /

t eff
E E

t eff

Z E
R

Z E
 (2) 

where 1( , ) /t effZ E  is the mass attenuation coefficient for 
high energy, E1, 2( , ) /t effZ E  is the mass 
attenuation coefficient for low energy, E2. 

 
Then by using Eq (2) the fitting equation that expresses 

the relation between the atomic number and the attenuation 
coefficient is developed as shown in Eq (3). Eq (3) is the 
polynomial fitting equation which is based on the relation 
between the atomic number and the attenuation coefficient. 
The constant ‘an’is the polynomial fitting constant, and ‘i’ is 
the polynomial fitting order. 

 

1 2/
0

( )
i

n
E E n eff

n

R a Z  (3) 

where na is the coefficient of i-th term. 
Finally, to verify the dual energy beam method using Eq 

(3), simulation studies and scattering experiments were 
performed for simple geometries as shown in Fig. 1. 

 

Fig. 1  Simple Geometry for Verifying the Dual Energy Beam 
Inspection Method (E1=70 keV, E2=120 keV, Ii(En) = Scattered 
Response of Initial Source(I0(En)) at i-th position in Scattering 
Object) 

III. MCNP Calculation 
1. Material and Geometry 

Many simulation studies using illicit materials hidden in 
innocuous materials were performed for the demonstration 
of the dual energy beam method. Scattering objects of 3 cm 
in length are enclosed by two kinds of innocuous materials. 
Three simple geometry cases of 4 cm - 3 cm - 5 cm, 7 cm - 3 
cm - 5 cm, and 10 cm - 3 cm - 5 cm respectively for the l1 - l2 

- l3 parameters in Fig. 1 were considered for the calculation. 

The scattering materials used in this study include two kinds 
of drugs and five kinds of explosives, and neighboring 
materials consist of ten kinds of sample pairs. Various 
combinations of illicit and neighboring materials for 
simulation are considered as shown in Table 1.  

 
Table. 1 Various Combinations of Illicit and Neighboring Materials 
for Simulation Experiment: 70 Different Cases in Total 

Object Case 
Neighboring Materials 
Block 1 Block 2 

Hydrochloride form 
Cocaine 1 Polyethylene Acetal 

Hydrochloride form 
Morphine 2 Polyethylene Aluminum

TNT 3 Wood Polyethylene
Nitro Cellulose 4 ABS Sugar 
Nitro Glycerine 5 ABS Polyester

C-4 6 Polyester Teflon 
RDX 7 Teflon Urethane

 8 PVC ABS 
 9 Polyurethane PVC 
 10 Polyester PVC 

 
2. Results and Discussions 

The effective atomic numbers were calculated in the 
simple geometry by eq (3). As a result, in the case of drug, 
the relative difference of the effective atomic number 
between the reference value and the calculated value is less 
than 3 %, compared with XCOM data. In the case of 
explosive, the computed value is less than by 6 %, compared 
with XCOM data. Therefore the method can estimate the 
effective atomic number of the illicit material, and it was 
demonstrated that the method is more accurate than the 
conventional inspection system 7). The calculation results are 
shown in Table 2. 

  
Table. 2 Computed Effective Atomic Numbers for Various 
Sample Sets by Simulation (E1/E2=70/120, l1= 4 cm, l2=3 cm, l3=5 
cm) 

Neighboring material
(Block 1, 2) 

Cocain Morphine C4 TNT 

Zeff
Error 
(%) 

Zeff 
Error 
(%) 

Zeff 
Error
(%)

Zeff
Error
(%)

9.59 Ref. 9.44 Ref. 7.30 Ref. 7.25 Ref.
Polyethylene-Acetal 9.67 0.83 9.39 0.54 7.25 0.64 7.20 0.76

Polyethylene-Aluminum 9.42 1.74 9.24 2.03 7.04 3.58 7.03 3.14
Wood-Polyethylene 9.69 1.09 9.36 0.8 7.23 1.01 7.2 0.69

ABS-Sugar 9.67 0.8 9.37 0.66 7.27 0.42 7.18 1.01
ABS-Polyester 9.63 0.44 9.35 0.87 7.18 1.65 7.14 1.61

Polyester-Teflon 9.43 1.68 9.3 1.45 7.02 3.86 7.19 0.91
Teflon-Urethane 9.47 1.24 9.27 1.73 7.27 0.41 7.19 0.94

PVC-ABS 9.59 0.01 9.31 1.36 7.06 3.37 7.06 2.66
Polyurethane-PVC 9.64 0.49 9.37 0.74 7.20 1.45 7.16 1.35

Polyester-PVC 9.51 0.79 9.34 1.02 7.11 2.59 7.23 0.35
RMS Error  1.1  1.27  2.29  1.59
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IV. Scattering Experiment 
1. Materials and Configuration 

The feasibility of the developed method was verified by 
scattering experiment using many kinds of sample cases with 
TNT simulant.  

To secure the high count rate for scattering measurements, 
a 450 kV industrial X-ray tube (Xylon MG4508) with a 
tungsten target) was used as a radiation source. To measure 
the weak scattering signal, CsI(Tl) scintillator which has 
high detection efficiency was chosen. For the shielding 
device to obstruct the background signal simultaneously, the 
detector collimator was manufactured. Also, some filters, 
which produces a uniform distribution at the specific energy 
band, were fabricated. As a result, two standards N80 and 
N150 x-ray source9) were manufactured. The effective 
energies of N80 and N150 x-ray source are 69 keV and 120 
keV, respectively. 

A scattering sample was TNT simulant which has the 
same composition and material properties but does not 
explode. All experiment devices and configuration are 
shown in Fig. 2, and the experiment for diary-TNT-6nylon 
sample is shown in Fig. 3. 

  

Fig. 2. 90° Compton Scattering Experiment Configuration 

 
Fig. 3 Scattering Experiment for Diary-TNT-6Nylon Sample Set 

2. Results and Discussions 
Using the 90  Compton scattering measurement system, 

the scattering signals were obtained. In this study, for the 
calculation of the effective atomic number, the two kinds of 
scattering spectra are required, which are measured using 
N80 and N150 X-ray sources. The detection time for each 

experiment was 30 min, and the X-ray intensity was 5 mA 
for N150 experiments, 10 mA for N80 experiments. 

As the experiment results, scattering spectra of TNT 
simulant for the various sample pairs were obtained. Fig. 4 
shows the measured scattering spectra for N150 X-ray beam. 
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Fig. 4 Scattering Spectra for Various Sample Sets (N150) 
 
To obtain scattering counts, ROI(Region of Interest) was 

is determined as in Eq (4). 
 

0

( )
,

n m

n n
n

Total n m

n
n

C E
ROI P FWHM C

E
 (4) 

where Po is the peak center channel, CTotal is total counts of 
ROI, n is the left channel of ROI, En is energy of 
channel n 

 
The effective atomic numbers for each illicit material 

were calculated using the scattered signals. The calculation 
results are presented in Table 3. From the experiment results, 
it is found that the relative differences were less than 10 % 
for all the sample sets. In case of the Polyethylene-TNT-
Aluminum sample set, the relative difference of the effective 
atomic number was 0.86 %. Considering the average error, 
30 %, of conventional inspection system for material 
identifications, the result is shown to be quite accurate.  

 
Table. 3 Computed Effective Atomic Numbers for Various Sample 
Sets by Experiment 

Sample Set 
Zeff,TNT Relative

Difference
(%) 

Reference 
Value * 

Calculated 
Value 

Toothpaste-TNT-Soap

7.25 

7.8456 -10.26 

Diary-TNT-6Nylon 7.4236 -4.34 

ABS-TNT-Teflon 7.3963 -3.95 
Al-TNT-PE 7.176 -0.86 

* The reference value are based on XCOM data fitting 
fuction 
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V. Conclusions 
In this study, a 90  Compton scattering inspection 

method has been introduced and validated by simulation and 
experiment studies.  

Relative difference between calculation and experiment 
were less than 10% for all of the samples.  The dual energy 
beam method can accurately estimate the effective atomic 
number of an unknown object regardless of its location 
inside the samples.  

As a future work, research for complex sample 
geometries will be carried out for this method to be applied 
to practical use. 
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A Performance and an Imaging Result of Silicon Strip Detector 
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Since capacitively coupled readout has an advantage of shielding the readout electronics from sensor leakage 
current, we fabricated an AC-coupled single-sided silicon strip sensor on 5-in. 380 m-thick wafer and its active area 
is 3.2  3.2 cm2. It has 64 implanted and readout strips with a strip pitch of 500 m. Two silicon strip sensors were 
mounted perpendicularly one another to get two-dimensional position information with a 5 mm space gap. Two low 
noise analog ASICs, VA1 chips, were used for signal readout of the strip sensor. The single-sided silicon strip detector 
(SSSD) consists of the two AC-coupled single-sided strip sensors and readout electronics. The SSSD was housed in 
an Al light-tight box. A CsI(Tl) scintillation crystal and a 2-in. photomultiplier tube were used to trigger signal events. 
The data acquisition systems were based on a 64 MHz FADC and control softwares for the PC-Linux platform. 
Experiments were performed at room temperature and silicon sensors were fully depleted. The SNRs were measured 
to be 29.1  2.2 and 26.4  0.3, respectively, for a 45 MeV proton beam and a 90Sr radioactive source. Imaging tests 
were performed using a Pb phantom with a 90Sr radioactive source and a 45 MeV proton beam, respectively. From the 
two-dimensional hit distribution, the phantom images were obtained and the position resolution was estimated to be 
about 240 m. 

 
KEYWORDS: silicon strip detector, proton imaging, phantom image, signal-to-noise ratio, cyclotron 
 
 

I. Introduction  
The silicon is the most widely used basic semiconductor 

material for the radiation detector and the silicon strip 
detector technology has been used to obtain position 
measurement. Due to high intrinsic precision and high speed 
properties of the strip detector, it has been used as 
positioning detectors in space science and experimental 
nuclear and particle physics. 

A pixel-type detector provides very good position 
resolution but has very high occupancy in radiation hard 
environment. This problem can be resolved by having strip-
type detector. The number of readout channels is reduced by 
dividing the diode into strips and position sensitivity is 
obtained by creating a situation in which the signal charge is 
split amongst more than one readout electrodes with the ratio 
of charges depending on the position. The direct coupling 
can lead to pedestal shifts, a reduction of the dynamic range, 
and may even drive the electronics into saturation. Since 
capacitively coupled readout shields the readout electronics 
from sensor leakage current, the AC-coupled single-sided 
silicon strip sensors were designed and fabricated. For signal 
readout, the front-end electronics and DAQ system were 
developed. 

The purposes of this research are to analyze the signal-to-
noise ratios of the silicon strip detector, and to demonstrate 
phantom images by using a radioactive source and a proton 
beam. 
 

*Corresponding Author, Tel. +82-53-950-7351, Fax. +82-53-953-
7351, E-mail: sunshine@knu.ac.kr 

II. Silicon Strip Detector  
1. Concept and Principle 

 The silicon sensor is fully depleted by applying a reverse 
bias voltage.1) One of advantages for the full depletion is that 
silicon bulk can be used as the active sensor volume. When 
charged particles pass through silicon bulk, electron-hole 
pairs are produced and electrons are collected in electrodes 
by the electric field. The high resolution of the silicon strip 
detector is achieved by dividing large area diode into many 
small strips and reading charge signals out separately. The 
position of the charged particle is then determined by the 
location of the strip showing signal. 

 
Table 1 A specification of the fabricated AC-coupled single-sided 
silicon strip sensor. 

high resistivity (> 5 k cm), <100>-oriented, and n-type silicon 
wafers 

sensor area ( m2) 35,000 × 35,000 
sensor thickness (μm) 380 

strip pitch (μm) 500 
implanted strip width (μm) 400 
Readout strip width (μm) 420 

Number of implanted strips 64 
 

The silicon strip sensors were fabricated on a 5-in. n-type 
silicon wafer which has an <100> orientation, high 
resistivity (>5 k ·cm) and a thickness of 380 m. A 
specification of the fabricated silicon strip sensors is shown 
in Table 1. They are single-sided and have 64 channels with 
a 500 m pitch, and the active area is 3.2  3.2 cm2 with a 
thickness of 380 m. 
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To be considered as a good sensor2), we required the 
leakage current of the sensor should be less than 10 nA/strip 
at the full depletion voltage. The leakage current of a single 
strip was measured to be about 1.4 nA at 60 volts and the 
capacitance value showed flatness from above 40 volts. 

The designed and fabricated AC-coupled silicon strip 
sensor has capacitively coupled readout structure which 
provides the advantage of shielding the electronics from 
sensor leakage current. In AC-coupled sensor design, 
capacitances of a sensor were made by separating 
implantation and metallization of the strips. Meanwhile, 
biasing resistors of a sensor were made in polysilicon. A 
thickness of the SiO2 layer, width and thickness of the 
polysilicon were optimized to provide required capacitance 
and biasing resistance, respectively. The DC pads were also 
built for leakage current measurement.  

Design, fabrication process and electrical characteristics 
measurements of the fabricated AC-coupled silicon strip 
sensors are described in detail by Kah et al.3) 
 
2. Performance Tests 

This experiment was performed with a 45 MeV proton 
beam from the MC-50 cyclotron at the Korea Institute of 
Radiological and Medical Science (KIRAMS) in Seoul, 
Korea.4) Two AC-coupled silicon strip sensors, each of them 
has 64 readout channels, were used for the experiment. 
Experiment was done at room temperature and sensors were 
biased at 46 V to fully deplete sensors. They were mounted 
perpendicularly one another to provide two-dimensional 
position information with a 5 mm space gap and the silicon 
strip sensor assembly is shown in Fig. 1.  

 

 
Fig. 1 Two AC-coupled strip sensors are mounted perpendicularly 
one another to provide two-dimensional position information. 

 
Two low noise analog ASICs, VA1 chips, were used for 

analog signal readout. We used our VA-hybrid board, 
Interface board, and VA-control board5) to read sensor signal 
out. The serially clocked signals of 64 channels were read 
out for each event with a 12-bit 64 MHz Flash analog-to-
digital converter (FADC).6) The FADC was located in a 
VME crate and was read out by the Linux-operating PC 
through the VME-USB2 interface. The DAQ system and 

analysis program were written in the framework of ROOT7) 
package. The experimental set up is shown in Fig. 2.  

 

 
Fig. 2 Experimental setup for performance tests of the 
manufactured silicon strip detector with a proton beam at the 
KIRAMS. Sensor assembly is placed intentionally off the beam 
axis to protect it from radiation damage. 

 
A CsI(Tl) scintillation crystal and a 2-in. photomultiplier 

tube were used to trigger signal events. The silicon strip 
sensors, readout electronics and a CsI(Tl) crystal are all 
assembled in an aluminum light-tight box to shield light and 
reduce electromagnetic interference. The silicon strip sensor 
assembly and developed readout electronics were located 
just behind of the phantom. Fig. 3 is signal-to-noise ratio of 
all 64 channels and the average value was measured to be 
29.1  2.2 for a minimum ionizing particle (MIP). 

The active sensor area is 3.2  3.2 cm2 and the phantom 
size is smaller so first and last strip of sensor didn’t have the   
signal. 

 
Fig. 3 Signal-to-noise ratios of all channels in the first sensor 
measured with a 45 MeV proton beam at the KIRAMS. 

 
Two VA chips were used to read signals, each of them 

controlled 32 channels. A thickness of the lead phantom was 
3 mm to absorb the proton beam energy. The phantom was 
3.0 x 3.0 cm2 in size. The first few (1 ~ 4) and the last few 
(60 ~ 64) channels did not have any signals because the size 
of the phantom was smaller than that of the active sensor 
area. 

To assess the imaging capability of the silicon strip 
detector we built a phantom with a 3-mm-thick lead. A size 

345

Supplement 5, June 2008



of the phantom is 30  30 mm2 to fully cover the active area 
for the silicon detector and to absorb the proton beam energy. 
Sensor signals from the FADC were recorded in the PC and 
were analyzed. The two-dimensional plot of hit maps from 
the first (x-axis) and the second (y-axis) silicon strip 
detectors is shown in Fig. 4. 

 

 
Fig. 4 Hit maps from the first (x-axis) and the second (y-axis) 
silicon detectors with a 45 MeV proton beam at the KIRAMS. 

 
The width of these small rectangles ranges from 1 mm to 

2 mm and the position resolution from hit distributions is 
estimated to be about 240 m. 

We also performed the sensor test using a 90Sr radioactive 
source with the same experimental setup for the proton beam 
test. Fig. 5 shows the pulse height spectrum measurement of 
a single strip channel and a signal-to-noise is measured. The 
signal-to-noise was measured to be 26.4  0.3 for a MIP 
and this result is consistent with the proton beam test result. 

 

 
Fig. 5 Pulse height spectrum of a single strip channel measured 
with a 90Sr radioactive source. 

 
The image of the phantom was also obtained using a 90Sr 

radioactive source. Fig. 6 is the two-dimensional plot of hit 
maps from the first and the second silicon strip detectors. It 
showed many stray hits due to multiple scattering in silicon 
materials and space gap between the first and the second 
silicon detectors.  

 

 
Fig. 6 Hit maps from the first (x-axis) and the second (y-axis) 
silicon detectors with a 90Sr radioactive source by using the same 
experimental setup which was used for the proton beam. 

 
III. Discussion 

The measurement results of the signal-to-noise ratio of the 
silicon detector and electronics assembly provides the 
feasibility of using it as an X-ray imaging sensor. Many stray 
hits were observed for the radioactive source compared to 
the proton beam due to multiple scattering in silicon 
materials and the space gap between the first and the second 
silicon strip detectors. To avoid multiple scattering effect, 
achieve better position resolution and have self-triggering 
capability, we are currently fabricating double-sided silicon 
strip sensors and developing front-end readout electronics 
for an X-ray imaging.8) 

 
IV. Conclusion 

The AC-coupled single-sided silicon strip sensors were 
designed and fabricated on the 5-in. silicon wafers. The 
front-end electronics was built for sensor signal readout and 
assembled with the fabricated silicon strip sensors in the Al 
light-tight box.  

The signal-to-noise ratio (SNR) of the silicon strip sensors 
with readout electronics was measured to be better than 25 
for a MIP with a 45 MeV proton beam at the KIRAMS and a 
90Sr radioactive source, respectively. These results show that 
the developed strip detector with the AC-coupled strip 
sensors and the front-end electronics was performed well 
because it is considered to be good detector for SNR > 10. 
The performance tests as an imaging detector were carried 
out with an 3-mm-thick lead phantom by using a 90Sr 
radioactive source and a 45 MeV proton beam, respectively, 
and the images of the phantom were obtained from the two-
dimensional plot of hit maps from the two silicon strip 
detectors. The phantom images by using a radioactive source 
and a proton beam were demonstrated and the estimated 
position resolution from hit distributions is to be about 240 

m. 
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Se-Hwan PARK1, Jang-Ho HA1, Jae-Hyung LEE1, Yoon-Ho CHO1,2, Han-Soo KIM1, 
Sang-Mook KANG1,2, and Yong-Kyun KIM2* 

 
1 Korea Atomic Energy Research Institute, Dukjin-dong, Yuseong-gu, Daejeon, Korea 

2 Hanyang University, Haengdang-dong, Seongdong-gu, Seoul, Korea 
 
 

CZT is one of the most promising materials for X-ray and -ray radiation detectors operated at room temperature. 
We have studied the fabrication process of the CZT planar-type detector, which includes the physical and chemical 
surface treatment, the fabrication of metal contact, and the surface passivation. CZT planar-type detectors with 
various metal-semiconductor contacts were made. The dark current and the -rays from 241Am were measured with 
each detector, and they were compared. From the above studies, the effective fabrication method of CZT detector 
could be deduced. Our work could be helpful to fabricate the high resolution CZT detector, which could be used in 
various application areas such as nuclear medicine, radiation safety, X-ray and -ray astronomy and homeland 
security 

 
KEYWORDS: CZT detector, Planar-type detector, Indium, Gold, Metal-semiconductor contact 
 
 

I. Introduction  
Cadmium Zinc Telluride (CZT) is one of the most 

promising materials for high resolution X-ray and -ray 
energy spectroscopy at room temperature1). Since the energy 
bandgap of the CZT crystal is large enough that the CZT 
detector can be used for X-ray and -ray measurement 
without cooling system. Because of the high atomic numbers 
of composite materials of CZT (Cd, Zn, Te), the efficiency of 
CZT detector is higher than that of Si or Ge detector. 
Although the CZT detector has been plagued by material 
problems for a long time, the recent rapid progress in the 
crystal growing technique makes the application of CZT 
detector wider.  

CZT planar-type detector has metal/CZT/metal structure. 
The general procedure to make the CZT planar-type detector 
is as follows; A CZT crystal is cut, the crystal surface is 
polished with mechanical and chemical method, and metal 
contacts are made on CZT surface. After that, the CZT 
crystal surface is passivated to make the detector 
performance stable.  

 Previously many researchers studied the fabrication 
process of CZT detector. The relation between the surface 
roughness and the detector performance was studied with 
various chemical etching methods2). The dependency of the 
detector’s performance on the chemical composition of the 
metal-semiconductor contact was studied 3).  

In most of the previous works, the data about the 
fabrication process of CZT detector were obtained with the 
high quality crystals. However, the CZT crystals with lower 
grade, which means the crystal has a large number of defects, 
were used in our work. The CZT is known to have many 
advantages as radiation detector. However, the CZT detector 
could not be used widely at present because of its high price. 

*Corresponding Author, Tel. +82-2-2220-2354, Fax. +82-2-2296-
2354, E-mail: ykkim4@hanyang.ac.kr, ex-spark@kaeri.re.kr

Since the CZT crystal with lower grade could be obtained 
more easily, the study on the fabrication process of CZT 
detector with lower grade crystal is also very important. 

We made various CZT planar-type detectors. CZT 
detectors with Indium(In)/CZT/In and Gold(Au)/CZT/Au 
structure were fabricated, and the dependency of the detector 
performance on the crystal surface and the crystal quality 
was studied. Au contact on the CZT crystal was made with 
two different methods, which include high-vacuum 
evaporation method and electroless deposition method4). 
CZT detector with Au/CZT/In structure was made to see the 
Schottky contact effect on the detector’s performance. The 
CZT detector with capacitive Frisch grid was made to reduce 
the tail of the peak in the energy spectrum. 
 
II. Experiment and Analysis  
1. Detectors with In/CZT/In and Au/CZT/Au Structure 

CZT detectors with In/CZT/In and Au/CZT/Au structure 
were made. Two CZT crystals were used in the experiment; 
one crystal was slight n-type material with low grade (Saint-
Gorbain Inc.) and the other crystal was p-type material with 
discriminator grade (eV Products Inc.). The geometrical 
dimension of n-type CZT crystal was 9×9×8 mm3, and that  
of the p-type crystal was 10×10×5 mm3. A number of defects 
such as Te-inclusion could be found easily on surface of n-
type crystal. Fig. 1 shows the detectors made in our work. 

When metal with high work function such as gold is in 
contact with n-type semiconductor, the contact can be 
Schottky contact. When metal with low work function such 
as indium is in contact with n-type semiconductor, it can be 
Ohmic contact. 
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Fig. 1 CZT planar-type detectors made with discriminator grade 
crystals. 

 
The CZT crystal was grinded with SiC paper and   

polished finally with 0.05- m alumina powder. The crystal 
was chemically etched with 1 % bromine/methanol solution 
for 1 min. It is known that the bromine/methanol etchant 
could remove the scratches due to the mechanical polishing. 
Also, when the CZT crystal is etched with bromine/methanol 
solution, the CZT surface remains Te-rich5). With the 
inspection of the low grade CZT crystal with microscope, 
one could find the increase of the Te-rich defects after the 
chemical etching with bromine/methanol solution.  

Four different planar-type detectors were made with low 
grade CZT crystal. One was In/CZT/In-structured detector 
with un-etched crystal surface, the second was In/CZT/In 
structured detector with etched crystal surface, the third was 
Au/CZT/Au structured detector with un-etched crystal 
surface, and the last was Au/CZT/Au structured detector 
with etched crystal surface. Here, the gold contact was made 
with the electroless deposition method. 

The I-V curve and the energy spectrum of 60-keV -ray 
was obtained with each CZT detector. High voltage of 100 V 
was biased between the electrodes to measure the energy 
spectrum. The signals from the detector were passed through 
a pre-amplifier and an amplifier. Finally, the energy 
spectrum was stored with Multi Channel Analyzer (MCA).  

From Fig. 2, one could see that the energy resolution of 
the detector with In contact became worse when the crystal 
was etched, and the energy resolution of the detector with 
gold contact became better when the crystal was etched. 
Here, the energy resolution of the detector was the Full-
Width-Half-Maximum (FWHM) of the peak. Indium could 
make Ohmic contact with n-type semiconductor. When the 
low grade CZT was etched with the bromine/methanol 
solution, the Te-rich defects got bigger. And it deteriorated 
the In/CZT contact, and make the energy resolution worse. 

Gold chloride solution was used to make the gold contact 
on the CZT surface. It was known that the reaction of gold 
chloride on CZT was supposed to be a transfer of Cd ions 
toward the AuCl3 solution, leaving a tellurium layer on CZT 
and gold ions precipitating on this layer6). The gold could be 
placed to make chemical equilibrium in the Te-rich defects, 
which became larger due to the chemical etching. It could 

explain why the energy resolution of the detector with gold 
contact was getting better when the crystal was etched.  

 

0 200 400 600 800 1000
0

2000

4000

6000

8000

10000

 

 

C
O

U
N

T
S

CHANNEL

 Det. 1 (pol+In)
 Det. 2 (pol+etch+In)
 Det. 3 (pol+AuCl3)
 Det. 4 (pol+etch+AuCl3)

 
 Fig. 2 Energy spectra measured with CZT Planar-type detectors 
with four different fabrication processes. The detectors were made 
with a low grade CZT crystal. FWHM of each spectrum was as 
follows; 34. 5 % (Det. 1), 44.6 % (Det. 2), 40.2 % (Det. 3), and 
33.5 % (Det. 4).  

 
CZT detectors with In/CZT/In and Au/CZT/Au structure 

were also made with discriminator-grade p-type CZT 
crystals. The number of Te-rich defects on the p-type crystal 
was smaller than that of the low grade n-type crystal.  

In/p-type CZT crystal can be Schottky contact, and Au/p-
type CZT crystal can be Ohmic contact. When In was 
evaporated on both sides of the CZT crystal, the dark current 
of the detector was too large to measure the energy spectrum. 
When Au contact was made on the crystal with the 
electroless deposition method, the energy spectrum could be 
measured successfully. One could assume that the property 
of In contact on p-type CZT crystal is similar to that of Au 
contact on n-type CZT crystal. However, while one could 
measure the energy spectrum with the detector with 
Au/CZT(n-type)/Au structure, one could not measure the 
energy spectrum with the detector with In/CZT(p-type)/In 
structure. It could be from the deposition method of the 
metal contact. The indium was deposited with the 
evaporation method (physical) and the gold was deposited 
with the electroless deposition method (chemical). 

 

2. Detectors with Au/CZT/Au Structure 
Au contact was made on p-type low grade CZT crystal. It 

is very important to make Ohmic contact on p-type CZT 
crystal. Two different methods were used to make the gold 
contact. One was the evaporation method, and the other was 
the electroless deposition method. Although both methods 
could be used to make metal contact on CZT crystal, the 
contact property from both methods is different as explained 
in the previous discussion. 
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Fig. 3 Leakage currents of Au/CZT/Au detectors. One was made 
with the evaporation method, and the other was made with the 
electroless deposition method.  

 
The CZT crystal surface was mechanically polished and 

chemically etched with 1 % bromine/methanol solution. In 
the first method, the gold contact was deposited with the 
evaporation method. Thermal evaporator was used to make 
gold contact on CZT crystal. The vaccum in the evaporation 
chamber was kept at around 10-5 Torr during the evaporation, 
and the deposition rate was kept at around 10 n/min. In the 
second method, the gold contact was made with the 
electroless deposition method.  

Fig. 3 shows the leakage currents of the CZT detectors. 
As one could see, the leakage current became lower when 
the gold contact was made with the electroless deposition 
method. Measurement of 60 keV -ray were made with the 
CZT detectors. The characteristics of the energy spectra 
measured with the two detectors were similar. However, the 
energy spectrum of CZT detector made with the evaporation 
was deteriorated at polarization voltage higher than 200 V. It 
could be from the increase of the leakage current. Fig. 4 
shows the energy spectrum measured with the CZT detector 
with gold/CZT/gold structure, where the electrode was 
deposited with evaporation method.  

When gold contact was made with the electroless 
deposition method, the cadmium layer could be found on the 
surface of the gold contact. It was found that the passivation 
with the NH4/H2O2 solution could remove the cadmium 
layer on the gold contact. When the -ray was measured 
with the detector, which was passivated with the NH4/H2O2  
solution, the energy spectrum was enhanced comparing with 
the energy spectrum measured with the detector before the 
passivation. The energy resolution of the detector was 
similiar, however the full peak efficiency was increased after 
the passivation. The enhancement of the energy spectrum 
after the passivation was from the removal of the cadmium 
layer on the gold contact7). Fig. 5 shows the energy spectra 
before and after the surface passivation.  
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Fig. 4 Energy spectrum measured with CZT detector, where the 
gold contact was made with the evaporation method. The 
polarization voltage on the detector was 200 V and the shaping time 
was 3  sec. The FWHM of the peak was 9.4 %.   
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Fig. 5 Passivation effect on the energy spectrum measured with 
CZT detector. The solid line is from the detector before NH4/H2O2 
treatment and the dotted line is from the detector after NH4/H2O2 
treatment. The FWHM of the peak was 7.8 % before the surface 
passivation, and the FWHM of the peak was 7.4 % after the surface 
passivation.  

 
3. Detectors with In/CZT/Au Structure 

CZT Schottky detector was made with In/CZT/Au 
structure. A p-type CZT crystal was used to make the 
Schottky detector. Indium contact was deposited with the 
evaporation method, and gold contact was deposited on the 
opposite side of the detector with the electroless deposition 
method. I-V curve and the -ray energy spectrum were 
measured. Fig. 6 shows the I-V curve of the Schottky 
detector.  
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Fig. 6  I-V curve of the CZT Schottky detector. 
 
The energy spectrum of 60 keV -ray was measured with 

the detector and it was compared with the energy spectrum 
measured with CZT detector with Ohmic contacts. Fig. 7 
shows the energy spectra measured with the CZT Schottky 
detector and the CZT detector with Ohmic contacts. One 
could see the slight enhancement of the energy resolution 
when -ray was measured with the CZT Schottky detector.    
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Fig. 7 Energy spectra measured with CZT detector with Ohmic 
contact, and CZT Schottky detector. The FWHM of peak from the 
detector with Ohmic contact was 14.6 %, and the FWHM of peak 
from CZT Schottky was 12.2 %. 

 
It is known that the energy spectrum could be enhanced 

when the CZT detector with capacitive Frisch grid structure 
was used for the measurement 8). The study about the 
fabrication and measurement of the CZT capacitive grid 
detector is underway. 

 
III. Conclusion  

CZT is very promising material for room temperature -
ray spectroscopy and radiation imaging. The detector 
performance depends on the crystal quality, the surface 
condition, the type of the metal-semiconductor contact, and 
the electrode design. We studied the dependency of the CZT 
detector characteristics on the type of metal-semiconductor 
contact. In most of our study, the CZT crystals with lower 
grade, which could be used more widely than the high grade 
crystal, were used. Au layer, made with the electroless 
deposition method, could be metal contact for CZT detector 
with p-type crystal. The gold contact on the CZT detectors 
were made with the evaporation method and the electroless 
deposition method, and the detector characteristics were 
compared. The CZT Schottky detector was made, and the -
ray energy spectrum was successfully measured, and the 
detector characteristics were compared with the CZT 
detector with Ohmic contacts. Our work would be helpful to 
fabricate the CZT detector for high-resolution -ray 
spectroscopy. 
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A new solid state detector based on 6H-SiC is one of the promising devices in the nuclear industry for high-level 
radiation applications in a harsh high-temperature environment. SiC is a semi-conductor with a 3.03-eV band gap 
energy, and known as a radiation-resistance material. SiC detectors were fabricated by using a 6H-SiC wafer. The 
properties of the 6H-SiC wafer were over a 106 ohm-cm resistivity, a 380 m thickness, and a (0001)-oriented type. 
The 6H-SiC detector was prepared by the processes of a dicing, etching, removal of an oxidation layer and a 
mounting on an alumina substrate. SiC detector was 10×10 mm2 with a 19.6mm2 active area. The circular metal 
contacts consisted of a Si-face/Ni/Au and a C-face/Ni/Au structure. Thin LiF and B film was coated onto the SiC 
detector surface for a neutron converter. The electrical current-voltage performances of the detectors were measured 
by using the Keithley 4200-SCS parameter analyzer with self voltage sources. Neutron responses were measured by 
using a 252Cf source.  

 
KEYWORDS: solid state detector, semiconductor, silicon carbide, neutron measurement, surface barrier 
detector  
 
 

I. Introduction  
Solid state radiation detectors have been investigated for 

many applications within various environments. The harsh 
radiation environments such as a nuclear reactor core, high 
energy physics experiments, or outer space can cause 
radiation damage to detectors1). A radiation damage which 
deteriorates the performance of the devices is a serious and 
important problem for semiconductor radiation detectors 2).    

The SiC semiconductor has recently emerged as an 
attractive material for an ionization radiation detection3). A 
SiC is known as a useful material for the harsh environments 
needed for a radiation-resistance4), a high-temperature 
operation and a high-critical breakdown voltage, and a high 
thermal conductivity. Radiation detectors based on 
semiconductors like SiC, AlN, and BN with a large band 
energy gap are the most promising for an ionizing detector. 
For the purposes of a fabrication of a radiation hard detector, 
a large band gap and a low leakage current are important 
parameters. SiC has over 170 polytypes. The commercially 
available single crystals are the hexagonal 4H and 6H. Large 
diameter single crystals are grown by a physical vapor 
transport (PVT) process which is based on a modification of 
the original SiC sublimation method5). In the 
metal/semiconductor Schottky device the current is induced 
by the major carrier. Therefore the switching time is faster 
than that of the p-n junction device6). However, the 
characteristics of the Schottky device are sensitive to the 
interface property on the semiconductor’s surface. The 
surface treatments with an oxidation/HF etching and a 
boiling water immersion during the fabrication of the 
metal/6H-SiC Schottky device decreased the Schottky 
barrier heights by about 0.3 to 0.5 eV with respect to that of 

*Corresponding Author, Tel. +82-2-2220-2354, Fax. +82-2-2296-
2354, E-mail : ykkim4@hanyang.ac.kr 

a 5% HF etching7). It means that a surface treatment is a 
major parameter for the electrical property of the Schottky 
device.  

Present study is focused on the fabrication and 
performance of a radiation hard SiC neutron detector which 
is applicable in air and at a high temperature. Detection 
principle is shown in Fig. 1. The incident neutron was 
converted into charged particles by a nuclear reaction and 
the energetic charged particles were absorbed in the SiC 
sensor. The absorbed mechanism generated electron-hole 
pairs proportional to the incident charged particle energy. 

 

 
Fig. 1 Neutron detection mechanism in semiconductor detector 
with neutron conversion film 

 
II. Detector Fabrication Process  

 We used a 6H-SiC wafer of 2 inch diameter supplied by 
the Dow Corning Co. The properties of the 6H-SiC wafer are 
an upper 106 ohm-cm resistivity, 380 m thickness, and a 
(0001)-oriented type. We prepared 10×10 mm2 samples by 
using a semiconductor diamond saw. Generally, a cutting 
process uses a wax to fix the wafer onto the working table of 
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the diamond saw devise. After the cutting process, the wax is 
removed by an organic solvent or acetone from the wafer’s 
surface. The surface of a SiC wafer was generally etched by 
using the standard process with H2SO4 and H2O2 solutions 
and rinsed with de-ionized (DI) water, and the removal of an 
oxidation layer by a HCl solution was performed for the 
metal/semiconductor contacts on the surface which were 
fabricated by using a thermal evaporator in a vacuum 
condition. The metallization process was performed under 
the following conditions; 1.2×10-5 Torr, 80  heating, and 
a 180°/min rotation speed of the SiC samples holder. The 
metal contact of the Si-face was Ni(300 ) and Au(2000 ), 
and C-face was Ti(300 ) and Au(2000 ). The metal 
contact shape was a circle with a diameter of 5 mm. To 
convert the neutron into a charged particle a 6LiF conversion 
film was evaporated onto an Au metal contact. The thickness 
was about 10 m. The LiF(B) film did not have a good 
contact with the Au layer, so the LiF(B) layer was positioned 
between another thick Au layer just like a sandwich type.  

As a result of process we obtained metal/semiconductor 
Schottky barrier detectors for neutron detection with a 
neutron conversion layer. 

 
III. Detector Performance and Results 
1. I-V Characteristics Measurement 

A major electric detector property is obtained by leakage 
current measurement with respect to a baised voltage. The 
SiC detectors were mounted by a conducting epoxy onto the 
PCB substrate and connected by a wire for the electrical 
signal readout. The wire terminal was connected to a signal 
readout and a biased voltage, and the electrical contact pad 
on PCB substrate was grounded. The current-voltage 
characteristics of the 6H-SiC radiation detector were 
measured by using the Keithley 4200-SCS semiconductor 
characteristics system with a self voltage supply by adjusting 
the internal biased voltage within -100 V to 100 V. Electric 
characteristics measurements were carried out at room 
temperature in a box shielded from the light. The measured 
I-V characteristics were determined that the detector was a 
type of metal/semiconductor surface barrier device.  

High breakdown voltage is concerned with the maximum 
operating electric field inside a detector and a charge 
collection efficiency. We observed that the breakdown 
voltage was over 100 V.  

 
2. High Dose  -ray Irradiation test 

High neutron field always contains a high -ray dose. One 
of the important characteristics is a -ray resistance. SiC 
samples with 10x10 mm were irradiated by Co-60 -ray up 
to 120 kGy. The irradiation was performed at a -ray 
irradiation facility at the Korea Atom Energy Research 
Institute (KAERI) with a dose rate of 5 kGy/hour and 15 
kGy/hour for 8 hours. A dose rate of 15 kGy/hour is the 
maximum capacity of the Co-60 -ray source at KAERI. The 
total doses were 40 kGy and 120 kGy, respectively.  

We measured the band gap property by using a photon 
absorption spectroscopy. The difference of the band gap 

result before and after an irradiation was 0.01eV which was 
placed in the error ranges of the measurement and the 
determination. 

The radiation-induced damage can be classified into two 
categories of bulk and surface effects. The most fundamental 
type of a bulk radiation damage is the Frenkel defect, 
produced by the displacement of an atom of the 
semiconductor material from its normal lattice site. The 
vacancy left behind, together with the original atom now at 
an interstitial position, constitutes a trapping site for normal 
charged carriers. These are called as point defects to 
distinguish them from the more complex “clusters” of a 
crystalline damage. The rays can create only point defects. 
When these defects have been formed enough, a carrier 
lifetime is reduced. The leakage currents of the non-
irradiated sample and two 40 kGy, 120 kGy-irradiated 
samples with the Si-face/Ni/Au interface were measured in 
the range from 0 to 100 V. We did not find any remarkable 
differences between before and after an irradiation at 40 kGy 
and the leakage current was increased at 120 kGy as shown 
in Fig. 2. 
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Fig. 2 Typical I-V curve before and after -ray irradiation 
 

3. Schottky Barrier Height Determination 
The fabricated detector type is one of the Schottky barrier 

ones. The current transport in the metal-semiconductor 
Schottky contacts is mainly due to majority carriers, in 
contrast to p-n junctions, where the minority carriers are 
responsible. For high-mobility semiconductors the transport 
can be adequately described by the thermionic emission 
theory 8). 

According to the thermionic emission theory, the flow is 
limited by the rate at which carriers try to cross the barrier 
and the Schottky barrier height (SBH) was determined by 
using the forward current-voltage characteristics of the 
metal/semiconductor Schottky contacts. The total current 
density over a potential barrier is analyzed within the 
framework of the thermionic emission model originally 
described by Bethe 9) : 
 

Jn = JST [exp(qV/kT) – 1] 
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JST = A*T2exp[-(q Bn/kT)], 

 
where JST is the saturation current density, k is the Boltzman 
constant, q is the carrier charge, T is the temperature and A* 
is the effective Richardson constant A* = 194 A/cm2K2  for 
a thermionic emission, by neglecting the effects of a optical 
phonon scattering and quantum mechanical reflection10).  

 

 
Fig. 3 Schottky bairrier heights with respect to  -ray dose 

 
The 6H-SiC semiconductor showed similar Schottky 

barrier heights independent of the different dose rates of the 
irradiation with Co-60 rays as shown in Fig. 3. The SBHs 
of the C-side of the non-irradiation, 40 kGy and 120 kGy 
samples are 1.06 eV, 1.11 eV and 1.13 eV, respectively. The 
SBHs for the 6H-SiC with an orientation (0001) were known 
to be placed between approximately 0.8 and 1.25eV for the 
Si-terminated face and between 1.0 and 1.6 eV for the C-
terminated face.  

 
3. -ray Response Measurement 

Our detector adapted a neutron to charged particle 
conversion film. Detector performance was highly dependent 
on the charge particle detection efficiency. The ray 
responses were measured by a Pu-238 plate-type source with 
5.5-MeV at room temperature in a 1-atm air pressure11). The 

ray particle was confirmed by using a thin Al plate which 
is sufficient enough to stop the rays. The Al absorber 
thickness was determined by a charged particle range 
simulation code (TRIM) which is sufficient enough to stop 
the rays. The energy moderation effect of the 5.5 MeV 
The rays in air was measured by adjusting the distance 
between the Pu-238 source and the SiC detector. The energy 
moderation and the simulated deposition energy were used 
to calculate the energy calibration to determine the energy 
resolution of the detector operating in room temperature and 
a 1-atm normal air pressure. Pulse height spectra were 
obtained by ORTEC and eV-products preamplifiers, as well 
as a shaping amplifier, and a multi-channel analyzer. Fig. 4 
is the -ray spectra with different biased voltages. As bias 
voltage increases, the 5.5 MeV -ray peak centroid increases 
because the charge collection efficiency increases. 

 
Fig. 4 -ray responses at 5.5 MeV with respect to different biased 
voltages 
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Fig. 5 Typical I-V curve before and after neutron irradiation 

 
In order to investigate the origin of the low energy 

contribution which is the lowest energy region less than 
channel no 100 in Fig. 4, we compared our results with a 
silicon surface barrier (SSB) detector purchased from EG&G 
ORTEC, which can be used at a 1-atm air pressure. From 
this investigation, the low energy contribution seems to 
consist of mainly electrical noises originating from the 
connector and ground loop, and partially from a -ray and 
light leakage contribution.  

 
4. Neutron Response Measurement 

Neutron Detection response was performed by using a 
252Cf neutron source in air. Neutron damage evaluation was 
performed by an irradiation of the neutron source up to the 
108 n/cm2. Fig. 5 is the I-V characteristics before and after 
the neutron irradiation. I-V curves showed almost similar 
tendencies. As a result SiC detectors were resistant to the 
neutron damage up to the 108 n/cm2.  

One of the effective neutron conversion materials are 10B 
and 6Li. We fabricated two types of conversion films with a 
10 micron thickness. The energy losses of the neutron 
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conversion film and metal contact structure were simulated 
by TRIM code. The energy losses were 149, 155, 162 keV 
for secondary -rays with energies of 2050, 1777 and 1470 
keV, respectively, from (n, ) reaction, and 289 keV for 2730 
keV from (n, t) reaction. Fig. 6 and 7 are the neutron spectra 
of the 10B and 6Li conversion films. The neutron detection 
efficiency was expected to be 2.8% as a result of the MCNP 
and TRIM codes calculation, and measured as 2.5% 
efficiency. 
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Fig. 6 Neutron detection spectrum measured using by B-10 convert 
film detector 
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Fig. 7 Neutron detection spectrum measured using by 6LiF convert 
film detector 

The 6LiF converter was 10 micron thickness and the 
incident Neutron produced from 252Cf was moderated by 
using high density polyethylene slabs with 30mm thickness. 
Fig. 6 and 7 showed neutron spectra. 6Li was known that 
produced more energetic charge particles compared to 10B 
converter. It means 6Li gives better neutron discrimination 
than 10B by energy threshold level from noise and 
background. 

 
IV. Conclusions 

Neutron SiC detectors were fabricated and measured its 
performances. I-V measurement revealed that this detector 
was a Schottky barrier type. High dose of -rays were 
irradiated up to 120 kGy and could not find any changes of 
its electrical properties. Neutron damage was tested by a 
252Cf source up to a 108 n/cm2. Neutron responses were 
measured with two different types of neutron to charge 
particle converters based on 6Li and 10B materials. The 
neutron detection efficiency was in good agreement with the 
calculated result. As a result, the SiC detectors showed a 
good performance for neutron detection. 
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H.J. KIM1, Hee Dong KANG1*, H. PARK1, Shi-hong DOH2, Sung Hwan Kim3, and Sang Jun KANG4 

 
1 Kyungpook National University, Daegu 702-701, Korea 
 2 Pukyong National University, Busan 608-737, Korea 

3 Daegu Health College, Daegu 702-722, Korea 
4 School of Liberal Art, Semyung University, Jechon 390-711, Korea 

 
 

A Large size of 70 mm × 71 mm (2.1 kg) CdWO4 crystal with excellent quality was studied for the energy 
response of the crystal to the -rays.  The large crystal was coupled with a green-extended Photomultiplier tube 
(PMT) and tested at room temperature. We measured light yield and energy resolution of the crystal using various 
radioactive sources.  The energy resolutions of the CdWO4 crystal were obtained to be 9.5 % and 5.3% for 662 keV 
and 2614 keV, respectively. Linearity of the crystal in different -ray energy was also measured.  In the 
environmental background spectrum, well defined peaks of 1461 keV by 40K decay and 2614 keV by 208Tl decay 
were identified. A simulation study with GEANT4 package was performed for the efficiency comparison with 
commonly used NaI(Tl) crystal scintillators. The study showed that the CdWO4 crystal is the promising candidate for 
the boarder control and energetic X-and -ray detection equipment. 

 
KEYWORDS: CdWO4, scintillation properties, efficiency, energy resolution, number of photoelectron, linearity 
 
 

I. Introduction  
Scintillation detectors are widely used in the detection and 

spectroscopy of X-rays or -rays at room temperature. The 
detectors are commonly used in nuclear and high-energy 
physics, medical imaging, diffraction, non-destructive 
testing, homeland security, geological exploration, and 
astrophysics 1).   

Important requirements for the scintillation crystals used 
in these applications include high light output, high stopping 
power, fast response, low cost, good energy resolution, good 
linearity, and minimal afterglow. These all requirements can 
not be met by any of the commercially available scintillators 
and it should be application specific to choose the best 
scintillation crystal. 

During the last decay high-Z crystal scintillators have 
been developed for medical imaging such as computer 
tomography (CT) or positron emission tomography (PET). 
They include BGO, GSO, LSO and CdWO4 and others, 
whose distinguished property is high detection efficiency for 
X- and -rays, as well as excellent operational characteristics.  
These scintillators can be used for medical imaging, 
radiation detection and board control applications.  

Cadmium tungstate (CdWO4, CWO) crystal is one of the 
candidate for such application since it has high effective Z 
number, high density, higher light yield than BGO, and very 
low afterglow 2). Radiation hardness of CWO crystal is as 
high as 105 rad. Because of such advantage, CWO 
scintillator is being used extensively in X-ray CT 2). The 
main characteristics of CdWO4 crystal are summarized in 
Table 1. Large CWO crystal can be used for the board 
control, -ray spectrometer for well logging 3), planetary 
lander missions 4), and -rays detection for radiation 

*Correspinding Author, Tel. +82-53-320-1319, Fax. +82-53-320-
1449,  E-mail; hongjoo@knu.ac.kr

monitoring 5). S. Ph. Burachas et al. reported 13.8% energy 
resolution at the energy of 662 keV with a 54 mm × 95 
mm (1.7 kg) crystal 6).  

We report a study of response to the -ray of a large 70 
mm × 71 mm (2.1 kg) CWO crystal with an excellent quality. 
Also a simulation study with GEANT4 package was done 
for the efficiency comparison with commonly used NaI(Tl) 
crystal scintillator. 

 

II. Experiment 
A 7.0 cm diameter by 7.1 cm thick cylindrical CWO 

scintillation crystal (2.1 kg) as shown in Fig. 1 was prepared 
for the test. The CWO was produced by Novosbisk, Russia 
and it is so transparent that quality of crystal is better than 
previously studied one5),6) which showed a slight color 
suggesting self-absorption of the light. The CWO was 
wrapped with the Teflon followed by the black tape. The 
crystal is attached with a 3 inch Photomultiplier tube (PMT) 
with RbCs photocathode (Electron tube). The RbCs 
photocathode enhances quantum efficiency in the green 
wavelength region and gives more photoelectron yield for 

Table. 1 Properties of CdWO4 crystal scintillator 2). 
Properties and characteristics [units] Value 

Effective atomic number  
Density [g/cm3] 

Melting point [K] 
Cleavage plane 
Mohs’ hardness 
Hygroscopicity 

Luminescence maximum [nm] 
Index of refraction  

Average decay time [�s] 
Light yield [% of NaI(Tl)] 
Afterglow after 3 ms [%] 
Radiation hardness [rad] 

64 
7.9 

1598 
<010> 
4-4.5 
No 

470/540 
2.3 

5 and 20 
25-40 

0.1 
105 
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the CWO crystal than a normal bialkali PMT. The high 
voltage of -1350 V was applied to the PMT. 

  
Fig. 1 70 mm × 71 mm of CdWO4 produced by Novosbisk 
 
A 25 MHz USB2 based Flash Analog to Digital Converter 

(FADC) board was used for the analog signal digitization 7). 
An analog signal from the PMT attached to the CWO is 
connected into the analog input of the FADC board via an 
ORTEC 576 shaping amplifier.  A software threshold 
setting was applied to trigger an event by a self-trigger 
algorithm on Field Programmable Gate Array (FPGA) chip 
of the FADC board. The FADC output was recorded into the 
personal computer and the recorded data were analyzed with 
a C++ data analysis program. Fig. 2 shows a schematic 
diagram of the experimental setup for the radiation 
measurement.  

 
Fig. 2 A Schematic diagram of data acquisition system (DAQ).
 
For the cross checking purpose, signals from the PMT 

were also amplified using a home-made amplifier with a low 
noise and high slew rate. The output signals were then fed 
into a 400 MHz FADC (flash analog-to-digital converter) 7). 
The trigger was formed in the FPGA (field programmable 
gate array) chip on the FADC board. The FADC was located 
in the VERSA module eurocard bus (VME) crate and was 
read out by using a Linux operating PC through the VME-
USB2 interface. The module is designed to sample the pulse 
every 2.5 ns for duration up to 32 s so that one can fully 
reconstruct each pulse as shown in Fig. 3. We investigated 
scintillation characteristics of the crystal using single 
photoelectron (SPE) counting method in 24 s window since 
the trigger point is set to be 8 s. In SPE counting method, it 
needs to identify SPE signal to reduce the effect coming 
from the noise to improve energy resolution because the 
information for the scintillation light from the detector is 
included only in the SPE signal. We used a clustering 
algorithm to identify SPEs. If decay time of scintillator is 
long, the SPE counting method is useful for the 
characterization of the scintillator 8). 

 
Fig. 3 Typical pulse spectra of the CWO by 400 MHz FADC and 
SPEs are also shown. 

 
III. Results and Discussion  
1. Number of Photoelectron  

As described in previous section, SPE can be identified by 
using a 400 MHz FADC and a clustering algorithm. The 
number of photoelectrons per keV can be obtained by 
counting each peak in one event since single photoelectrons 
are clearly separated one another at low energy as shown in 
Fig. 3. That is, a low energy event can be identified as a set 
of single photoelectrons above a threshold cut within a 
timing window of 24 μs. As shown in Fig. 4, average 
number of photoelectons per keV was obtained with low 
energy events after calibration with 662 keV -rays from a 
137Cs radioactive source. The average number of 
photoelectrons of the CWO crystal is obtained to be 2.4 
photoelectrons/keV. Taking account only statistical 
fluctuation, 6.4% of energy resolution could be obtained 
with 662 keV -rays. 

 
Fig. 4 Number of photoelectron per keV for the CWO crystal.  
 

2. Energy Resolution  
The energy response of CWO crystal to -rays from 137Cs, 

22Na, 60Co radioactive source and natural KCl, thorium oxide 
powders were used for the energy resolution determination. 
These results were obtained with a shaping time of 10 s. 
The Gaussian fit was applied each identified -ray peak and 
energy resolution is determined by the fitted mean value. 

CdWo4 PMT

25 MHz
FADC High VoltageComputer

Shaping AMP

USB2USB2

CdWo4 PMT

25 MHz
FADC High VoltageComputer

Shaping AMP

USB2USB2

357

Supplement 5, June 2008



The Fig. 5 shows the energy resolution of CWO crystal from 
511 keV to 2614 keV. The resolution of 9.5% and 5.2% is 
obtained with 662 keV and 2614 keV  rays, respectively. 
These results are better than previously reported one with 
similar size of crystal by S. Ph. Burachas et al 6). 

 
Fig. 5 Energy resolution of the CWO crystal with various -ray 
sources.  

 
3. Linearity 

The CWO crystal was irradiated with various radioactive 
sources with the energy range from 88 keV to 2614 keV for 
the linearity study. Each -ray peak is identified with a 
Gaussian fit. As shown in Fig. 6, the energy response of 
CWO crystal to -ray is linear in the energy range from 100 
keV to 2600 keV.  

 
Fig. 6 Linearity distribution of CWO with various -ray sources. 
The solid line shows the linear fit to data.  

 
4. Efficiency Comparison between CWO and NaI(Tl) 

A Monte Carlo simulation was performed to compare   
full peak efficiencies of -ray between CWO and NaI(Tl) 
crystal in the energy range from 0 to 10000 keV. The 
GEANT4 package with low energy model was used for the 
simulation9). 

The size of CWO and NaI(Tl) crystals are assumed to be 
a 7.0 cm diameter by 7.1 cm thick cylindrical shape and each 
-ray is entered in the center of the crystals. The full peak 

efficiencies are estimated with total energy deposition in the 
crystal. The efficiency curves of CWO and NaI(Tl) are 
shown in Fig. 7. The full peak efficiencies of the crystals at 
low energy are not 100% because of backscattering and X-

ray emission. Since effective atomic number of CWO crystal 
is higher than NaI(Tl), full peak efficiencies of CWO at high 
energy is expect to be much higher than NaI(Tl). The 
simulation study shows that CWO full peak efficiencies is 
about 3 and 10 times higher than that of NaI(Tl) in the 
energy of 2600 keV and 10000 keV, respectively.  

 
Fig. 7 Efficiency curve of -ray by GEANT4 simulation for a) 
CWO (solid histogram) and b) NaI(Tl) (dashed histogram. 

 
For the full peak efficiency comparison between CWO 

and NaI(Tl) crystal, similar size of NaI(Tl) crystal was used 
with 2 inch bi-alkali PMT and 2 s pulse shaping time. Both 
CWO and NaI(Tl) was irradiated with natural thorium oxide 
powder and pulse height spectra are recorded. Fig. 8 shows 
energy spectra of the CWO and the NaI(Tl) normalized at 
low energy. Several -ray peaks produced by 232Th decay 
chain are identified. It confirmed that the full peak efficiency 
of CWO crystal at 2614 keV is about 3 times higher than 
that of NaI(Tl) crystal.  

 
Fig. 8 Pulse height spectra by natural Thorium oxide powder for a) 
CWO (solid histogram) and b) NaI(Tl) (dashed histogram) 

 
5. Background Energy Spectra of the CWO 

The natural background in the experimental hall was 
measured with the CWO crystal. The energy of recorded 
pulse height spectrum was calibrated with the energy of 662 
keV -rays from 137Cs radioactive source. As shown in Fig. 9, 
511 keV annihilation peak, 583 keV by 208Tl, 1461 keV by 
40K and 2614 keV by 208Tl are clearly identified.  
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Fig. 9 Background energy spectrum of the CWO crystal.  

 
IV. Conclusions 

In this work, we described a study of 7.0 cm diameter by 
7.1 cm thick cylindrical CWO scintillation crystal coupled 
with 3 inch green extended PMT. We determined good 
energy resolution of 9.5% for 662 keV -rays by 137Cs and 
5.2% for 2614 keV -rays by 208Tl decay, respectively. These 
values were obtained with a shaping time of 10 s. The 
number of photoelectron per keV is obtained to be 2.4 with 
400 MHz FADC. Good energy linearity was obtained from 
100 keV to 2600 keV.  

We also demonstrated in this study the advantages of the 
large CWO crystal as efficient energetic X-ray or -ray 
detection and compared its efficiency with the NaI(Tl) 
crystal. The environmental background energy spectra for 
the CWO crystal show the capability of high energy -ray 
tagging such as 2614 keV produced by 208Tl decay.  

The large excellent quality of CWO scintillation crystal 
studied here confirmed the high efficiency for -rays 
detection and the high potential of CWO crystals for 
application of the border monitoring equipment and 
energetic X- and -ray detection.    
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Averaged Currents Induced by Alpha Particles  
in an InSb Compound Semiconductor Detector 
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Very fast pulses due to alpha particle incidence were observed by an undoped-type InSb Schottoky detector.  This 
InSb detector was operated without applying bias voltage and its depletion layer thickness was less than the range of 
alpha particles. The averaged current induced by alpha particles was analyzed as a function of operating temperature 
and was shown to be proportional to the Hall mobility of InSb.  

 
KEYWORDS: InSb, compound semiconductor, Hall mobility, cryogenic detector, alpha particle measurement 
 
 

I. Introduction  
X-ray fluorescence (XRF) analysis is a very powerful tool 

for the investigation of elements contained in commercial 
products.   The technique is applied to ensure shipped 
products do not contain toxic elements such as Cd and Pb. 
The K-x rays of Pb, however, are not easily detected by XRF 
because a Si detector is employed in commercial XRF 
devices; the absorption coefficient of Si for K-x rays of Pb, 
with the energy of 88 keV, is very small.  Furthermore, the 
Si detector is not suitable for light elements such as Li and B 
in view of energy resolution. 

This paper discusses the development of photon detectors 
made of compound semiconductor InSb; InSb has high 
atomic numbers (In:49, Sb:51) and density (5.78 gcm-3), and 
the smallest band gap energy (0.165 eV) among developed 
semiconductors. The photon absorption efficiency is 400-
1000 times and 7-10 times greater than those of Si and Ge, 
respectively.  The energy resolution is twice as high as 
those of conventional semiconductor detectors. Furthermore, 
InSb has high mobility of electrons and holes: 78000 and 
750 cm2V-1s-1 at 77 K for electrons and holes, respectively, 
which are 50 and 5 times greater than those of Si.  A fast 
charge collection time and high counting rate can be 
expected when using InSb detectors.1)  

To date, pn junction detectors have been fabricated from 
p-type InSb substrate,2) and Schottky detectors have been 
made from both p-type3) and undoped-type InSb substrates4) 
using commercially available InSb wafers.  Recently, a 
Schottky detector was made from a commercial undoped-
type InSb wafer, which has a lower impurity concentration 
than those of previously used InSb wafers. The output pulse 
of this InSb detector showed too fast rise time for 
conventional charge sensitive and for current sensitive 
preamplifiers to amplify the pulses properly.5) Although the 
fast pulses were not amplified nominally, the induced charge 
should be proportional to the deposited energy by alpha 

*Corresponding Author, Tel. +81-774-38-4894, Fax. +81-774-38-
3972, E-Mail; kanno@nucleng.kyoto-u.ac.jp 
#Present address: Japan Atomic Energy Agency, Gunma, Japan.

particles.  To verify this, the output pulses of a current 
sensitive preamplifier were analyzed.  

 
II. Experiments 
1. Detector Fabrication 

The InSb wafer was an undoped-type with a thickness of 
0.5 mm and diameter of 2 in., manufactured by Wafer 
Technology (England). According to the results of the Hall 
effect, the conductivity of the InSb wafer was shown to be 
slightly n-type. The InSb wafer was cut into pieces with 
dimensions of approximately 12 x 15 mm2. Both sides of the 
InSb substrate were etched with thinned HF. One side of the 
substrate was coated with a photo-resist. A Schottky 
electrode region was then defined by photolithography with  

 

 
Fig. 1 Schematic drawing of an InSb detector. 

 
a diameter of 1 mm. As a Schottky electrode, Au-Pd (40%) 
was evaporated with a thickness of 12 nm. The other side of 
the substrate was soldered to a Cu plate with In solder to 
form an Ohmic contact. A schematic drawing of the detector 
is shown in Fig. 1.  
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Fig. 2 Current-voltage curves of the InSb detector at various 
operating temperatures. 

 
Current-voltage (I-V) curves were measured over a range 

of temperature as shown in Fig. 2.  The resistivity of the 
InSb detector at 4.2 K was estimated as 4.4 k  with the 
gradient of the I-V curve at zero voltage. After I-V 
measurements, the detector was mounted on the cold stage 
of a cryostat (Infrared Co.), together with an alpha particle 
source, 241Am.   

 
2. Alpha Particle Measurement 

SA-430F5 (NF Corp., Japan) was employed as a current 
sensitive preamplifier.  The bandwidth of the preamplifier 
was 110 MHz.  The obtained typical output pulse is shown 
in Fig. 3. The fast rise time of nearly 3 ns is due to the 
contribution of electrons.  The slower voltage change 
following the electron contribution is attributed to the holes.  
The total time from rise to decay was about 20 ns. A 
bandwidth of 117 MHz is necessary to amplify such very 
fast pulses.  As a result, the obtained pulses have a smaller 
gain than the nominal pulses.  

 
III. Discussion 
1. Electron Contribution 

In Fig. 3, the electron contribution to the rise of the pulse 
could be defined as a ratio with respect to the highest voltage. 
In the same way, an averaged electron contribution was 
estimated for nearly 1000 pulses at each operating 
temperature, as shown in Fig. 4. In the lower temperature 
region, from 4.2 K to 40 K, the electron contribution was 
nearly 80%.  The electron contribution decreased at higher 
temperature.  This is understood to be the increase in the 
contribution of holes due to the release of holes at higher 
temperature. 
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Fig. 3 Typical rise time of alpha particle measured by          
current preamplifier at 20 K 

 
2.Averaged Current 

The time integral of the output pulse measured by the 
current sensitive preamplifier is regarded as being 
proportional to the charge created in the depletion layer of 
the InSb detector.  

 

 
Fig. 4 Electron contribution in preamplifier output pulses as a 
function of temperature. 

 
The charge divided by the pulse width is taken as an 

averaged current.  In Fig. 5, the averaged current is shown 
as a function of operating temperature.  Error bars of each 
result show the standard deviations of nearly 1000 events. 

Taking the effective depletion layer thickness at a zero 
bias voltage to be 3 m,6) and the range of alpha particles 
with 5.5 MeV in energy to be about 20 m, alpha particles  
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Fig. 5 Averaged current and its estimation. 

 

 
Fig. 6 Schematic drawing of the plasma column created by an 
incident alpha particle and the thickness of depletion layer. “e” and 
“h” denote electron and hole created by an alpha particle. 

 
were found to penetrate the depletion layer.  As shown in 
Fig. 6, the deposited energy by alpha particles, E, and the 
created charge, Q, are regarded as being proportional to the 
depletion layer thickness, d: 

 
dQE . (1) 

 
The averaged current I is proportional to the product of 

the charge quantity, Q, and averaged velocity of charges, v. 
The averaged velocity, v, is given as the product of Hall 
mobility, , and the averaged electric field strength, F.  

The electric field strength, F(x), in the depletion layer of 
an n-type Schottky detector is given as7) 

 

e

xdxF )( . (2) 

 
Here, e is electron mobility,  is the charge collection 

time, which is proportional to the resistivity of the substrate, 
and x is the position of the charge measured from the 

Schottky barrier.  The averaged electric field strength in the 
depletion layer, F, is obtained as V/d, using the relationship 

 
Vd e2 . (3) 

 
Here, V is the bias voltage.  In this experiment, however, 

V is taken as an intrinsic voltage, because no bias voltage 
was applied. 

As a result, the averaged current is given as the product of 
the charge quantity, Q, the Hall mobility, , and the averaged 
electric field strength, F, 

 

.V
d
Vd

d
VQI  (4) 

 
With the assumption that the intrinsic voltage does not 

change greatly in the temperature range of 4.2 K to 80 K, the 
averaged current is only dependent on the Hall mobility. 

The estimated averaged current, i.e., the Hall mobility, is 
plotted in Fig. 5. The result is normalized to the 
experimental data at 30 K. Fairly good agreement is obtained.  
This agreement shows that the amplification by the current 
amplifier was properly performed, although the gain might 
be smaller than the nominal value. 
 
IV. Conclusions 

For the substrate of high energy resolution, high 
efficiency photon detectors, InSb is a promising compound 
semiconductor.  Due to the high mobility of electron, high 
counting rate could be expected with InSb substrate.  The 
conventional preamplifiers, both charge sensitive and current 
sensitive, are not able to cope with the fast pulses of InSb 
detector, however, the pulses are shown being amplified 
properly, although not nominally.  For the full use of InSb 
detectors, the development of faster preamplifiers is 
expected.  
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Explosives Detection Using Deuterium-Deuterium Neutron Generator 
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Gamma spectra of general and explosive materials were obtained by using the developed neutron induced prompt 
gamma-ray spectrometry system containing a neutron generator, where the neutron source was created from a 
deuterium-deuterium reaction, and they were examined to establish whether the samples were explosives or not by 
using the pattern recognition method. When the gamma spectra of real explosives (or general materials) were 
projected into the already prepared training set for the pattern recognition, they were placed in the categories of 
explosives (or general materials) properly.  

 
KEYWORDS: explosives detection, neutron generator, prompt gamma-ray neutron activation analysis, neutron 
induced prompt gamma-ray spectrometry system, pattern recognition 
 
 

I. Introduction   
In our previously published papers1), 2), we have evaluated 

and discussed the analytical capability of explosives 
detection by a prompt gamma-ray neutron activation analysis 
(PGNAA) through the use of relative elemental 
compositions at a research nuclear reactor and by using an 
isotopic neutron source, 252Cf. Now, for non-destructive and 
in-situ measurement with advantages regarding its size, 
compactness, and safety compared to the other neutron 
sources, we set up a neutron induced prompt gamma-ray 
spectrometry (NIPS) system by introducing an accelerator-
based neutron generator for illicit material detection in our 
laboratory in collaboration with a group from the Lawrence 
Berkley National Laboratory (LBNL) U.S.A3).  

Pattern recognition of principal components analysis 
(PCA) is the result of a linear transformation of the used data, 
and it can often provide a similarity or difference between 
samples very effectively 4). The training set for the pattern 
recognition of the suitable discriminant classes between 
illicit and innocuous materials was prepared and developed 
with the nuclear reactor data. The gamma spectra of real 
explosives and general materials obtained from our NIPS 
system were projected into the training set, and it was 
observed that those materials could essentially be placed in 
the categories of their groups. 

 
II. Experimental  

The gamma spectra collected by using the PGNAA 
facility of the HANARO research reactor (neutron fluence 
rate of about 1.4 × 108 cm-2 s-1) at the Korea Atomic Energy 
Research Institute (KAERI)2) for a training set were from 
general materials {melamine [C3H6N6, sample No. 9~18], 
urea [CH4N2O, No. 19~21], sulfur powder [S, No. 22~24], 
di-phosphorpentoxid [P2O5, No. 25~27], blank [empty 

*Corresponding Author, Tel. +82-42-868-4740, Fax. +82-42-868-
8148, E-Mail; imhj@kaeri.re.kr 

Teflon container, No. 28~30], 1,1,1,5,5,5-hexafluoro-2,4-
pentanedione [C5H2F6O2, No. 34~36], and ammonium 
dihydrogen phosphate [H6NO4P, No. 37~39]}, simulated 
explosives {4-nitrophenol [C6H5NO3, sample No. 1], 
aminobenzoic acid [C7H7NO2, No. 2~4] and pentaerythritol 
tetranitrate [C5H8N4O12, No. 5]}, and simulated chemical 
warfare agents {triethyl phosphate [C6H15O4P, No. 6~8], o-
methoxybenzoyl chloride [C8H7NaClO2, No. 31~33], bis-(2-
chloroethyl)ethylamine [C6H13Cl2N, No. 40~42], and 1,2-
bis(2-chloroethylthio)ethane [C6H12Cl2S2, No. 43~45]}. The 
general materials were selected from the chemicals which 
include similar relative concentrations of carbon (C), 
nitrogen (N), hydrogen (H), oxygen (O), sulfur (S), 
phosphorous (P), and/or fluorine (F) in their formula as in 
explosives and chemical warfare agents. The simulated 
explosives or chemical warfare agents were prepared by 
mixing several chemicals to produce the same relative 
concentrations of C, N, H, O, S, P, and/or F as in the real 
ones5). Each sample (about 0.1 g) was irradiated for 1,000 s, 
and some samples were measured several times to check on 
their reproducibility. 

Real explosives of HMX (1,3,5,7-tetranitro-1,3,5,7-
tetrazacyclooctane; C4H8N8O8), TNT (2,4,6-trinitrotoluene; 
C7H5N3O6), PETN (pentaerythritol tetranitrate; C5H8N4O12), 
and RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine; C3H6N6O6) 
were obtained from the Agency for Defense Development 
(ADD) and were kept safe in ceramic bags with 30 wt % of 
water and isopropyl alcohol mixture (1 vs. 1 ratio). Around 
1,000 g of each explosives and general materials (potassium 
chloride and melamine) was irradiated for 10,000 s to 
produce gamma spectra for an application to a pattern 
recognition test. The software package of MATLAB 7.0.4 
(Release 14, The MathWorks) was used for a performance of 
the pattern recognition. 

 
 
 

364

Journal of NUCLEAR SCIENCE and TECHNOLOGY, Supplement 5, p. 364–366 (June 2008)



III. Results and Discussion 
The evaluation of a dose rate of the neutron for the 

radiation shields were carried out by Monte Carlo 
calculation (MCNP-4C) as well as the evaluation of the 
thermal neutron concentration effect by the various reflectors 
to design the NIPS system. 

(a) 

(b) 

 
Fig. 1 (a) NIPS System containing (b) Deuterium-Deuterium (D-D) 
Neutron Generator Installed in Our Laboratory 

 
 

 
 
 
 
 
 

 
 
 

 
 

 
 
 
 
 
Fig. 2 Prompt Gamma Spectrum of Melamine by Using the NIPS 
System Including D-D Neutron Generator 

 
Based on all of the calculations and evaluations, the 

optimized NIPS system equipped with the neutron generator 
and a high-purity germanium (HPGe) detector based on the 
NIM (Nuclear Instrumentation Modules) spectrometric 
modules in association with data acquisition and spectral 
analysis systems was set up as shown in Fig. 1. The D-D 
neutron generator was located at the center of lower-self, 
inside of a polyethylene canister. The total neutron fluence 
rate emitted by the generator is about 1.18 X 107 s-1 at 5.06 

mA of an ion current and 70 kV of a high voltage and 
obtained by a calibration using a helium detector6). Its 
lifetime is almost semi-permanent as long as deuterium is 
consistently supplied while the commercial neutron 
generators consisted of a sealed tube with a limited lifetime 
as ca. 2,000 h7). 

 
Fig. 3 Prompt Gamma Spectra of Explosives by Using the NIPS 
System Including D-D Neutron Generator 

 
Fig. 2 and 3 show the gamma spectra of the general 

(melamine) and the real explosive (HMX, TNT, PETN, and 
RDX) materials obtained from our NIPS system containing a 
D-D neutron generator. It was not easy to find the 
differences between the spectra of melamine and explosives 
due to similar concentrations of nitrogen, hydrogen, and 
carbon in their compositions, so PCA was performed to 
discriminate the illicit materials from general materials easily. 

Fig. 4, 5, and 6 show the three dimensional score plot 
using three dominant principal components (PC) - PC1, PC2, 
and PC3. The PCA result of the pattern recognition using 
gamma spectra obtained by the PGNAA facility of the 
HANARO research reactor is shown in Fig. 4. It provides a 
good separation of the explosives and chemical warfare 
agents from the innocuous materials, but there were also 
considerable overlaps between illicit and general materials.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 PCA Result of Pattern Recognition for Training Set  

0 2000 4000 6000 8000 10000 12000
100

101

102

103

104

105

106

 

 

C
O

U
N

TS
Energy[keV]

 HMX
 TNT
 PETN
 RDX

0 2000 4000 6000 8000 10000 12000
100

101

102

103

104

105

106

107

A
nn

hi
.(5

11
ke

V
)

H
(2

22
3 

ke
V

)

N
(1

08
29

 k
eV

)C
O

U
N

TS

Energy (keV)
0 2000 4000 6000 8000 10000 12000

100

101

102

103

104

105

106

107

A
nn

hi
.(5

11
ke

V
)

H
(2

22
3 

ke
V

)

N
(1

08
29

 k
eV

)C
O

U
N

TS

Energy (keV)
0 2000 4000 6000 8000 10000 12000

100

101

102

103

104

105

106

107

0 2000 4000 6000 8000 10000 12000
100

101

102

103

104

105

106

107

A
nn

hi
.(5

11
ke

V
)

H
(2

22
3 

ke
V

)

N
(1

08
29

 k
eV

)C
O

U
N

TS

Energy (keV)

5200 5250 5300 5350 5400
10 2

2x10 2

3x10 2

N
(5

29
8

ke
V

)

C
O

U
N

TS

Energy(keV)

N
(5

26
9 

ke
V

)

5200 5250 5300 5350 5400
10 2

2x10 2

3x10 2

N
(5

29
8

ke
V

)

C
O

U
N

TS

Energy(keV)

N
(5

26
9 

ke
V

)

-4
-2

0
2

4
6

8
10
x 10 4

-1
0

1
2

3
4

5

x 10 4

-1.5

-1

-0.5

0

0.5

1

1.5
x 10

4

4445
43

313233

404142

786
393837101718199

2120161415121311
324

262725302829

363534
222423

1

5
chemical warfare agentsexplosives

general

-4
-2

0
2

4
6

8
10
x 10 4

-1
0

1
2

3
4

5

x 10 4

-1.5

-1

-0.5

0

0.5

1

1.5
x 10

4

4445
43

313233

404142

786
393837101718199

2120161415121311
324

262725302829

363534
222423

1

5

-4
-2

0
2

4
6

8
10
x 10 4

-1
0

1
2

3
4

5

x 10 4

-1.5

-1

-0.5

0

0.5

1

1.5
x 10

4

4445
43

313233

404142

786
393837101718199

2120161415121311
324

262725302829

363534
222423

1

5
chemical warfare agentsexplosives

general

365

Supplement 5, June 2008



 
 
 
 

 
 
 
 
 
 
 
 

 
 

 
Fig. 5 PCA Result of Pattern Recognition for TNT 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 PCA Result of Pattern Recognition for Melamine 
 
As shown in Fig. 5, when the gamma spectrum of TNT 

was projected into the already prepared training set for the 
pattern recognition shown in Fig.4, it was placed in the 
category of explosives properly. Other explosives of HMX, 
PETN, and RDX were all found in a similar position as TNT, 
and they resulted in the category of explosives.  

The general materials of potassium chloride and 
melamine (Fig. 6) were also found in the category of general 
materials when they were projected into the training set, but 
a little far from the grouping of general materials. If the 
training set for the projection of the samples had also been 

prepared by using the NIPS system, the distance would be 
reduced and perfectly placed in the category of general 
materials. Further pre-processing to prepare the proper 
training set will be attempted for a better pattern recognition 
by PCA in the future. 

 
IV. Conclusions 

Neutrons are penetrating probes, and a signature radiation 
is also a penetrating probe. Therefore, the NIPS system 
developed for the bulk detection of hidden explosives and 
chemical warfare agents in KAERI could be applied to a 
security check for screening luggage in airports by 
complementing the pattern recognition of a training set and 
further study. 
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Two new types of organic scintillation materials for spectrometry of fast neutrons are studied. Firstly, it is stilbene 
polycrystalline scintillators obtained by the technology of cold- and hot-pressing and organic. Secondly, it is 
composite scintillators based on grains of a stilbene single crystal introduced into an optically transparent 
organosilicone matrix. The influence of a grain size, a chosen type and concentration of grains in a polymer matrix on 
the scintillation characteristics of proposed materials are discussed. 

 
 

KEYWORDS: organic scintillator, polycrystal, composite material, fast neutron detector 
 

 
I. Introduction  

The problem of spectrometry of a low intensity flux of 
fast neutrons is of a great deal in today’s ecological, 
geological, biological, medical tasks, custom survey, etc. The 
radiation-weighting factor wR is the value expressing the 
long-term risk (primarily cancer, leukaemia, etc.) of low-
level chronic exposure. It depends upon the type of radiation 
and other factors. E.g. for photons of - radiation wR = 1, but 
for fast neutrons with energies En  2 MeV the wR = 20. The 
same huge value of wR is correct only for the case of alpha 
particles or heavy nuclei irradiation.1) The main part of a 
neutron spectrum of natural fission materials is the same 
range of En. To prevent their smuggling through the customs 
area, the detection of this part (0.1 MeV < En < 2 MeV) of 
neutron spectrum is of a primary importance. 

To obtain sensitive and convenient detection technique it 
is necessary to obtain a large area non-hygroscopic detector, 
which has a high efficiency of fast neutrons detection and 
allows to discriminate fast neutron scintillations from 
background signals (e.g. from gamma scintillations). 
Hydrogen-containing organic scintillation materials give the 
most promising way to design such scintillators.  

According to the received opinion organic single crystals, 
plastics, and liquids are the only representatives of the 
organic scintillators.2,3) On the other hand, none of these 
types of scintillators is so good for solution the problem 
discussed. Really, organic polymers do not allow separating 
the signals from neutrons and gamma background, liquid 
scintillators like plastic scintillators have lower light yield 
than single crystals. Liquid scintillators mainly are toxic and 
often inflammable. If we mean the material, organic single 
crystals are the best choice for fast neutron detection, but 
even in the case of using modern technologies of crystal 
growth4) the nature of their growing process ties up to obtain 
the crystals of large diameters. Therefore, the design of new 

*Corresponding Author, Tel.: +380-57-341-01-52, Fax: +380-57-
340-93-41, E-mail: galunov@isc.kharkov.com 

types of organic scintillators with polycrystal structure 
becomes necessary. 

Previously we proposed and realized the idea4-6) to obtain 
new type of organic scintillators, namely, polycrystals, as 
detectors of ultraviolet and short-range radiation with 
characteristics close to ones of organic single crystals but 
without such a limitation on the dimension of their input 
window. The technologies of cold-pressing and hot-pressing 
are the base for obtaining of polycrystals.  

Another new type of fast neutron detectors under 
discussion is composite scintillators. Proposed scintillator is 
based on grains of stilbene introduced into an optically 
transparent organosilicone matrix. We varied a type of the 
matrix and a concentration of grains in the matrix to obtain 
optimal characteristics of the new material. 

In this paper we are studying the possibilities to use new 
organic scintillators based on stilbene not only as detectors 
of short-range radiation, but as detectors of fast neutrons. 

 
II. Proposed Technologies 

New scintillation materials were obtained on the base of 
cryogenic crushed down structure perfect single crystals 
grown from a melt. A single crystal boule is crushed at a low 
temperature. After that the grains of the single crystal of the 
necessary size is selected by calibrated sieves. Such a 
process gives the row material for preparation of a new 
scintillator. It is important that the size of such a grain has to 
be comparable or to be larger than the range of an ionizing 
particle. In the case of indirect ionizing radiation, it has to be 
comparing with the range of corresponding recoil particles.  

 
1. Organic Polycrystals 

Proposed scintillator is a hot-pressed or a cold-pressed 
polycrystal based on grains (with grain size L) of stilbene.  

The cold-pressed polycrystals were obtained by single-
axial pressing (100…800 MPa) of single crystalline powder 
in a rigid mould at the room temperature. The hot-pressed 
polycrystals were obtained during the annealing at the 
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time for -excitation there is no hot-pressed polycrystal with 
light yield comparable with a single crystal. The range of the 
0.622 MeV electron paths can be estimated as 1.75 mm, and 
the length of alpha particle track as 0.03 mm only.3) It means 
that the influence of light collection process on scintillation 
light when it passes through a scintillator is more important 
for the case of -excitation than for -excitation. Therefore, 
the hot-pressed polycrystals have to have the efficiency more 
close to single crystals because they are more transparent for 
the emitted light than cold-pressed ones. For cold-pressed 
polycrystals, both of above-mentioned characteristics have to 
be worse.  

 
2. Neutron Measurements 

We used a 239Pu-Be radionuclide source for both fast 
neutrons and of photons of -radiation. To separate the 
neutron and background gamma scintillations the special set-
up of our design is used.8) 

Our previous investigations3,8,9) of the discriminating 
ability of stilbene and p-terphenyl single crystals indicated 
that detectors on the base of stilbene scintillators more 
effective for the modern tasks of neutron spectrometry. 
Therefore, a stilbene was taken as the base for development 
of new large area detectors of fast neutrons.  

 

 
Fig. 2 Recoil proton spectra of a 239Pu-Be source for the reference 
stilbene single crystal (curve 1) and for a series of scintillators on a 
base of stilbene grains of size L introduced in a silicone matrix 
(curves 2-4). 

 
We have studied the scintillation properties of composite 

stilbene scintillators obtained by the above-described method. 
The investigations were aimed at search for organosilicone 
base of a composite scintillator, optimal construction of the 
detector in the context of conditions of light collection, 
optimal content of stilbene and size of its grains in a silicone 
base. Fig. 2 shows as an example the recoil proton spectra 
generated by fast neutrons of 239Pu-Be source in the 
reference stilbene single crystal (curve 1) and in composite 
scintillators on a base of stilbene grains of size L introduced 

in a silicone matrix (curves 2-4). The time and conditions of 
such a spectrum accumulation was the same for all the 
measurements. 

The relative efficiency  of fast neutron detection by 
proposed composite scintillators was calculated as follows. 
We calculated the total number of events under the curve of 
a recoil proton spectrum of a composite scintillator and 
compared this result with the analogous calculation for the 
reference scintillator (the stilbene single crystal). It allows us 
to estimate the relative averaged efficiency  of fast neutron 
detection by a composite scintillator. If Nn and Rn, is the 
number of pulses accumulated in channel n for a composite 
scintillator and for the reference scintillator, respectively, 
then the relative efficiency of neutron detection by such a 
composite scintillator is:  

 
.

n
n

n
n RN   (1) 

For the reference scintillator - value is taken as 100 %. 
Table 2 presents values of  for composite stilbene 

scintillators obtained from stilbene grains with linear 
dimensions L from 1 to 2 mm and different organosilicone 
bases. Table 2 shows that the relative efficiency  of fast 
neutron detection is the best for the scintillator with a grain 
size L from 1 to 2 mm and Sylgard-527 organosilicone base.  

 
Table 2 Values of  for composite scintillators on the base of 
stilbene grains and organosilicone compounds 

Sample 
number

Grain size 
L, mm 

Organosilicone 
base and it 

viscosity, poises 
,  % 

1 1…2 SKTN =110 40 

2 1…2 Sylgard-527 
=230 48 

3 1…2 Sylgard-186 
=1100 31 

 
Table 3 Values of  for composite stilbene scintillation detector 
with different linear dimensions of stilbene grains  

Sample 
number

Grain size 
L, mm 

Organosilicone 
base and it 

viscosity, poises 
,  % 

1 0.5…1 Sylgard-527 
=230 80 

2 1…2 Sylgard-527 
=230 83 

3 > 2 Sylgard-527 
=230 78 

 
Table 3 presents the values of  for composite stilbene 

scintillators (see Fig. 2) with different linear dimensions of 
stilbene grains and a Sylgard-527 organosilicone base. Table 
3 shows that with the increase of the linear dimensions of the 
grains from 0.5 mm to 2.5 mm the scintillation 
characteristics improve. The value of  for the scintillation 
detector that contains composite scintillation material with 
L= 1…2 mm (the sample No. 2) and is cited by Table 3 is 
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higher then  - value for the scintillator with the same L in 
Table 2 (the sample No. 2). In the later case (Table 2) it is 
the scintillator without housing and in the former case 
(Table 3) it is the scintillator in housing with light reflection 
coating that ensures the better light collection processes in 
such a construction. 

Table 4 shows the values of  for the detectors with 
different content of stilbene in the organosilicone base. The 
increase of the stilbene content in the organosilicone base 
leads to the growth of the relative efficiency  of fast neutron 
detection. So, the technology proposed gives the 
reproductive results and allows us to obtain detectors with 
characteristics that approach to ones of single crystals. 

 
Table 4 Values of  for composite stilbene scintillation detectors 
with different content of stilbene in the organosilicone base 

Sample 
number 

Grain size 
L, mm 

Content of stilbene 
single crystal, % ,  %

1 0.5…2 50.4 80 
2 0.5…2 63.9 82 
3 0.5…2 73.2 95 

 
IV. Conclusions 

The basis of technologies of preparation of large area 
polycrystals and composite organic scintillators as well as 
the methods of their investigation as fast neutron detectors 
has been designed.  

Results been obtained show that: 
i) composite materials and polycrystals in range of 

neutron energies about units of MeV have the scintillation 
characteristics close to those of single crystals;  

ii) comparison of results of measurements took place for 
alpha-, beta-, gamma- , and neutron excitations showed that 
the nontrivial correlation between a grain size and properties 
of a proposed scintillator exists;  

iii) light collection in thin and large diameter, but 
structurally imperfect scintillators can become the process of  

primary importance, and its investigation is the separate 
interesting task because light collection is the real process 
able to limit the dimensions of scintillators designed; 

iv) the second in order of importance factor that can limit 
the dimensions of scintillators designed is a mechanical 
strength of scintillation material. 
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The effect of scattered radiation on the transmitted gamma ray signal should be carefully taken into account 
because it certainly affects the quality of reconstructed tomography images. Therefore this effect was evaluated with 
different counting modes and gamma energies. For less dense objects such as wood and plastics, the build-up effect 
can be ignored and 137Cs can yield the better result than 60Co. On the contrary, for the relatively heavy material such 
as oil and metal the scattered radiation effect of 137Cs source should be considered because the build-up effect is more 
serious than 60Co. It was also found that the image quality gets better when the count data of photo-peak were used 
rather than the total counts from the full spectrum. The image improvement technique using precise weight matrix 
calculation method was suggested to remove the influence of the scattered radiation on the reconstructed image 
quality. From the experiment, it was concluded that the effect of scattered radiation on the image quality is varied 
depending on the material composition and radiation energy. Before the implementation in the field, normally the 
information of the process material is available so the optimal measurement condition can be predetermined on the 
basis of this study. The additional data processing method is also expected to improve the reconstructed image quality 
further. 

 
KEYWORDS: scattered radiation, industrial, gamma ray, computed tomography, transmission, single source, 
single detector 
 
 

I. Introduction  
Since computer tomography technologies have already 

been developed for medical purpose, industrial process 
tomography using gamma emitting radioisotopes is being 
studied in order to investigate large industrial process units 
during their operation. The industrial process gamma 
tomography is applied in a wide range of petrochemical and 
refinery industries1). 60Co and 137Cs are preferentially used as 
gamma radiation source due to their high penetration power 
into large objects2). The influence of scattered radiation on 
the transmitted gamma ray signal should be carefully taken 
into account because it certainly affects the quality of 
reconstructed tomography images. Therefore this effect was 
evaluated with different counting modes and gamma 
energies. The parallel beam gamma ray CT with single 
source and detector pair has been used as an experimental 
set-up for this study. And the EM (Expectation Maximization) 
method3) which is based on statistical model was used for 
image reconstruction. The details on the hardware and image 
reconstruction algorithm used here were introduced in 
reference 3 and 7 

 
II. The Scattered Radiation  

The attenuation of radiation in material is denoted as Eq. 
1 without considering build-up of scattered radiation5). 
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Fig.1 Single source and detector parallel beam CT 

 
duyx

eII
),(

0  (1) 
where I0 is the incident beam intensity of the radiation beam 
and (x,y) represents the linear attenuation coefficient at the 
x, y point. Eq. 1 can be rearranged as Eq. 2. 

duyx
I
I ),(ln 0  (2) 

The right side of Eq. 2 is the line integral of attenuation 
coefficient function along the path of u, that is defined as the 
ray-sum. If one ray-sum is measured at certain angle  and 
detector bin s, the ray-sum denoted as P(s, ) as in Fig.1. 

),(
),(ln),( 0

sI
sIsP

 (3) 
where I0(s, ) is counts measured without object and I(s, ) is 
counts measured for object at a certain angle  and detector 
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bin s. In homogeneously mixed material, the ideal ray-sum is 
written as Eq. 4 

),(sPx  (4) 
 

 
Fig. 2 Cross section image of detector collimator (left) and source 
collimator (right) 

 
In the photon interaction with the matters, photon does 

not disappear in Compton scattering. Even in the 
photoelectric effect and in pair production, although the 
incident photon is absorbed, X rays are usually produced 
after subsequent to the photoelectric effect, and annihilation 
radiation inevitably follows after pair production. As a result, 
mono-energetic beam incident on a object emerges with 
continuous spectrum.  

Differential mode for photon
peak

Integral mode
counting

Ideal laysum

x

 
Fig. 3 A projection for uniformly distributed round disk  

 
The build up of the scattered radiation results in the 

increase of measured counts. In a density measurement by 
using gamma ray, it can result in lower density than the real 
one. The Fig. 3 shows the one projection of water pillar of 
40cm measured with 137Cs at integral and differential mode 
counting for photon peak energy.  

In radiation measurement, a collimator reduces the build-
up of scattered radiation. But still we can see influence of the 
scattered radiation from the Fig. 3. Even though the detector 
was shielded as in Fig. 2, there are still many scattered 
radiation. 

The cross-section image of Fig. 4 can be obtained from 
64 projections and 64 detector bins at each projection. By 
applying the EM algorithm, we can get result as in Fig. 4 for 
integral mode counting with 137Cs. The result shows the low 
density in center by the build up of scattered radiation.  

 

 
Fig. 4 Slice view of cross section image with integral mode 
counting 

 
III. Image Improvement Techniques 

 
1. Correction of Artifact from the Scattered Radiation by 
Experimental Curve 

In industrial process gamma tomography, the many cases 
is to measure the density distribution in a reactor vessel2). In 
gamma process tomography, the object is used to be a vessel 
including hydrocarbon whose density of 0.8~0.95. Build up 
factor for hydrocarbon is similar to that of water at around 
1MeV. If the composition of material inside a vessel not 
varies significantly and is hydrocarbon, the compensation of 
density loss equation is experimentally determined as Eq. 5. 
The Eq. 5 is determined from the trend curve in Fig. 3.  

)
),(
),(ln()]

),(
),([ln(12.0),( 020

sI
sI

sI
sI

sx
 (5) 

 
2. Correction by Weight Matrix Calculation of Precise 
Beam Interaction Model 

The trajectory of gamma ray of photon peak energy can 
be regarded as direct line between source and detector in 
narrow beam collimation. But in normal cases, the beam has 
a certain width which is determined by source and detector 
collimation aperture. Although in collimated situation, there 
are considerable direct photons detected through the 
collimator unless the collimation depth is substantially thick. 
When the projection beam has a certain width, the radiation 
detected through imperfect collimation can be compensated 
by precise beam interaction model in weight matrix 
calculation8). If the number of total ray-sums from projection 
and detector bin is M, then the notation of ray-sum denoted 
as Eq. 6 

i

i
i I

Ip 0ln  (6) 

 
where i=1~M 

When the number of pixel in display image is N, the 
matrix equation as in Eq. 7 characterizes the beam 
interaction in tomography system where H is weighted 
matrix and  is linear attenuation coefficient to be 
determined 

N

j
jij

i

i
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I
Ip

1

0ln  (7) 
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A new method was developed for separation of pile-up signals by means of pulse shape fitting for the signals 
which were acquired using a digital signal processing technique. The technique was applied for a high purity 
germanium (HPGe) detector but can be applied various radiation detectors. In the present method, in addition to 
linear amplifiers for spectrum measurement, another amplifier with short shaping time is used to derive information 
on the number of pulses piled up and their timing sequences. Since most of the pulse shapes from HPGe proved to be 
reproduced with the same pulse shape, we could fit the pile-up signals on the basis of pulse shape, number and the 
timing between pulses. The method can reconstruct each pulse even for multiple pile-up events without count loss 
with short analysis time. It enables to correct distortion of an energy spectrum of the HPGe detector and improve the 
energy resolution.  

 
KEYWORDS: pile-up separation, digital signal processing, HPGe detector, multiple pile-up event 
 
 

I. Introduction  
High purity germanium (HPGe) detectors are used very 

widely from basic to application areas owing to very high 
energy resolution. To achieve high energy resolution, usually 
linear amplifiers are used with long shaping time of several 
micro-seconds in order to enhance the signal to noise ratio. 
The long shaping time amplifier leads to a wider output 
pulse and easily induces overlap between signals, i.e., signal 
pile-up. The pile-up causes the spectrum distortion and 
masks sometimes low intensity gamma-rays. It is a serious 
problem in high count rate measurements. 

For this reason, the pile-up correction method has been 
studied and developed actively1). Most of the methods, 
however, eliminate all the signals overlapped within some 
duration (pile-up rejection). In this method, pile-up signals 
are rejected but the dead time of the measurement becomes 
longer and the counting efficiency decreases by the 
correction. Thus the energy resolution and the efficiency are 
of trade-off in this method. In order to improve the energy 
resolution and the efficiency in experiment using HPGe 
detector, it is highly desirable to manage the energy 
resolution and the count rate concurrently. For the purpose, 
pile-up signals should be not rejected but recovered by 
separation between pile-up pulses, by acquiring pulse shape 
data for each signals.  

In recent years, pulse shape data of signals can be 
acquired in a reasonable count rate by use of the digital 
signal processing (DSP) technique, and can be applied to 
realize this method. In the DSP technique, signals are 
digitized by a high speed flash-type analog-to-digital 
converter and the digitized signal waveform data is stored 
and processed by a computer. This technique enables us to 

*Corresponding Author, Tel No: +81-22-795-7806 Fax No: +81-22-
795-7809, E-mail: oishit@cyric.tohoku.ac.jp 

carry out complex and flexible processing because the full 
signal waveform is acquired2). 

The signal separation method using the DSP technique 
has already been developed by some researchers including 
our group3,4,5). Most of the developed methods adopt the 
pulse fitting technique with appropriate function that 
describes the pulse shape. The parameters to search were 
time, amplitude, and shape parameters like width. The 
separation was successful, but two problems remain to be 
solved: First, it is difficult to separate signals which are very 
close because identification of pile-up signal is done in view 
of fitting results. Under the noisy environment, validity of 
the identification becomes low further. Second, multiple 
pile-up event could not be considered because there are 
infinite solutions for the deconvolution without a constraints 
on the number of pile-up pulses and thereby it is not possible 
to determine the number of pulses only form fitting. In fact, 
however, there are, multiple pile-up event.  

This difficulty is eliminated if we have information on the 
number of pulses included in pile-up event, and the timing 
sequences between pile-up pulses. In this paper, we describe 
a new method of pile-up correction using timing signal 
which provide information on the number and timing of 
pulses. The technique could be applied successfully for a 
HPGe gamma-ray detector. In the following, principle, 
method and results are shown taking HPGe cases as an 
example. The method can be applied to almost all radiation 
detectors. 

 
II. Principle 

To overcome these problems, we newly introduce “a 
timing pulse” which is obtained from an amplifier with short 
time constant. As the output signal of the short time 
amplifier goes back to the baseline much faster than that of 
the long shaping time, the probability of pile-up occurrence 
is much lower. Therefore, short shaping time amplifier gives 
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us the correct information about timing and the number of 
pulses even if the signal of the long shaping time amplifier is 
piled up closely. This signal will clearly indicates the number 
and timing of overlapping pulses as shown in Fig. 1.Then, 
by use of the timing signal, the number and timing can be 
determined unambiguously except for extreme cases in 
which signals are very small or close than a few hundred of 
nano-seconds. In the case of the multiple pile-up event, the 
fitting is difficult without the timing information since it is 
too many variables to conduct the deconvolution. 

Furthermore, in the case of HPGe detector, we observed 
that almost all signals are described with the same signal 
shape as shown in Fig. 2. This will be due to long shaping 
time compared with signal rise time although the shape of 
preamplifier is different depending on the incident position. 
The output pulse shape looks to be dominated by integration 
in amplifier. Under the condition, fitting with functions can 
be done with the shape parameter fixed and fitting procedure 
becomes easy and quick.  

 
III. Method 
1. Equipment 

We acquired the digitized signal from the HPGe detector 
by data acquiring system shown in Fig. 3. Our HPGe 
detector is coaxial p-type and equipped with a charge 
sensitive preamplifier. Output of the preamplifier was 
divided and connected to a research amplifier (ORTEC 450) 
and a timing filter amplifier (TFA, ORTEC 474). The 
shaping time of research amplifier was set long enough in 
order to exhibit inherent energy resolution (differential: 3 

sec, integral: 3 sec). On the other hand, the shaping time 
of TFA was as short as 20 ns to obtain timing signal. With 
this shaping time, the energy resolution of the system is 
much inferior to inherent one because of incomplete charge 
collection and high noise levels as shown later, but narrow 
pulse width are obtained with low probability of pile-up and 
good timing performance.  

 
Fig. 1 Different shaping time signals 

 
Fig.2 Pulse shape of HPGe with long shaping time 

 

 
Fig. 3 Data acquisition system TFA: timing filter amplifier DSO: 
digital storage oscilloscope  

 
Finally, the outputs of the amplifier and the TFA were sent 

to a digital storage oscilloscope (DSO, LeCroy Wavepro 
7000) which was used as a flash analog-to-digital converter 
and data storage device. The amplitude resolution of the 
DSO is 8 bits and the maximum sampling rate is 10 GS/sec. 
In this measurement, the sampling rate of both channels was 
set 50 MS/sec to be appropriate for fast signal, namely the 
TFA. The triggering of DSO was done in a self-trigger mode 
in this measurement. By the DSO the signal waveform of 
input signal is converted into digital data and stored in the 
HDD (hard disc drive) of DSO. 

 
2. Signal Fitting Method  

The pulse shape of the research amplifier was found to be 
fitted with an appropriate function based on the CR-(RC)n 
shaping6). The amplifier is composed by differentiation 
circuits (CR) and integration circuits (RC). Therefore, from a 
differential equation, the voltage pulses after the amplifier 
Eout is expressed as described below 
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where E is a pulse height (normalization constant), t is time, 
 is a time constant, x is a time offset between the research 

amplifier and the TFA, n is number of steps of the RC circuit 
and, t0 is an origin of time. Each parameter is adjusted by 
fitting technique. 
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The parameters related on pulse shape ( , x, and n) were 
derived by fitting a pair of waveforms of research amplifier 
and TFA with good S/N ratio and no pile-up. 

The timing signal which is used as the origin of the time 
was picked up from the TFA signal, by using digital CFD 
(constant fraction discrimination) method7) after smoothing. 
The parameters of the function were as follows: =1.487 

sec, x=-0.66 sec and, n=6.361. Primarily, n should be an 
integer in the ideal case, but a decimal will be permitted for 
better fitting accuracy.  

Pulse fitting can be performed to all acquired events from 
a single pulse to multiple pile-up event seamlessly. 
Accordingly the fitting procedure can be done routinely. At 
first, the number of pulses in TFA signal was counted and the 
timing of each pulse is picked up to determine the start point 
of each pulse. The acquired pulse Eacq is described as eq. (3) 
with superposition of single pulse:  

),()()()( ,2,1, tEtEtEtE ioutoutoutacq  (3) 
where i is the number of pulse of TFA signal. Because the 
calculated pulse shape parameters were fixed and the timing 
parameter t0 for each Eout was determined by the CFD 
technique, only E should be determined for each pulse. 
Therefore, we can apply a liner least square technique, and 
thereby each E is obtained easily and accurately by the 
matrix method. Additionally, the fitting improves the pulse 
height resolution, i.e., the energy resolution because the 
white noise is smoothed by the fitting. Finally, the separated 
waveforms were obtained by substituting obtained E and t0 
of each pulse into eq. (1).  

Fig. 4 shows an example of pile-up event which looks 
like a single pulse without pile-up. It is difficult to recognize 
as the pile-up signal and imagine the number of pulses 
without the TFA signal (circle). Applying the present method, 
the acquired amplifier signal (dot) is separated into two 
signals (broken line) and a sum of the separated pulses is 
also shown (solid line) to confirm the accuracy of the 
separation method. The sum of the separated pulses agrees 
with the amplifier signal very well. Furthermore, each pulse 
height of separated pulses and TFA pulses are consistent in 
spite of the fact that the pulse height of TFA is not used in 
this method. Therefore, the separation is successful. Fig. 5 
shows another example which is a multiple pile-up event. 

 
Fig. 4 Separation of very close pulses 

 
Fig. 5 Separation of multiple pile-up event 

 
The separation can be carried out successfully even in 

such a case of many pulses involved. In this case, one pulse 
is separated into four pulses. Such complex separation 
becomes possible only by the introduction of the timing 
signal. Therefore, the separation method is very effective 
even for the multiple pile-up event.  

 
IV. Application 

A test experiment was carried out using a 137Cs source 
placed in front of the HPGe detector enclosed with lead 
blocks. Fig. 6 shows the energy spectrum of 1) raw data by a 
conventional MCA method, 2) analyzed one by the 
separation method. The spectrum from TFA is also shown 
for reference. They are normalized by total counts.  

In the separation method, the pile-up events which are 
observed above 662 keV (higher energy than the photopeak) 
are completely eliminated by the separation. However, the 
pile-up peak around 1324 keV cannot be eliminated because 
the TFA signal itself overlapped.  

On the other hand, the count in the continuous part due to 
the Compton scattering and the photo peak are increased in 
the spectrum after separation.  Especially, the photo peak in 
the spectrum after the separation is about 1.5 times as high 
as the normal method. This means that after separation 
procedure, it will become easy to find a small peak existing 
in this energy region masked with pile-up events.  

As noted above, the energy resolution of TFA spectrum is 
much poor compared with the separated one as shown by a 
broad photo peak, although the fraction of pile-up events is 
much fewer. In view of the energy resolution, the separation 
method has 0.47 %, the normal method has 0.75 %, and the 
TFA has 4.4 % in FWHM. Thus, the energy resolution is also 
improved by the fitting procedure, although the photo peak 
shape of separation spectrum is not the Gaussian distribution. 
We can see from the comparison of the spectra that the 
separation method can correct the distortion and improve the 
resolution. 
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V. Conclusion 
A new pile-up correction method was developed and 

applied to high purity germanium detector. In this method, 
pile-up signals are not rejected but separated into each pulses 
using the pulse fitting technique to the pulse shape data 
obtained with the digital signal processing method.  

The point of the present method is the employment of the 
pile-up indicator which gives information on the number of 
pulses and their timing sequence between pile-up pulses. The 
timing signal is obtained by shaping pre-amplifier signal 
with short time constant. On the basis of the fact that the 
pulse shape of long shaping time amplifier is described with 
same shape parameters, and the information on the number 
and timing of pile-up pulses, the pile-up signals can be 
separated.  

The advantage of this method are 1) no count loss, 2) 
applicability to very close pulses which looks as a single 
pulse, and multiple pile-up event, 3) fast performance and 
practicality owing to its simplicity, 4) ability of improvement 
pulse height resolution. The method was applied to a HPGe 
detector. As a result, the distortion which was caused by pile-
up was corrected without significant count loss. 

Moreover, it is possible to realize the real-time processing 
using the pulse shape parameters ( , x, and n) obtained due to 
small amount of calculation. The present technique will be 
applicable to recently developed ultra fast response detector 
for measurement in high counting rate situation8). The 
present method will be used to achieve both the fast timing 
and high energy resolution concurrently to compensate 

inferior energy resolution of fast response detector by use of 
coincidence measurement. 
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Charged Particle Detector 
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This paper investigates the properties of a double-stage parallel plate avalanche counter (PPAC), operated at low 
gas pressures (5-20 Torr). Substantial improvement in the detector response to light particles, rate capability (~1 
MHz/mm2) and energy resolution were observed in comparison with those of conventional PPACs. The detector is a 
very attractive option for charged particles detection in intense accelerators. 
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I. Introduction  
Parallel plate avalanche counters (PPACs) have been 

shown to be well suited as large area, radiation-hard 
detectors1,2). Their easy construction and reliable operation 
make them very convenient for heavily ionizing particles 
detection. However, due to low density of the detector 
sensitive volume, the use of PPAC for low specific 
ionization (e.g. the light particles at intermediate energy) has 
been restricted by the difficulty of obtaining large enough 
output signals in stable condition and without breakdown. 
Moreover, low-pressure avalanche counters suffer from poor 
energy resolution, imposed mainly by the fluctuations in the 
charged particles energy-loss 3). 

In principle, the above-mentioned limitations are 
improved by increasing the amount of primary ionization. 
However, increasing the amount of primary ionization 
through the gas pressure or detector gap thickness limits the 
attainable gas amplification and also drastically raises the 
required supply voltage4). 

In this paper, we have studied a modified structure of low-
pressure avalanche counter in which ionization space is 
separated from the amplification gap. The idea behind our 
attempt is to increase the amount of primary ionization by 
increasing the length of ionization space. In the following 
sections, after describing the principle of detector operation, 
the results of investigation on the detector properties such as 
energy resolution and rate capability are discussed.  

 
II. The Detector Principle  

The detector principle is shown in Fig. 1. It consists of a 
large gap for ionization collection and a small gap for charge 
amplification. The two gaps are delimited with a thin crossed 
wire mesh. The electric fields inside these gaps are 
maintained by the voltages applied on the wire mesh plane 
(HV1) and the drift electrode (HV2). When charged particles 
travel through the detector, due to small size of the 
amplification gap, the primary ionization is mainly produced 

*Corresponding Author, Tel No: + 81 22 795 7806; Fax No: + 81 22 
795 7809, E-mail: nakhostin@cyric.tohoku.ac.jp 

in the ionization space. As a result of the electric field 
maintained along the ionization space, the released electrons 
are forced to drift into the amplification gap. These drifting 
electrons initiate avalanches when crossing the very high 
electric field applied on the amplification gap. The resulting 
charge that is proportional to the initial number of the 
drifting electrons induces a signal on the detector electrodes. 

 

 
Fig. 1 Principle of double-stage avalanche counter. 

 
The driving force for the electron migration from the 

ionization space into the amplification gap is induced by the 
electric field component that is perpendicular to the wire 
mesh plane. Fig. 2 shows the calculated values of this 
component along the detector gap. The calculation has been 
carried out by using the Maxwell electric field calculation 
code5). The calculation has been performed for the case of 
equal voltages on the drift electrode and the wire mesh plane.  
As seen, the very high electric field in the amplification gap 
is accompanied with a low electric field in the ionization 
space which is sufficient for the electrons to pass through the 
openings of the wire mesh and enter to the amplification gap.   

The number of primary ionization is determined by both 
the length of ionization space and the operating gas pressure. 
Therefore, for a given application, a compromise should be 
made between the operating gas pressure and the length of 
ionization space. Regarding to the size of amplification gap, 

Ionization space 
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small gaps are favorable because it allows a short path for 
the positive ions produced in the avalanche, thus reducing 
the collection time of the positive ions and increasing the 
rate capability of the detector. However, very small 
amplification gaps may cause mechanical or electrical 
instability in the counter. 

 

 
Fig. 2 The electric field intensity along the detector gap. The 
amplification and ionization gaps are 2 and 4-mm, respectively. The 
supply voltage is 400 V on both the electrodes. 

 
III. Experiments 

Our experiments were carried out with a test chamber in 
which the mesh plane identified as HV1 in Fig. 1, is made 
from a solid stainless steel wire mesh with 50- m diameter 
and a pitch of 500- m.  

The two other electrodes, identified as anode and drift 
electrodes, were made of aluminized Mylar foil (7- m). The 
electrodes are mounted parallel to each other by means of 
two replaceable spacers. This allowed the accomplishment 
of investigation at various ionization and amplification gaps 
from 0.5 to 10-mm. The anode plane is grounded and 
negative voltages are applied on the drift and mesh 
electrodes. The detector active area is 5 5-cm2. 

The detector is placed inside a gas-tight aluminum 
chamber and operated in the gas flow mode using a two-
stage mechanical pumping system. The gas pressure was 
regulated with a mass flow controller system (MKS mass 
flow controller) and measured with a calibrated capacitor 
type pressure gauge. The measurements were performed 
with isobutane (i-C4H10) gas at pressure values of 5-25 Torr.  

The detector was operated with an 241Am -source, 
placed inside the chamber, which emits 5.6 MeV -particle 
perpendicular to the detector surface. 

As shown in Fig. 1, the charge signals induced on the 
wire mesh are obtained with a conventional charge-sensitive 
preamplifier (ORTEC 142 PC or ORTEC 142B) and fast 
signals are read out by means of a fast preamplifier with a 
rise-time less than 1 ns (FUJI Preamplifier). 

 
 IV. Experimental Results 

Fig. 3 illustrates the process of charge transfer from the 
ionization space to the amplification gap. The amplification 

gap is maintained in the avalanche region by applying a 
negative voltage on the wire mesh (HV1= - 350 volt) and the 
drift electrode voltage (HV2) has been slowly increased. It is 
seen that as long as the HV2 is less than the HV1, the pulse 
height is constant corresponding to the small signals 
originated from the ionization released in the thin 
amplification gap. As soon as the value of HV2 reaches to 
the value of HV1, a drastic rise in the detector pulse height is 
observed as a result of an efficient electron transfer from the 
ionization space to the amplification gap.  

 

 
Fig. 3 The dependence of the charge transfer process on the drift 
electrode voltage (HV2). The ionization space has been 4-mm and 
the avalanche region 1-mm deep. The charge transfer takes place at 
HV2 HV1 = 350 volt. The operating pressure is 10 Torr. 

 

 
Fig. 4 The dependence of the detector pulse height on the voltage 
of amplification gap. It is seen that larger amplification fields lead 
to larger rises in the output signals. 

 
Fig. 4 represents the detector performance for different 

values of the amplification fields (or HV1). It is seen that in 
all the cases the charge transfer takes places when the HV2 
exceeds the HV1 value and, despite of the constant amount of 
primary ionization, the detector pulse heights grow up with 
raising the amplification field. This is actually due to the fact 
that at higher voltages on the drift electrode the electric field 
near the openings of the wire mesh becomes rather high so 
that the primary electrons before entering to the 
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amplification gap undergo some pre-amplification inside the 
mesh holes (see Fig. 2). 

 The effect of operating gas pressure on the pulse height 
growth is shown in Fig. 5. It is seen that at the lower gas 
pressures, in spite of lower amount of primary ionization, the 
rise in the pulse heights is more significant. This is due to the 
fact that higher reduced electric fields and accordingly 
higher gaseous amplification are reached at lower gas 
pressures.  

 

 
Fig. 5 Illustration of the detector pulse height growth at different 
gas pressures. The detector has been operated with amplification 
and ionization gaps of 2-mm and 4-mm, respectively.  

 
In the modified version of the low-pressure avalanche 

counter, owing to the increased width of the ionization 
collection space, adequate amount of ionization can be 
collected and hence large signals are obtained with lower 
charge amplifications. This significantly improves the long-
term stability of the counter because in the avalanche 
counters operating at high gas amplifications, the 
spontaneous breakdowns or sparks can damage the detector.  

Generally, the energy resolution of a transmission 
avalanche counter is limited mainly by the fluctuations in the 
energy-loss of traversing charged particles3). As a result of 
these fluctuations, the energy resolution of PPAC is rather 
poor, about 30% for the -particles emitted from 241Am 6). In 
the present version of PPAC, owing to larger amount of 
primary ionization, statistical fluctuations in the energy-loss 
of the traversing particles are significantly suppressed and 
therefore considerable improvement in the detector energy 
resolution is observed.  In fact, an energy resolution of 
better than 14 % was achieved by employing an ionization 
space of 7-mm and an amplification gap of 0.5-mm at gas 
pressures as low as 8 Torr. Fig. 6 shows a typical pulse 
height distribution of a double-stage PPAC together with a 
pulse height distribution obtained with a conventional PPAC. 
It is apparent that the double-stage PPAC has a Gaussian 
distribution while the conventional PPAC shows a Landau-
shape distribution, indicating larger fluctuations in the 
charged particles energy-loss. 

 

 
Fig. 6 A typical example of the detector pulse height distribution as 
compared with that of a conventional PPAC. The double-stage 
detector consists of 7-mm ionization gap and 0.5-mm amplification 
gap. The single gap PPAC is 3-mm thick. 

 
In a conventional PPAC, output signal is composed of a 

fast component due to electrons and a much longer induced 
signal, typically of some microseconds duration 
corresponding to the drift of the positive ion cloud (see Fig. 
7-A). In the case of double-stage PPAC, signal shows 
different characteristics with that in conventional PPAC. 
Typical signal waveform of a double-stage PPAC 
(amplification gap=0.5 mm), as observed with a current 
sensitive preamplifier has been depicted in Fig. 7-B: The 
signal duration, which is equal with the time required for 
total charge collection, is about 400 ns. This means that ~400 
ns after the detection of a particle the detector gap is cleared 
of any charge, so that detector can accept a new particle. 
Considering that the diameter of an avalanche at low gas 
pressure is around 1-2 mm, one can roughly estimate that the 
count rate of this detector is at least ~1MHz/mm2. Such a 
high rate detector is well suited for charged particle detection 
in the intense particle accelerators. With respect to the signal 
rise-time, the rise-time of signal is rather poor. This stems 
from the spread of primary electrons inside the ionization 
space and their slow drift velocity (a few cm/ s) at the low 
electric field of this region. Nevertheless, we observed   
that when  the  electric field in the ionization space is  

 

 
 

(A) 
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Fig.7 (A) PPAC signal waveform, as obtained with a current-
sensitive preamplifier. The electronic and ionic components of the 
signal are clearly distinguishable. (B) The current signals of a 
double-stage PPAC including 5-mm of ionization gap and 0.5-mm 
of amplification gap. The signal duration is ~ 400-ns. 

 
sufficiently high, corresponding with the operation in the 
avalanche mode, the electrons mobility and consequently 
signal rise-time is considerably improved (~20 ns), 
permitting time-of-flight measurements.   
 
VI. Conclusion 

We have shown that the modified version of PPAC 
operates satisfactorily at low gas pressures. The detector 
structure enables to compensate the lack of ionization by the  
particles with low specific ionization. This extends the PPAC 

applicability to the light particles experiments. Furthermore, 
the following advantages are obtained as compared with that 
of conventional avalanche counters: 

 
 Detector can withstand very high count rates 

(~MHz/mm2), 
 Energy resolution is considerably better than that of 

conventional PPACs. 
 Detector shows much better stability in terms of sparks. 

 
Although the performance of the detector associated with 

the signal rise-time is rather poor, it may be improved by 
optimizing the detector characteristics in terms of applied 
electric fields, wire grid shape, thickness of gaps, etc. 
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A High Pressure Xenon ionization chamber is a promising radiation detector for environmental radiation 
measurement due to its radiation hardness, its physical rigidity, and its capability of operation at a high temperature 
up to about 170 . A cylindrical high pressure xenon ionization chamber, which was configured with a shielding 
mesh to improve its energy resolution, was designed on the basis of an electron transfer simulation code (EGSnrc) to 
extract an optimal density of Xe gas and a thickness of the chamber wall. An electron drift simulation code, Garfield, 
which was coupled with a Maxwell electric filed calculator, was also employed for the electron drift simulations due 
to the geometry of the shielding mesh. Shielding inefficiency was also calculated. A spherical ionization chamber was 
also designed and fabricated to monitor environmental radiation. A noble gas system was constructed to create a 
noble gas with a high purity and to inject the noble gas up to 60 atm. The combination of an oxygen absorbent 
(Oxisorb), a molecular sieve, and a high temperature getter can minimize the electro-negative impurities, such as the 
O2 and N2 gas, to below about several ppb levels. Preliminary tests such as leakage currents, saturation currents, and 
gas leak test were performed. The performance of the two fabricated ionization chambers at a low dose rate was 
tested by using a conventional shadow technique with a NIST certified 33.52 MBq 226Ra source in the calibration 
room at KAERI.  

 
KEY WORDS: high-pressure Xe, ionization chamber, environmental radiation, shadow shielding technique, 
EGSnrc, Garfield, shielding mesh 

 
 

I. Introduction  
An ionization chamber is still widely used in many fields 

such as environmental radiation monitoring and industrial 
application due to its operational stability for a long period 
and its simple design for its applications1). Pressurized 
ionization chambers, which are usually made of metal such 
as stainless steel, have radiation hardness for a long period of 
time in a comparison with other radiation detectors. 
Ionization chambers for environmental radiation monitoring 
are requested to detect a low dose rate at below several 

Sv/h. 
High-pressure xenon (HPXe) gas is attractive gamma-ray 

detection medium due to its physical and nuclear properties. 
HPXe has a large detection efficiency for gamma-ray 
energies, due to its large atomic number (Z = 54), which 
translates into a high photoelectric absorption and Compton 
scattering cross sections. In addition, the Fano factor for 
HPXe is quite good, measured near 0.13 to 0.12). HPXe 
ionization chambers are ideal for use in uncontrolled 
environments, as this detector’s response has been shown to 
be uniform over large temperature ranges up to 170 . 
Unlike solid detection media that derive their radiation 
detection capabilities from their crystal structure, the HPXe 
performance is not degraded by high radiation fluences.  

An HPXe ionization chamber, which was equipped with a 
shielding mesh, was designed on the basis of the results from 

*Corresponding Author, Tel. +82-2-2220-2354, Fax. +82-2-2296-
2354, E-Mail: ykkim4@hanyang.ac.kr

EGSnrc, a Maxwell electric field calculator and a Garfield 
electron drift simulator. Shielding inefficiency was also 
calculated.  

A spherical ionization chamber, which was pressurized 
with Ar up to 25 atm, was also constructed to apply it to 
environmental radiation monitoring. A gas system was 
constructed to eliminate the electro-negative impurities and 
to inject the noble gas up to 60 atm. A conventional shadow 
shielding technique was incorporated to test the performance 
of the two ionization chambers at a low dose rate. 

 
II. Experimental 
1. Gas Purification and Injection System 

The purity of Xe is essential in an HPXe ionization 
chamber due to the electron attachment by electro-negative 
gases, which become negative ions after the liberated free 
electrons being attached. The purification and injection 
system was designed and constructed to eliminate the 
electro-negative impurities such as O2, N2 and hydro-carbon 
gases. The combination of an Oxisorb, a molecular sieve, 
and a high temperature getter can minimize these impurities. 
The circulation of Xe gas was based on the difference in the 
temperature of a liquid nitrogen and a high temperature 
getter (about 350 ). Fig. 1 shows a diagram of the gas 
system. Two gas cylinders were incorporated to improve the 
electron drift velocity of Xe by an addition of 17 % of 
helium gas3). Xenon and helium mixture will be stored in a 
reservoir and circulated for several days to reach several ppb 
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impurity levels. 
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Fig. 1 The gas purification and injection system for an HPXe 
ionization chamber 

 
2. Design of a cylindrical HPXe Ionization Chamber 

A cylindrical HPXe ionization chamber was designed on 
the basis of the results of the EGSnrc simulation code4). A 
dosrznrc, which simulates the passage of an electron or 
photon beam in a finite, right cylindrical geometry, was used 
in the simulation. The considered parameters were the 
densities of the xenon gas, the thicknesses of an outer shell, 
and the initial gamma energies. The calculated efficiencies 
versus the considered parameters are shown in Table 1. The 
simulated energy spectrum at 662 keV is also shown in Fig. 
2.  

Table 1. The calculated percentile efficiency attainable with the 
given detector parameters by using the EGSnrc code 

Initial 
Energy 

Thickness 
of outer 

shell 

Density of Xenon gas 

0.4 g/cm3 0.55 g/cm3 0.65 g/cm3

60  
keV 

1 mm 77.72  78.90  79.38  
2 mm 76.61  77.73 78.38  
3 mm 75.89  76.85  77.27  

145  
keV 

1 mm 72.62 76.22  77.91  
2 mm 68.56  72.24  73.93  
3 mm 65.46  69.02 70.69  

662  
keV 

1 mm 11.24  13.56 14.89  
2 mm 10.30  12.49 13.74  
3 mm 9.53  11.53  12.70  

1.17 
MeV 

1 mm 3.60  5.00  5.86  
2 mm 3.37  4.61  5.44  
3 mm 3.08  4.29  5.08  

1.33 
MeV 

1 mm 2.68 3.85  4.63 
2 mm 2.53 3.64 4.37 
3 mm 2.33 3.45 4.10 

The efficiencies throughout the initial energies can be 
improved when the xenon density is high. Thin outer shells 
also contribute to higher peak efficiencies. But the density of 
the xenon gas conflicts with the outer shell thickness. For a 
cylindrical shape, allowable thickness of an outer shell to 
endure the pressure is expressed by  

 

100
Dpst C   (1) 

 

where D represents the diameter of a cylinder in mm, p is the 
pressure in kg/mm2,  is the tension intensity in kg/mm2, s is 
1 as the safety rate,  and C are 0.8 and 1 in Korea. When the 
material of an outer shell is stainless-steel and the diameter 
of a cylinder is 76 mm, the thickness of an outer shell must 
be over 2 mm at a 60 atm pressure for a safe operation. 

 
Fig. 2 The 662 keV gamma spectrum obtained by simulation of a 
dosrznrc of EGSnrc code. 

The design of a cylindrical ionization chamber is shown 
in Fig. 3. The diameter and the total length of the ionization 
chamber were 76 and 170 mm, respectively. The active 
volume was 450.5 cm3. Ceramic was chosen for the 
insulators. The use of a shielding mesh to screen the 
collecting electrode from the effect of positive ions was 
suggested by O. R. Frish5). A shielding mesh, which 
eliminates the charge contribution of the slow positive ions, 
was inserted between the collecting electrode and the 
potential electrode to increase the energy resolution. Three 
feed-through connectors were welded onto the flange of the 
ionization chamber to connect the electrodes. To extract the 
optimal parameters for the shielding mesh such as the mesh 
thicknesses, mesh diameters, and the distance from the 
anode, a Maxwell electric field calculator and a Garfield 
electron drift simulation were incorporated. The applied 
voltages of the shielding mesh and the potential electrode 
were set at -2500V and -5000V, respectively. Mesh spacing 
was also set at 1 mm. Mesh thicknesses of 0.5, 0.2 and 0.1 
mm were simulated. And the distances from the anode was 
either 7.5 or 5.5 mm. Electron drift lines were not distorted 
when the mesh thickness and distance from the anode were 
0.5 mm and 7.5 mm, respectively. The simulated drift lines 
are shown in Fig. 4. Shielding inefficiency was calculated by 
using these parameters. In order to purge any gases 
emanated from the chamber materials, the chamber was kept 
at 100  in vacuum for two weeks before a gas filling. High 
purity Ar gas was injected by using the constructed gas 
system up to 40 atm after purification for the preliminary 
tests. 
 
3. Design of a Spherical Ionization Chamber 

A Pressurized Ionization Chamber (PIC) was designed in 
consideration of an isotropy for an incident radiation and 
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consideration of an isotropy for an incident radiation and 
compared with the HPXe ionization chamber. A drawing and 
a picture are shown in Fig. 5. The tri-axial connector, welded 
on the chamber surface, serves as a terminal for the potential 
electrode, collector and guard electrode. 

Fig. 3 The designed HPXe ionization chamber for environmental 
radiation monitoring and spectroscopy (left). And the inner view of 
the fabricated HPXe ionization chamber with a shielding mesh 
(right)

 

Fig. 4 The simulated shielding mesh by using a Maxwell electric 
field calculator and a Garfield electron drift simulation when mesh 
thickness and the distance from the anode were 0.5 and 7.5 mm, 
respectively 

The chamber was fabricated by welding together two 304 
stainless steel hemisphere. Purified argon gas was injected 
up to the pressure of 25 atm. The wall thickness was 0.12 
inch. The ionization charge was collected by a spherical 
aluminum electrode with 2 inch diameter. The sphere was 
held in place at the center of the chamber shell by a thin 
aluminum rod. Electrodes were fused to the shell by a metal-
to-ceramic tri-axial seal in which the outmost electrode was 
connected to the chamber shell. The middle or guard 
electrode was connected to the inner collecting sphere. The 
center or collecting electrode was completely isolated from 
the high voltage chamber by a ceramic insulator, which had 
a minimum resistance of 1018 ohms. The assembled 
chambers were baked in a vacuum at 100  for four hours 

and then filled to a known pressure with high purity argon. 
 

4. Measurements of the Fabricated Ionization Chambers 
at a Low Dose Rate 

A Keithley 6517A, an Ortec 673 high voltage supplier, 
and the LabVIEW program were incorporated to test the 
performance of the fabricated ionization chambers at a low 
dose rate. The leakage currents throughout the experiments 
were kept in the range of 200 fA and the plateaus were 
observed.  

Calibration was also performed by using a conventional 
shadow technique6) in a calibration room. Schematic view of 
the experiments is shown in Fig. 6. Linearity against low 
dose rates was also measured. The source was placed in a 
low mass holder at a height of about 1 m above the floor and 
at a distance of 4, 5, 6 m from the ionization chambers, 
which were at the same height on a low mass stand. A 30-cm 
thick lead shield with a cross section measuring 10-x-10 cm 
was interposed on a low mass stand so as to intercept all the 
primary rays from the source to all parts of the ionization 
chambers through a full thickness of the shield. Alignment 
was checked with a string with a dummy source in place. 
Slight over-shielding in the order of 1-2 cm was used as 
these results in a negligible error as opposed to an under-
shielding which could produce a significant error.  

 

 
Fig. 5 A spherical ionization chamber for environmental radiation 
monitoring 

 

 

Fig. 6 Experimental setup for the measurement of ionization 
currents of the fabricated ionization chambers at a low dose rate 

 
The source was placed in its holder and the output signal 

of the PIC was averaged over a 10- to 30-min time period. 
The lead shield was removed and the ionization chamber 
output signal was averaged again over a 10- to 30-min time 
period. The difference between the average signals was 
divided by the exposure rate delivered by the source at that a 
distance to yield the 226Ra primary beam calibration factor. 
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Fig. 7 and 8 show the linearity of the chamber current 
change with respect to the dose rate, as measured with the 
HPXe ionization chamber and the spherical ionization 
chamber, respectively. Root-mean-square linearities were 
0.991 and 0.995, respectively. 

 

 

Fig. 7 linearity of ionization currents from the HPXe ionization 
chamber against low dose rates. Root-mean square linearity was 
0.991.The error bars are smaller than the sizes of symbols 

 

 

Fig. 8 Linearity between the ionization currents from the PIC and 
the low dose rates. Root-mean square linearity was 0.995. The error 
bars are smaller than the sizes of symbols 

 

III. Results and Discussion 
The two fabricated ionization chambers for environmental 

radiation monitoring revealed a linear response against low 
dose rates from the results by using a conventional shadow 
shielding technique.  

The efficiency of the shielding mesh is measured by the 
extent to which the charge is induced on the collecting 
electrode. The shielding inefficiency can be calculated as a 
function of two geometrical ratios7). The electrostatic field 
and induced charge inside a cylindrical ionization chamber 
can be calculated by using the expressions obtained for a 
parallel plate chamber from Bunemann7) and making 
logarithmic transformations to a cylindrical geometry. From 
this transformation, the shielding inefficiency can be 

estimated by8): 
 

0 01 (1/ ) ln( / ) / ln( / )g g aN R Nr R R  (2) 
 

where Ra and Rg are the radii of the anode and the shielding 
mesh, respectively. N and r0 are the number of wires and the 
radius of the wires. From this formula, the shielding 
inefficiency of the fabricated HPXe ionization chamber, 
which had a 0.5 mm mesh thickness (2r0) and a 7.5 mm 
radius of a shielding mesh, was 6.8 %.  

 
IV. Conclusions 

In this study, two types of pressurized ionization 
chambers were fabricated and tested with a 226Ra source in a 
low gamma ray dose range. These two ionization chambers, 
in current mode operation, showed an excellent linear 
relationship between the chamber current and the dose rate. 
The good performance in the low dose range of the 
ionization chambers suggests that they can be successfully 
used for low-dose environmental radiation measurement. 
The shielding inefficiency of an HPXe ionization chamber, 
which was configured with a shielding mesh to measure an 
energy spectrum, was calculated. In a future work, energy 
spectra with the fabricated HPXe ionization chamber will be 
compared with the simulated energy spectra. 
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Ionization chambers for a Radiation Monitoring System (RMS) are required to cover a wide range of dose rates 
from 10-1 Sv/h to 106 Sv/h. For a RMS, two cylindrical ionization chambers, which had active volumes of 11.8 L 
and 1L, were fabricated in consideration of an electronic equilibrium and a guard electrode structure. Preliminary 
tests such as saturation currents and leakage currents were performed with and without a 925 MBq 241Am gamma 
source. Linearity against low dose rates was also performed by using a conventional shadow shielding technique with 
NIST certified 33.52 MBq 226Ra source in a calibration room. A field test with 11.8 L was also performed at the 
Yong-kwang power plant. A Parallel Plate Ionization Chamber (PPIC) was also developed not only to measure the 
proton beam intensity but also to derive relevant parameters with other reference ionization chambers aimed at 
assisting in the quality control of a proton accelerator. Operational characteristics were investigated at high dose rates 
by using the X-ray generator located at the Korea Research Institute of Standards and Science (KRISS). Ion 
recombination, which is one of the characteristics of an ionization chamber, was evaluated with the experimental 
results and a theoretical model. The collection efficiencies of a PPIC were calculated by a experimental two-voltage 
method when the filling gases and the distance of the two electrodes were varied. 

 
KEY WORDS: ionization chamber, radiation monitoring system (RMS), shadow shielding technique, two-
voltage method  

 
 

I. Introduction1 
Ionization chambers are still widely used in many fields 

such as environmental radiation monitoring and 
measurement of the accelerator beam intensity due to their 
simple designs and long operational stability1). 

Ionization chambers for RMS are required to be capable 
of measuring the dose rates from 10-1 to 106 Sv/h. 
Ionization chambers were designed with different 
configurations to meet the purpose of a radiation safety and a 
radiation monitoring. Two cylindrical ionization chambers, 
which have active volumes of 11.8 L and 1 L, were designed 
and fabricated as radiation sensors of a RMS. The 
operational characteristics such as the leakage currents, 
saturation curve were measured. And linearity against low 
dose rates and high dose rates were performed by using a 
conventional shadow shielding technique2) and in a standard 
high radiation field. The preliminary field test was also 
performed for a month at Young-kwang power plant in 
Korea.  

A PPIC was developed to assist in the quality control of a 
proton accelerator. Before installing a proton beam line, a 
fabricated PPIC must be experimentally certified for its 
linearity and saturation characteristics in a standard radiation 
field. Operational characteristics of a PPIC were evaluated in 
terms of a saturation curve3), its collection efficiency, and its 
linearity against low dose rates even if it is used for other 

*Corresponding Author, Tel. +82-2-2220-2354, Fax. +82-2-2296-
2354, E-Mail: ykkim4@hanyang.ac.kr 

specific purposes. 
When measuring a dose rate with an ionization chamber, 

the observed current is always lower than the saturation 
current due to an ion recombination. An extrapolation 
method is required to obtain a saturation current, and it 
depends on the type of recombination inside an ionization 
chamber. Three different processes for the disappearance of 
ions can be distinguished in theory4). These are an initial 
recombination, the general recombination and a diffusion 
loss. An initial recombination is a recombination of the 
positive and negative particles formed within the track of a 
single ionizing particle. A general recombination refers to a 
process where the positive and negative particles formed by 
different ionizing particles meet and recombine. A diffusion 
loss is a process in which ions cannot reach the electrode due 
to their diffusion. Among these processes, only a general 
recombination depends on the dose rate. We considered and 
evaluated the recombination processes with a fabricated 
PPIC. 

 
II. Experimental
1. Performance of the Cylindrical Ionization Chambers 

Two cylindrical ionization chambers, which had an active 
volume of 11.8 L and 1 L, were designed in consideration of 
an electronic equilibrium. A guard electrode was inserted to 
minimize the leakage current flowing from the potential 
electrode to the collecting electrode. A potential electrode and 
a collecting electrode were made of carbon coated 
polyethylene. Insulators were made of Teflon. Two quick gas 
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connectors were installed to fill the gas such as dry air and Ar. 
A picture of the fabricated ionization chambers equipped with 
electronics is shown in Fig. 1.  

A Keithley 6517A, an Ortec 673 high voltage supplier, 
and the LabVIEW program were incorporated to measure 
the signal of the ionization chambers. Leakage currents of 
the two cylindrical ionization chambers were fluctuated in 
the range of 30 fA. In order to determine the operating 
voltage for the 1L ionization chamber, a 925 MBq 241Am 
gamma source was used to measure the ionization current. 
Fig. 2 shows the variation of the ionization current as a 
function of the applied voltage, as obtained with the chamber 
filled with the air and Ar gas, respectively. When filled with 
Ar, ionization currents were about 5 times larger than when 
filled with air. Sensitivity of an ionization chamber can be 
increased by the use of a dense gas, from this result. 

 

Fig. 1 Two cylindrical ionization chambers equipped with 
electronics. Active volumes are 11.8 L (left) and 1 L (right), 
respectively 

Fig. 2 Saturation curves of 1 L ionization chambers when filled 
with air and Ar. Distance between the 925 MBq 241Am source and 
the center of an ionization chamber was 200 mm. The error bars are 
smaller than the sizes of the symbols 
 

A current’s linearity variation with the 11.8 L ionization 
chamber at high dose rates was measured at the voltage of a 
plateau region with a standard 137Cs source in a calibration 
room at KRISS. Fig. 3 depicts the linearity of the output 
current variation with respect to the dose rate. The calculated 
root-mean-square was 1. In low dose range, the chamber 
current variation was measured with a NIST-certified 33.52 
MBq 226Ra source using a conventional shadow shielding 
technique2). The linearity was depicted in Fig. 3, and the 
root-mean-square linearity was calculated as 0.99. 

 

 
Fig. 3 Linearity against high dose rates (left) and low dose rates 
(right) with a 11.8 L ionization chamber when filled with air. The 
root-mean-square linearties were 1 and 0.99, respectively. The error 
bars are smaller than the sizes of the symbols 
 
2. Performance of the Parallel Plate Ionization 
Chamber for Proton Beam Monitoring 

A schematic of a fabricated parallel plate ionization 
chamber (PPIC) for a proton beam monitoring is shown in 
Fig. 4. The main considerations for designing the PPIC were 
reducing the leakage current to increase the sensitivity and 
minimizing the beam loss because the proton beams must 
pass through the active area of the PPIC.  

Fig. 4 Schematic of the fabricated PPIC. Double BNCs, SHVs, and 
gas-quick connectors were installed. Spacers were inserted between 
the two electrodes
 

The two electrodes were composed of 50-μm-thick 
aluminized Mylar fixed on a G-10 ring. Spacers were 
inserted between the two electrodes to adjust the distance of 
them. When a 230-MeV proton beam was passed through the 
PPIC, the proton beam attenuation rate due to the windows 
and the electrodes was 0.045% from a calculation of the 
stopping range of the protons in matter by using the SRIM 
code5). 

The leakage currents throughout the experiments were 
kept in the range of 20 fA. Saturation curves at both 
polarities of an applied voltage at a high dose rate and a 
linearity of the current are plotted against the dose rates are 
shown in Fig. 5. Saturation curves at a relatively low dose 
rate when the filling gas and the distance between the two 
electrodes were different are shown in Fig. 6.
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Fig. 5 Saturation curves at both polarities of an applied voltage at a 
high dose rate produced by the X-ray generator located at KRISS 
and linearity of the current plotted against the high dose rate. Dose 
rates were relatively varied. The error bars are smaller than the 
sizes of the symbols 
 

Fig. 6 Saturation curves at a low dose rate when the filling gas and 
the distance between the two electrodes were different. 925 MBq 
241Am was used. The error bars are smaller than the sizes of the 
symbols 

 

III. Results and Discussion 
At constant radiation intensity, the current observed in an 

ionization chamber is always lower than a complete 
saturation current mainly due to an ion recombination. Ion 
recombination processes are distinguished as initial and 
general recombinations. Initial recombination depends on the 
ion density along each separate track of an ionizing particle. 
General recombination depends on the dose rate, and refers 
to a recombination of the positive and negative ions formed 
along different ionizing particle tracks. X- and gamma-ray 
beams at a high dose rate, a general recombination 
dominates the total recombination losses. If the collection 
efficiency is to be evaluated, these two different 
recombinations must be extrapolated by using proper 
evaluating methods6)- 7). 

To evaluate the charge collection efficiency, we used a 
PPIC and extrapolated two different recombination 
processes. An empirical procedure formerly used to 
distinguish between initial and general recombinations in 
continuously irradiated chambers was used to plot the 
reciprocal of the measured ionization current i against a 
suitable function of the applied voltage, V, in the chamber. If 
an initial recombination is dominant, 1/i and 1/V in the near-
saturation region have a linear relationship: 

1/i =1/i0 + constant/V.               (1) 
If only a general recombination is present, the relationship is:  

1/i =1/i0 + constant/V2.             (2) 
At a high dose rate, a general recombination is known to 

be the dominant process and 1/i against 1/V2 has a linear 
relationship. At a low dose rate with a 925 MBq 241Am 
source, the dominant recombination process must be 
determined by using an empirical extrapolation method. 
Plots of 1/i against 1/V and 1/V2 are given in Fig. 7. 

 

Fig. 7 Plot of i against 1/V and 1/V2 at relatively low dose rate. 
From these plots, the initial recombination is negligible for the total 
recombination 
 

To quantify the ion recombination losses of an ionization 
chamber, Almond8) describe the use of an experimental two-
voltage method when a general recombination is dominant. 
The collection efficiency can be derived form the ion 
recombination losses. The collection efficiency f at a bias 
voltage V is defined as f = 1/isat, where isat is the saturation 
current which can be determined when i= . isat can be 
obtained from only two data sets, i and V. Thus, the 
collection efficiency can be calculated by using an 
experimental two-voltage method: 

2
1 2 1 2

2
1 2

( / ) ( / )1
( / ) 1

( )
sat

V V i i
i V V

f (3)

where i1 is the measured ionization current at a normal 
operating bias voltage V1 and i2 is that at a much lower 
voltage V2. Almond established the reliability of a two-
voltage method for i2/isat > 7 and V1/V2 < 5. This means that a 
voltage ratio V1/V2 from three to five allows a two-voltage 
method to be adequate enough for use in dosimetric 
protocols9). Table 1 shows the calculated collection 
efficiencies and operating voltages for various dose rates and 
filling gases. 

At a high dose rate, the case of the Ar filling was not 
measured because the current from the air filled ionization 
chamber was so large, that filling the chamber with Ar was 
not necessary to obtain a large current.

A preliminary field test with the 11.8L ionization chamber 
was performed for a month in the reserve radioactive source 
room at the Young-kwang power plant in Korea. The mean 
dose rate and the fluctuation for a day were 6.23 μSv/h and 
0.07 μSv/h, respectively. This is shown in Fig. 8. 
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Table. 1 Calculated collection efficiencies and operating voltages 
for various dose rates and filling gases 

Dose rate 

Distance 
between the 

two 
electrodes 

Filling gas
Collection 
efficiency 

Operating 
voltage set

High 20 mm Air 99% 2500 V 
Low 20 mm Air 99% 700 V 
Low 20 mm Ar 99% 700 V 
Low 14 mm Air 99% 400 V 
Low 14 mm Ar 99% 400 V 
Low 8 mm Air 99% 200 V 
Low 8 mm Ar 99% 200 V 

Fig. 8 A preliminary field test in the reserve RI source room at the 
Young-kwang power plant in Korea  

 

IV. Conclusions
In this study, the performance of two different types of 

ionization chambers was tested to see if their basic 
characteristics meet the requirements of their intended usage. 
All the fabricated ionization chambers had linearity against 
the applied dose rates. An experimental two voltage method, 
which can be applied when a general recombination is 

dominant, was used to evaluate the operational 
characteristics of the PPIC in both the air filling case and the 
Ar filling case. 

This paper will be helpful in designing and evaluating 
ionization chambers. Also, all the fabricated ionization 
chambers in this study are ready to be applied to their 
application fields, especially the ionization chambers for a 
RMS. 
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Radiation detectors were fabricated with layered structure diamonds comprising several micrometers of a boron-
doped single crystal diamond and 20 m of insulating single crystal diamond layers grown on a HP/HT-type Ib 
diamond single crystal substrate. To improve the yield rate of CVD diamond radiation detectors this approach was 
adopted. The detectors had rectification characteristics because of their boron-doped diamond contact and aluminum 
Schottky contact. The leakage current of one detector was less than 0.2 pA at reversed bias voltage of +50 V. Energy 
resolutions of 2.6% and 2.8% for alpha particles from 241 Am were achieved using these detectors. The rise time of a 
leading edge of an output signal from one detector was less than 20 ns, which was the fastest rise time of the 
measurement system; drift velocities of charge carriers were estimated to be faster than 1×105 cm/s. In addition, 
cathode luminescence spectra of insulating diamond layers were measured; peaks caused by free exciton 
recombination and ‘band A’ were observed. Improved crystallinity of the boron-doped diamond layer helps 
realization of a layered-type diamond radiation detector with higher energy resolution. 

 
KEYWORDS: Radiation detector, CVD diamond single crystal film, Layered structure, alpha energy spectrum  
 
 

I. Introduction  
A diamond radiation detector presents several beneficial 

features: high radiation resistance1), high-temperature 
operation2), high-speed response, near tissue equivalence, etc. 
For those reasons, a practical diamond radiation detector is 
desired in several fields, including nuclear engineering, 
space engineering, high-energy physics, and radiology. 
Especially, much research and development have been 
carried out in the field of health physics. Although a pre-
annealing process is required for its production, a dosimeter 
using a natural diamond for radiation treatment has been 
commercialized. Recently, several developments using 
polycrystalline chemical vapor deposition (CVD) diamonds 
were carried out 3), 4). Moreover, a commercial diamond UV 
detector has been realized. Also, in the 1970s, a Russian 
group revealed several beneficial features of the diamond 
radiation detector described above using very high-quality 
natural type IIa diamond for energy spectrometers. However, 
the yield rate of spectrometer-grade natural diamond was 
quite low, and their applications were very limited. 

The authors developed diamond radiation detectors made 
of high-pressure and high-temperature (HP/HT) type IIa 
diamond single crystals to resolve this situation in 
spectrometer-grade diamond radiation detectors; these 
detectors achieved high-energy resolution of better than 
0.4%5), 6). However, this high performance is limited to 
situations in which output signals were mainly caused by 
motion of holes. Charge trapping of electrons remains as an 

Corresponding Author, Tel No: +81-11-706-6681, Fax No: ++81-
11-706-6681, E-mail: kin@qe.eng.hokudai.ac.jp 

issue that should be resolved. Accordingly, studies of the 
charge trapping mechanism were carried out through 
examination of charge carriers’ transportation in diamond7). 
In addition, to reduce impurities in the diamond crystal, a 
CVD single diamond crystal was synthesized and adopted 
for use in a radiation detector; the detector achieved high 
energy resolution of 0.4% for alpha particles8). However, to 
synthesize a high-quality diamond single crystal using CVD 
method, the growth rate must be limited to a lower level. In 
addition, to fabricate a planar detector, a self-standing thick 
single crystal that requires a long synthesis time is required. 
Consequently, it became difficult to maintain a steady 
synthesis condition. Moreover, the yield rate of high-quality 
diamond became very low. 

As one solution for the low yield rate of CVD diamond 
radiation detectors, a detector composed of a thin 20- m- 
thick sensitive layer, which is sufficient for alpha particle 
detection, was developed. The detector was made of a stack 
of thin diamond layers grown on a HP/HT type Ib diamond 
substrate. This structure was adopted to reduce charge 
trapping and synthesis time. The detector was used as an 
energy spectrometer for 14 MeV neutrons9). This article 
describes the fabrication and evaluation of basic 
characteristics of the detectors, including those of the 
diamond crystals themselves. 

 
II. Experimental 
1. Crystal Growth and Detector Fabrication 

As a first trial, an insulating CVD diamond single crystal 
was grown on a heavily boron-doped, ca. 500 ppm, HP/HT-
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type Ib diamond single crystal using plasma-assisted CVD 
method. A diamond LED with a similar structure was 
reported elsewhere; a phosphorus-doped diamond layer was 
grown on the boron-doped diamond substrate instead of an 
insulating diamond layer. In this structure, a conductive 
diamond substrate served as an electrode. Although the 
morphology of the insulating diamond observed using an 
optical microscope was very smooth, a leakage current on 
the order of nanoamperes was measured at the bias voltage 
of several volts. Boron contamination from the substrate 
made resistivity of the sensitive layer relatively low. Large 
leakage current harmed operation as a radiation detector. 
Several samples were fabricated; unfortunately, the results 
were the same. 

  The detector structure shown in Fig. 1 was designed to 
reduce the boron contamination from a substrate. A HP/HT-
type Ib single crystal diamond substrate of 3×3×0.5 mm, 
whose (100) surface was mechanically polished, was used. 
Influences of scars caused by polishing and defects in the 
substrate were expected. Therefore, a 1- m-thickness buffer 
layer was grown on the substrate using a main synthesis 
reactor (AX5250; Sekiteknotron). The buffer layer was 
evaluated by observation using an optical microscope and 
cathode luminescence (CL) spectra measurement. Substrates 
were selected according to CL results. Then a 1–2- m-thick 
boron-doped layer was grown using a low-power reactor 
with a quartz chamber; the boron concentration was ca. 500 
ppm. This layer served as an electrode. Finally, an insulating 
diamond single crystal layer was grown. A fast growth rate 
of 2 m/h was adopted; the substrate temperature was 960°C 
and the methane concentration was 2%. After crystal growth, 
one part of the insulating diamond layer was removed by 
oxygen plasma etching. Then the Ti/Au contact was 
fabricated by evaporation at this part. The contact directly 
touched the boron doped diamond layer. In addition, the 
aluminum Schottky contact was fabricated on the insulating 
diamond layer. Fig. 2 shows an optical photograph of two 
layered type diamond radiation detectors designated as #1 
and #2. Bias voltage was applied to the aluminum contact; 
the output signal was also measured through this 

 
Fig. 1 Schematic drawing of cross section of a layered type single 
crystalline diamond radiation detector. 
contact. Many hillocks were observed in the surface of 
detector #1. 

 
Fig. 2 Photos of the fabricated detectors. left: detector #1, 
right: detector #2. 

 
2. Experimental Setup 

For I-V characteristic measurements, a source measue 
unit (237; Keithley Instruments) was used. The induced 
charge distribution, namely the alpha energy spectra of 
detectors, and output signals were measured using a charge–
sensitive preamplifier (142A; Ortec), a linear amplifier 
(2025; Canberra), a digital storage oscilloscope (9384M; 
LeCroy Corp.) and a multi channel analyzer (2100C; Labo 
Inc.). 
 

III. Experimental Results 
1. I-V Characteristics 

Detectors #1 and #2 showed typical rectification 
properties, as shown in Fig. 3. The leakage current of 
detector #2 to the aluminum contact at 50 V, a reversed bias 
condition, was ca. 0.15 pA. For the forward bias, a leakage 
current of several microamperes was observed at a bias 
voltage of 20 V. Although there is an influence of interface 
between an insulating diamond layer, a boron-doped 
diamond electrode usually functions as a hole injecting 
electrode6). 
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Fig. 3 Curve of I-V characteristics for detector #1. Strong 
rectification properties were observed; these properties were caused 
by combination of a boron-doped diamond contact and an 
aluminum Schottky contact. 
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2. Alpha energy spectroscopy and observation of output 
signals from the detector 

Fig. 4 shows changes in the distribution of the induced 
charge on bias voltage obtained using detector #1. As shown 
in Fig. 4, the detector exhibited response to alpha particles 
even without bias voltage; the boron-doped diamond 
electrode and the aluminum Schottky contact produced an 
electric potential gradient in the detector6). Energy 
resolutions changed according to the bias voltage as follows: 
0 V, 14%; +10 V, 11.9%; +15 V, 2.6%. As described above, 
the leakage current in the reverse direction was less than 1 
pA at +50 V. However, when the detector measured alpha 
particles, the detector was not steady, with bias voltage 
greater than +15 V. 
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Fig. 4 Alpha energy spectrum obtained by the detector #1. Bias 
voltage of 15 V was applied to the aluminum Schottky contact. The 
measurement was carried out in vacuum at room temperature. 

 
At first, detector #2 was fabricated to reduce the leakage 

current and to improve the bias voltage by adoption of a 
guard ring electrode. After crystal growth, it was confirmed 
that the leakage current was sufficiently small compared 
with detector #1. For that reason, a guard ring was not used. 
Only structural changes that made a certain connection to the 
boron-doped diamond electrode were adopted. Although no 
change was observed in the synthetic condition, a great 
difference in morphology was apparent between detectors #1 
and #2. No hillock was observed in detector #2, probably 
because of the different thickness of substrates; the thinner 
substrate, namely 0.3 mm, produced a lower temperature of 
substrate surface. Consequently, detector #2 accepted bias 
voltage of +35 V, even under alpha-particle measurement. 

Detector #2 collected 7 times the induced charge of that 
collected by detector #1, as calculated from peak positions in 
the distribution spectra of the induced charge and gains of 
the amplifier. Although more than two-times better energy 
resolution was anticipated from this result, it was 2.8%, 
which was almost the same value as that of detector #1. No 
great difference was found in the thicknesses of sensitive 
layers between detector #1 and #2; it was confirmed through 
response function measurements for 14 MeV neutrons9). 

Fig. 5 shows a leading edge of an output signal from 
detector #2 connected with the charge sensitive preamplifier. 
The rise time of output signals from detector #2 was 10 
times faster than that of detector #1. The fastest rise time that 
was measurable using the measurement system was 20 ns; it 
was mainly limited by parasitic capacitance between the 
detector and the preamplifier. The rise time of the output 
signal shown in Fig. 5 was 20 ns, reaching the upper limit. 
The thickness of the sensitive layer, the insulating layer, was 
20 m. The range of 5.486 MeV alpha particles in diamond 
was ca. 14 m; therefore, the contributions of motions of 
holes and electrons to the output signal were 60% and 40%, 
respectively. Rough estimation shows that drift velocities of 
electrons and holes were faster than 1×105 cm/s. Charge 
trapping and de-trapping effect on holes were observed 
slightly, as shown in Fig. 5; consequently, shallow trapping 
center(s) were inferred to exist for holes. Compared to a 
radiation detector made of a HP/HT-type IIa diamond that 
had perfect charge collection for holes, only 70% of the 
induced charge was collected, even for detector #2. 
Therefore, existence of charge trapping centers for electrons 
was also expected. 
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Fig. 5 An example of leading edge of an output signal from the 
detector #2 connected with a charge sensitive preamplifier. The rise 
time of this signal was faster than the upper limit of rise time 
measurement of this system. 

 
IV. Discussion 

As shown in Fig. 2, the morphology of the insulating 
diamond layer of detector #2 was superior to that of detector 
#1. However, the crystalline quality of the insulating layer of 
detector #1, judging from CL spectrum measurements, was 
superior to that of detector #2. Fig. 6 shows CL spectra 
obtained with the insulating diamond layer after deposition 
to 20- m thickness. In Fig. 6a), showing detector #1, a free 
exciton recombination peak is visible at 235 nm; the 
existence of this peak indicated high total crystalline quality. 
In addition, there is a peak designated as ‘band A’ at 430 nm, 
which is related to structural defects. On the other hand, the 
CL spectrum obtained with detector #2, as depicted in Fig. 
6b), mainly shows the ‘band A’ peak; the free excition 
recombination peak is very small. Enhancement of surface 
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defects of the substrate and in the boron-doped layer was 
expected. 

Considering all of the information described above, an 
induction for the detectors was carried out as follows. 
Detector #1 showed bad morphology, along with several 
grain boundaries; the leakage current increased and the bias 
voltage was limited to a lower level. Therefore, the charge 
collection efficiency was low because drift velocities of 
charge carriers were slow. However, the crystalline quality  

 
Fig. 6 Cathode luminescence spectra of insulating layers of a) 
detector #1, b) detector #2, c) insulating diamond grown on a type 
IIa diamond substrate.  

 
of each grain was superior. For that reason, there was little 
scattering in charge collection and energy resolution of 2.8% 
was achieved. In contrast, detector #2 had good morphology 
and only good, not excellent, crystalline quality. Its charge 
collection efficiency was improved drastically by the higher 
bias voltage because charge carriers moved a longer distance. 
However, scattering in charge collection and energy 
resolution was not improved much. Further investigation 
into the relation between synthesis condition, i.e., surface 
conditions and crystallinity of the substrate and the boron-
doped layer, substrate temperature, methane concentration, 
etc., and examination of crystalline quality based on more 
samples are indispensable. Moreover, to optimize the 
detector performance, comparison between crystalline 
quality and charge transport characteristics should be carried 
out. 

The first improvement should be made for the 
crystallinity of the boron-doped layer. The reactor used for 
fabrication of the boron-doped layer mainly caused this 

problem. Fig. 6a) shows a free exciton recombination peak 
at 235 nm and a ‘band A’ peak at 430 nm. Fig. 6c) shows a 
CL spectrum obtained with an insulating single diamond 
layer that was synthesized in completely the same condition 
as detector #1. The only difference was a diamond substrate: 
a HP/HT type IIa high-quality diamond substrate was used. 
As shown in Fig. 6c), there was only a free exciton 
recombination peak. Moreover, even for boron-doped CVD 
diamond, very high-quality film has been fabricated10). 
Results show that the detector performance will be improved 
by the combination of these techniques. 

 
V. Conclusions 

The prototype layered type CVD diamond radiation 
detector achieved energy resolution of 2.6% and 2.8%, 
respectively, for 5.486 MeV alpha particles. Although those 
energy resolutions were not excellent, these two detectors 
functioned as an energy spectrometer. This fabrication 
technique will be more reliable and bring improvement in 
the yield rate of detectors. In addition, this technique used an 
inexpensive HP/HT type Ib substrate of ca. 150 US$, and 
synthesis time were shortened drastically. For those reasons, 
this technique will contribute to suppression of the 
fabrication costs of diamond energy spectrometers. 

This research was supported by the Grants-in-Aid for 
Scientific Research (15360498, 17044001, 18035001). 
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Performance Characteristics of a CdTe-Based Digital Gamma Imaging System  
with a 75Se Radioisotope 
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As a continuation of our digital radiographic sensor R&D, we have developed a digital gamma imaging system 

based upon the cadmium-telluride (CdTe) photoconductor for the applications of industrial gamma-imaging. The 
imaging system consists of a commercially-available CMOS pixel array of a 100 x 100 m2 pixel size and a 5.4 x 
151.0 mm2 active area, coupled with a 750- m-thick CdTe photoconductor, and a collimated selenium (75Se) 
radioisotope of an about 2.3 x 1012 Bq activity and a physical size of 3.0 mm in diameter. In this study, we, for the 
first time, succeeded in obtaining useful gamma images of several test phantoms with the 75Se radioisotope from the 
imaging system and evaluated its imaging performance in terms of the line spread function (LSF), the modulation 
transfer function (MTF), the noise power spectrum (NPS), and the detective quantum efficiency (DQE). For 
comparison, we also tested its X-ray imaging performance with a microfocus X-ray tube of an about 5 m focal spot 
size at an operation condition of 90 kVp and 100 A. According to our test results, the designed imaging system 
seems to be promising for our ongoing application of nondestructive testings, provided that the effective source size 
of the 75Se radioisotope can be further limited. 

 
KEYWORDS: digital radiographic imaging, CdTe photoconductor, 75Se radioisotope, microfocus X-ray tube 
 
 

I. Introduction  
Since digital radiographic systems offer several 

advantages over conventional analog film-based systems 
such as high dynamic range, linear response with the 
exposure, real-time image acquisition, easy image storage 
and retrieval, etc., large efforts have been made in research 
and development of digital radiographic sensors both in the 
fields of medicine and industry. Commercial state-of-the-art 
large area systems typically rely on flat panel technology and 
apply either indirect conversion of X-ray energy with a 
CsI(Tl) or a Gd2O2S(Tb) scintillator or direct conversion 
with an amorphous selenium (a-Se)1)-3). Direct conversion 
systems generally yield higher spatial resolution compared 
to indirect systems due to no optical blurring. In addition, 
high X-ray energies and gamma imagings require a 
conversion material of high atomic number (Z) for high 
absorption efficiency, which offers advantages also in real-
time and scanning imaging or generally in any application 
where the image acquisition speed or radiation dose is 
critical. Studies on GaAs or HgI2 have been performed but 
the most promising high Z material seems to be cadmium-
telluride (CdTe) which has been proposed to be used, for 
example, in medical gamma imaging instead of scintillators 
in order to improve both the spatial and energy resolution of 
gamma cameras4). In this study, we have developed a digital 
gamma imaging system based upon the CdTe 
photoconductor for our ongoing application of 
nondestructive testings, and evaluated its imaging 
performance with 75Se -ray and microfocus X-ray sources. 

Corresponding Author, Tel No: +82-33-760-2428, Fax No: +82-
33-760-2815, E-mail: hscho1@yonsei.ac.kr 

II. Methods and Test Results 
1. Digital Gamma Imaging System 

Fig. 1 shows photographs of (a) the CdTe-based digital 
gamma imaging system and (b) a 75Se -ray source we used. 
It consists of a commercially-available CMOS pixel array of 
a 100 x 100 m2 pixel size and a 5.4 (in the scan direction) x 
151.0 (in the vertical direction) mm2 active area, coupled 
with a 750- m-thick CdTe photoconductor, a collimated 75Se 
radioisotope of an about 2.3 x 1012 Bq activity and a physical 
size of 3.0 mm in diameter, and a microstep motor for linear 
scanning. Here the thick CdTe photo- conductor was 
incorporated in our imaging system for high absorption 
efficiency and removal of the significant optical blurring, 
inherent in the indirect conversion imaging systems. The 
CMOS pixel array operates in a time-delayed-integration 
(TDI) mode, as typically required for high scan speed, to 
improve the signal-to-noise ratio (SNR). Fig. 2 shows the 
fractional absorption characteristics for 3 different photon 
converters of CdTe (100 and 750 m thick), CsI:Tl (100 m 

  

 
              (a)                       (b) 

Fig. 1 Photographs of (a) the CdTe-based digital gamma imaging 
system we developed and (b) the 75Se -ray source. 
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Fig. 2 Fractional absorption curves for three photon converters with 
different thicknesses as a function of photon energy. 

 
thick), and Gd2O2S:Tb (100 m thick) as a function of 
photon energy5). The absorption fraction for a 750- m-thick 
CdTe photoconductor at a photon energy of 100 keV is about 
0.52, about 5.9 times higher than for a 100- m-thick CsI:Tl 
scintillator. The 75Se radioisotope emits -rays in the energy 
range of 66-401 keV (average energy ~ about 217 keV) and 
its half-life is about 120 days.   
 
2. Experimental Setup 

Fig. 3 shows a schematic illustration of the experimental 
setup for the gamma image acquisition and its performance 
testing with the 75Se radioisotope. A mechanical support was 
designed to maintain a fixed source-to-detector distance 
(SDD) of 400 mm. The guide tube had a lead (Pb) collimator 
at the end to shield out radiation, except for that in the 
direction necessary to make exposure. At the end of the 
exposure the source was cranked back into a shielding 
device. The CMOS pixel array was scanned at a speed of 10 
mm/sec during the image acquisition. For comparison, we 
also tested its X-ray imaging performance by acquiring X- 

 

 
Fig. 3 Schematic illustration of the experimental setup for the 
gamma image acquisition with the 75Se radioisotope. 

ray images with a microfocus X-ray tube (Hamamatsu Corp., 
L7901-01-1) of an about 5 m focal spot size at an operation 
condition of 90 kVp and 100 mA. Fig. 4 shows examples of 
(a) a gamma image of a cellular phone and (b) an X-ray 
image of an encapsulated IC chip, acquired with the imaging 
system. In this paper, we presented the imaging performance 
of the designed system with the 75Se -ray and the 
microfocus X-ray sources in terms of the line spread 
function (LSF), the modulation transfer function (MTF), the 
noise power spectrum (NPS), and the detective quantum 
efficiency (DQE). 

 

  
           (a)                       (b) 
Fig. 4 Examples of (a) a gamma image of a cellular phone and (b) 
an X-ray image of an encapsulated IC chip, acquired with the 
imaging system. 
 
3. Line Spread Function (LSF) 

Fig. 5 shows (a) a slit camera with a 10 m width 
(Nuclear Associate Corp., 07-624-1) for the measurement of 
spatial resolution and its (b) -ray image and (c) X-ray image 
acquired at a given test conditions. As shown in Fig. 3, the 
slit camera was placed on the imaging sensor surface and 
exposed to the -ray and the X-ray sources to obtain the line 
spread function (LSF) which is the system response to a 
delta ( ) signal. Fig. 6 shows the measured LSF curves, 
which spread out and have full-width-at-half-maximums 
(FWHM) of about 0.86 mm and 0.14 mm, respectively. The 
spatial resolution with the 75Se -ray source was more than 6 
times worse than with the microfocus X-ray source, which 
may be due to the finite source size (i.e., 3.0 mm) of the 
75Se radioisotope. Compared to the LSF measured with the 
microfocus X-ray source, it will be significantly improved, 
provided that the effective source size can be further limited. 

   
          (a)              (b)              (c) 
Fig. 5 (a) a slit camera with a 10 m width and its (b) -ray image 
and (c) X-ray image. 

 
4. Modulation Transfer Function (MTF) 

The modulation transfer function (MTF) is a measure of 
signal transfer over a range of spatial frequencies and 
quantifies image sharpness. It is defined as the modulus of 
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Fig. 6 Line spread functions (LSF) measured with the slit camera 
by using the 75Se -ray and the microfocus X-ray sources.

the Fourier Transform (FT) of the LSF and is always 
scaled to unity at a zero frequency:  

 

dxexLSFxLSFFTuMTF uxi2)(
2
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The theoretical limit of the MTF is determined by the 

pixel size of an imaging system. Since the sharpest response 
of the imaging system to a delta ( ) signal is as wide as one 
pixel, the pixel aperture MTF is the FT of a rectangular 
function with a width (w) of one pixel6): 
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Fig. 7 shows the measured presampled MTF curves of the 

system with the 75Se -ray and the microfocus X-ray sources. 
Note that the pixel aperture (or ideal) MTF based upon the 
sinc function of the pixel pitch is also indicated for 
comparison. The spatial frequency measured at 10% MTF 
with the 75Se -ray source was about 0.87 lp/mm, about three 
times lower than with the microfocus X-ray source. 

 
Fig. 7 Presampled modulation transfer functions (MTF) calculated 
from the measured LSF. 

5. Noise Power Spectrum (NPS)  
Noise characteristics of an imaging system is quantified 

as the noise power spectrum (NPS), which expresses the 
average area occupied by individual photons per unit area 
(mm2), and is measured as the following equations7): 
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where (x,y) is the difference between the average image 

signal and the signal at point (x,y), X and Y is a distance in 
the x and the y directions, the symbol <A> means the 
ensemble average of A, and Smean represents the mean signal 
of the region-of-interest (ROI). The two-dimensional (2D) 
NPS was obtained from the acquired white image by using 
Eq. (3), and an estimate of the one-dimensional (1D) NPS 
from the 2D NPS was performed using radial-averaging 
technique. Fig. 8 and 9 show the resultant 2D and 1D NPS, 
respectively, obtained with (a) the 75Se -ray and (b) the 
microfocus X-ray sources. The 1D NPS gradually decreased 
with the spatial frequency, and the NPS value at zero 
frequency with the 75Se -ray source was about 6.3x10-5 mm2, 
about 1.3 times larger than with the microfocus X-ray source. 

 

  
(a) (b) 
 

Fig. 8 2D noise power spectrums (NPS) obtained with (a) the 75Se 
-ray and (b) the microfocus X-ray sources. 

 
6. Detective Quantum Efficiency (DQE)  

The detective quantum efficiency (DQE) is generally 
regarded as the most useful measure of sensitivity and noise 
performance of an imaging system and can be understood as 
the fraction of the quantum number entering the imaging 
system effectively used by the system to produce an image. 
As defined in Eq. (4), it can be deduced from the measured 
MTF, NPS, and the photon fluence  (photons/mm2)7): 
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uNPS
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SNRuDQE
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out , (4) 

where SNRin and SNRout are the signal-to-noise ratios of 
the quantum field at the sensor input and of the image at the 
sensor output, respectively. Fig. 10 shows the deduced 1D 
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DQE obtained with the 75Se -ray and the microfocus X-ray 
sources. The DQE value at zero frequency with the 75Se -
ray source was about 0.26, about 1.6 times smaller than with 
the microfocus X-ray source. 

 
Fig. 9 1D noise power spectrums (NPS) obtained with the 75Se -
ray and the microfocus x-ray sources. 

 

 
Fig. 10 1D detective quantum efficiency (DQE) obtained with the 
75Se -ray and the microfocus X-ray sources. 

 
III. Conclusion 

We have developed a digital radiographic system based 
upon the cadmium-telluride (CdTe) photoconductor for our 
ongoing application of nondestructive testings with a 75Se 
radioisotope. The imaging system consists of a 
commercially-available CMOS pixel array of a 100 x 100 
mm2 pixel size and a 5.4 (in the scan direction) x 151.0 (in 

the vertical direction) mm2 active area, coupled with a 750-
m-thick CdTe photoconductor for high absorption 

efficiency (~52% at a photon energy of 100 keV) and 
removal of the significant optical blurring (~0.14 mm 
FWHM with a microfocus X-ray tube of an about 5 m focal 
spot size). We, for the first time, succeeded in obtaining 
useful gamma images from the imaging system with a 75Se 
radioisotope (~ 62.8 Ci, 3 mm) and evaluated its imaging 
performance. For comparison, we also evaluated the X-ray 
imaging performance with the microfocus X-ray tube. With 
the 75Se radioisotope, the FWHM of the LSF was about 0.86 
mm, the spatial frequency measured at 10% MTF was about 
0.87 lp/mm, the NPS value at zero frequency was about 
6.3x10-5 mm2, and DQE value at zero frequency was about 
0.26. According to the test results with the microfocus X-ray 
source, these performance characteristics are thought to be 
significantly improved, provided that the effective  source 
size of the 75Se radioisotope can be further limited. Thus the 
designed gamma imaging system in this study seems to be 
promising for our ongoing application of nondestructive 
testings. 
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Performance of Carbon-interspaced Antiscatter Grids Tested 
with the IEC Standard Fixture 
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Jungwon Precision Ind. Co., Ltd. has recently developed precise carbon-interspaced antiscatter grids by adopting 
the sawing process in order to employ them to digital radiographic (DR) systems. Twelve grid samples of strip 
densities ranging from 40 to 85 lines/cm at a fixed grid ratio of 5:1 and of grid ratios from 5:1 to 10:1 at a fixed strip 
density of 80 lines/cm were prepared and their physical characteristics were examined under a well-controlled test 
condition with the IEC standard fixture, in terms of the transmission of primary radiation, the transmission of 
scattered radiation, the transmission of total radiation, the contrast improvement factor, and the Bucky factor. We 
expect that these experimental results will be useful for the selection of antiscatter grids in the applications of DR 
imaging as well as for the improvement of grid design. 

 
KEYWORDS: Antiscatter grid, carbon interspace, IEC fixture, contrast improvement factor, Bucky factor 
 
 

I. Introduction 
In radiography, the image contrast is normally degraded 

by scattered radiation arriving at the image receptor, 
depending on the object size and composition and the 
radiation quality used. The use of antiscatter grids as well as 
the air gap and the slit techniques is well established to 
reduce the amount of scattered radiation 1). Although  
aluminum (Z: 13, Al: 2.70 g/cm3) interspaced grids are 
typically used, this kind of grids may not be available 
enough to be applied to digital radiographic (DR) systems 
mainly due to the rough lead-strip uniformity caused by the 
manufacturing process and the relatively inferior 
performance of the Al interspace in the improvement of the 
image contrast with a Bucky factor as low as possible, as 
compared with an air or organic interspace, due to the 
appreciable absorption of the primary radiation penetrating 
the interspace. In order to overcome these difficulties, 
Jungwon Precision Ind. (JPI) Co., Ltd. 2) has recently 
developed precise carbon (Z: 6, C: 2.27 g/cm3) interspaced 
grids by adopting the sawing process. In this study, we 
prepared twelve samples of the carbon-interspaced grids 
with strip densities ranging from 40 to 85 lines/cm at a fixed 
grid ratio of 5:1 and with grid ratios from 5:1 to 10:1 at a 
fixed strip density of 80 lines/cm. By using the IEC standard 
fixture 3) we fabricated for this study, we evaluated their 
performance characteristics in terms of the transmission of 
primary radiation (Tp), the transmission of scattered 
radiation (Ts), the transmission of total radiation (Tt), the 
contrast improvement factor (Cif), and the Bucky factor (B). 
We expect that these experimental results will be useful for 
the selection of antiscatter grids in the applications of DR 
imaging as well as for the improvement of grid design. 

Corresponding Author, Tel No: +82-33-760-2428, Fax No: +82-
33-760-2815, E-mail: hscho1@yonsei.ac.kr 

 
II. Methods and Results 
1. Grid Samples 

Fig. 1 and Table 1 show the geometrical characteristics of 
the carbon-interspaced grids we designed. The grids are 
linearly focused with a focal spot distance (fo) of 100 cm. 
Fig. 2 shows (a) a side view and (b) a top view of a grid 
sample having a grid ratio of 5:1 and a strip density of 80 
lines/cm (i.e., Grid No. C5/80), indicating precise strip 
uniformity. Fig. 3 shows the twelve grid samples we 
prepared for this study. Here the front and the back sides of 
the grids were coated with a thin carbon-plastic layer, each 
of which has an about 250 m thickness. 

 

 
Fig. 1 Geometrical characteristics of the carbon-interspaced grids 
which are linearly focused with a focal spot distance of 100 cm. 

 
Lead (Z: 81, Pb: 11.85 g/cm3) is the most commonly used 

material for the X-ray absorbing strips in the grid, and the 
interspace material varies from air or organic fiber to light 
metal such as Al. The air is the ideal interspace material with 
no absorption of any primary X-rays penetrating the inter- 
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Table 1. Geometrical parameters of the carbon-interspaced grids. 

  Strip density (lines/cm) 
40 43 51 60 70 80 85

Thickness of lead strip, d 
( m) 45 45 45 45 40 25 25

Thickness of interspace, D 
( m) 202 186 150 124 103 102 93

Lead-to-interspace ratio, 
d/D 1/4.5 1/4.1 1/3.3 1/2.8 1/2.6 1/4.1 1/3.7

Grid height*, h ( m), for 
grid ratios (r) of   

1,008 
 
 
 
 
 

 
930 

 
 
 
 
 

  
752 

 
 
 
 
 

  
622 

 
 
 
 
 

  
514 

 
 
 
 
 

  
510
612
714
816
918

1,020

 
466

 
 
 
 
 

 5:1 
 6:1 
 7:1 
 8:1 
 9:1 
10:1 

*Actual grid thickness should include two thin carbon-plastic covers, each of which  has an 
about 250 m thickness (not included here). 

 

  
              (a)                      (b) 
Fig. 2 (a) a side view and (b) a top view of the carbon-interspaced 
grid having a grid ratio of 5:1 and a strip density of 80 lines/cm (i.e., 
Grid No. C5/80). 
 

 
Fig. 3 12 samples of the carbon-interspaced grids we tested in this 
study. 
 
space, whereas the Al may be the heaviest interspace 
material which has been typically used, even though it gives 
relatively inferior performance in the improvement of the 
image contrast with a Bucky factor as low as possible 4,5). In 
the aspects of the benefit and sacrifice of the grid usage, the 
carbon is certainly advantageous as interspace material than 
the aluminum.  

 
2. Experimentals 

To evaluate the performance characteristics of the grid 
samples, we built a standard test fixture which was 
conformed to the IEC publication 60627 defined the design 
and material requirements necessary to measure the 
performance of general-purpose antiscatter grids, as shown 
in Fig. 4. It was designed to be able to test with both narrow- 
and broad-beam conditions. We measured the grid 
characteristics including Tp, Ts, Tt, Cif, and B, according to 

their definitions (Table 2), at a given test condition (100 kVp, 
32 mAs) by using a calibrated ion chamber (RTI Electronics, 
Piranha 657). The detailed measurement procedures are well 
described in the IEC publication 60627. Table 3 shows the 
resultant performance characteristics of the grid samples we 
measured. In the following sections, the dependence of the 
Tp and the Ts on the grid parameters and the relationship 
between the Cif and the Bucky factor are presented. 

 

 
Fig. 4 IEC standard fixture we fabricated which was designed to be 
able to test with both narrow- and broad-beam conditions.  

 
Table 2. Definitions of grid performance factors.  

Factors Definition 

grid ratio (r) r = h/D 

Tp 

the ratio of the intensity of the primary 
radiation with the grid in place to the 
corresponding intensity without grid 

Ts 

the ratio of the intensity of the scatter 
radiation with the grid in place to the 
corresponding intensity without grid 

t
the ratio of the intensity of the total radiation 
with the grid in place to the corresponding 
intensity without grid 

Cif Tp / Tt 
B 1 / Tt 

 
Table 3. Performance characteristics of the grid samples we tested. 

Grid No. Grid 
ratio

Strip 
density 

(lines/cm) 

Tp 
(%) 

Ts 
(%) 

Tt 
(%) Cif B 

C5/40 5 40 74.8 37.1 50.9 1.5 2.0
C5/43 5 43 74.4 36.8 50.6 1.5 2.0
C5/51 5 51 73.6 36.7 49.6 1.5 2.0
C5/60 5 60 73.1 36.5 48.0 1.5 2.1
C5/70 5 70 67.6 34.9 49.9 1.4 2.1
C5/80 5 80 73.0 35.1 47.7 1.5 2.1
C5/85 5 85 72.9 34.5 47.3 1.5 2.1
C6/80 6 80 72.8 35.0 47.5 1.5 2.1
C7/80 7 80 72.0 34.4 47.2 1.5 2.1
C8/80 8 80 71.8 34.0 46.2 1.6 2.2
C9/80 9 80 71.5 33.8 45.7 1.6 2.2

C10/80 10 80 70.8 32.0 44.1 1.6 2.3
 
3. Tp and Ts vs. Grid Parameters 

In order to understand the behavior of the Cif and the 
Bucky factor with the grid parameters, it is necessary to 
investigate the dependence of the Tp and the Ts on the grid 

400

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY



parameters. In practice, the Tp depends not only on the 
geometrical factor (i.e., D/(D+d)=1/(1+d/D)) but also on the 
attenuation factor of the grid and can be expressed as the 
following equation: 

,
)(

)(

max

max

0
)(

0

)(
)(

E

EI

E
hE

EI

p

dEpEI

dEepEI

dD
DT

 (1) 

where I(E) the photon fluence of energy E in the spectrum of 
primary radiation incident on the grid, pI(E) is the probability 
that a primary photon fluence of energy E is detected by a 
recording system, (E) is the total linear attenuation 
  

 
       (a) 

 
       (b) 

Fig. 5 Transmission of primary radiation (Tp) measured as a 
function of (a) grid ratio and (b) lead-to-interspace ratio. 

 
coefficient of the interspace at energy E, and h is the grid 
height. Fig. 5 shows the Tp measured as a function of (a)  
grid ratio and (b) lead-to-interspace ratio. For a given strip 
density of 80 lines/cm (or lead-to-interspace ratio of 1/4.1), 
the Tp decreases as the grid ratio increases, since the grid 
height increases and thus the attenuation factor increases at 
the same rate. Note that the geometrical factor of Tp in this 
case was kept constant (~80.3%). For a given grid ratio of 

5:1, the Tp also decreased as the lead-to-interspace ratio 
increased (see the direct comparison of the samples C5/40, 
C5/43, C5/51, and C5/60); although the grid height 
decreases and hence the attenuation of the primary photons 
by the interspace decreases, the decrease in the geometrical 
factor is more dominant, resulting in a decreased Tp. The Tp 
value decreases from 73.0% to 70.8% when the grid ratio 
increases from 5:1 to 10:1. Fig. 6 shows the similar 
measurements of Ts as a function of (a) grid ratio and (b) 
lead-to-interspace ratio. For the given strip density, the Ts 
decreased as the grid ratio increased because of the 
decrease in the solid angle defined by the space between the 
lead strips. The Ts value decreased from 35.1% to 32.0% 
when the grid ratio increased from 5:1 to 10:1. For the given 
  

  
           (a) 

 
        (b) 

Fig. 6 Transmission of scattered radiation (Ts) measured as a 
function of (a) grid ratio and (b) lead-to-interspace ratio.

grid ratio, the Ts also decreased as the lead-to-interspace 
ratio increased, since the thickness of the interspace 
decreases as well (see also the direct comparison of the 
samples C5/40, C5/43, C5/51, and C5/60). 
 
4. Cif vs. Bucky factor 
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Digital Panoramic Tomography (DPT) and Its Realization 
 

H. S. CHO1*, S. I. CHOI1, J. E. OH1, S. Y. LEE1, K. Y. KIM1, B. S. LEE2, and S. KIM3 

 
1Department of Radiological Science, Yonsei University, Wonju 220-710, Korea 
2School of Biomedical Engineering, Konkuk University, Chunju 380-701, Korea  

3Department of Nuclear and Energy Engineering, Cheju National University, Cheju 690-756, Korea 
 
 

We have developed a prototyped digital panoramic tomography (DPT) system which mainly consists of a slit-
collimated X-ray generator of a 0.4-mm focal spot and a 3.5-mmAl filtration, a linear-array typed CMOS imaging 
sensor of a 48 x 48 m2 pixel size and a 128 (in the scan direction) x 3072 (in the vertical direction) pixel format, a 
series of microstep motors for the precise movement of the imaging system, and the designed motion control and 
pixel readout sequences required to make a specific plane of interest (POI) to be focused. With the several test 
phantoms we designed, we, for the first time, succeeded in obtaining useful DPT images by moving the X-ray 
generator and the CMOS imaging sensor along a continuously sliding rotation center during a continuous X-ray 
exposure. We demonstrated that the prototyped DPT system can be applicable to any shaped POI to be focused, 
provided that adequate motion control and pixel readout sequences are designed. We expect the system to be useful 
for our future imaging applications such as nondestructive testings and dental panoramic radiography. 

 
KEYWORDS: digital panoramic tomography, rotation center, pixel readout sequence, nondestructive testings 
 
 

I. Introduction  
In a conventional X-ray imaging (i.e., 2D planar imaging) 

there are a few factors that limit the ability to visualize the 
structures within objects: (1) objects in the imaged 3D 
volume become superimposed on the 2D radiograph, making 
it difficult to detect subtle anomalies and (2) the spatial 
distribution of objects is obscured, making it hard to 
recognize the exact shape and relative position of various 
structures [1]. One possible method to overcome these 
difficulties is with geometrical tomography which utilizes 
geometrical focusing techniques to achieve a higher contrast 
in one specific plane of interest (POI) within the imaged 
object and blur out object structures outside of this focal 
plane due to parallax [2-5]. However, this imaging technique 
is only applicable to a planar POI to be focused, not to any 
shaped POI such as a circular or parabolic plane, limiting its 
applications in the field. Sometimes, it is necessary to focus 
a circular or a parabolic plane within an object, especially, 
for the nondestructive testings of pipes in industries or for 
the dental arch radiography in dentistry [6, 7].  

In this study, we have developed a prototyped digital 
panoramic tomography (DPT) system which can focus any 
shaped POI within an object by moving the X-ray generator 
and the imaging sensor along a continuously sliding rotation 
center during a continuous X-ray exposure. With the 
adequate motion control and pixel readout sequences we 
designed, we, for the first time, succeeded in obtaining 
promising DPT images with several test phantoms and 
expect the system to be useful for our future imaging 
applications such as nondestructive testings and dental 
panoramic radiography. 

Corresponding Author, Tel No: +82-33-760-2428, Fax. No: +82-
33-760-2815, E-mail: hscho1@yonsei.ac.kr 

II. Experimental Methods and Results 
1. Digital Panoramic Tomography 

Fig. 1 shows a schematic illustration of the DPT principle. 
As shown in Fig. 1, the DPT system mainly consists of a 
slit-collimated X-ray generator, a linear-array typed imaging 
sensor, a series of microstep motors for the precise 
movement of the imaging system, and the designed motion 
control and pixel readout sequences required to make a 
specific POI to be focused. Here the X-ray generator is 
connected to the imaging sensor through a mechanical 
support, keeping the source-to-detector distance (SDD) 
constant. The DPT is unique in that the focus of the 
projection in the horizontal dimension (i.e., in the scan 

 

 
Fig. 1 Schematic illustration of the principle of the digital 
panoramic tomography (DPT). 
direction) is different from the focus of the vertical 
projection due to the introduction of a rotation center; the 
rotation center serves as the effective focus in the horizontal 
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projection, whereas the X-ray source does in the vertical 
projection. This makes the magnification factor much greater 
in the horizontal dimension (MH = distance between source 
and detector / distance between source and POI) than in the 
vertical dimension (MV = distance between rotation center 
and detector / distance between rotation center and POI), 
leading to geometrical distortion. Thus, proper magnification 
correction should be made in the design of the pixel readout 
sequence. Fig. 2 shows a schematic illustration for the 
design of pixel readout sequence for a specific POI. The 
pixel readout frequency, f, required to focus the chosen POI 
can be calculated as the following equation: 
 

pt
lM

Hzf V][ , (1) 

 
where l is the total scan length, p is the pixel size, and t is the 
total scan time. Note that the MV is used in Eq. (1), instead 
of MH, for the magnification correction. The resultant pixel 
readout sequence is then determined proportionally to the 
scan speed. 
 

 
Fig. 2 Schematic illustration for the design of the pixel readout 
sequence for a specific POI. 

 
Another important factor to be considered is that the 

rotation center should move in a fashion that the chosen POI 
has a fixed MH, which definitely determines the motion 
control sequence. One easy method to do so is, as shown in 
Fig. 1, to use an imaginary pointer attached to the imaging 
sensor which maintains a fixed object-to-detector distance 
(ODD); the combined X-ray generator and the imaging 
sensor just move as the pointer scans the POI surface, giving 
a constant MH to the POI. Fig. 3 shows a schematic 
illustration for the design of the motor control sequence for a 
given POI. A set of coordinates ( n,rotation, xn,rotation) of the 
rotation center to be moved, as a function of the 
predetermined point coordinates (xn, yn) on the POI 
trajectory, can be calculated as the following equation: 

 

,cos
,/sin

,,

1
,

rotationnnrotationn

nrotationn

rxx

ry
 (2) 

where the meanings of n,rotation, xn,rotation , xn, and yn are 
described in Fig. 3, and r is the fixed ODD. 
 

 
Fig. 3 Schematic illustration for the design of the motor control 
sequence for a given POI. 
 
2. Prototype DPT System 

Fig. 4 shows a schematic structure of the prototype DPT 
system developed in this study. It consists of a slit-
collimated X-ray generator (0.4-mm focal size and 3.5-
mmAl filtration), a linear-array typed CMOS imaging sensor 
of a 48 x 48 m2 pixel size and a 128 (in the scan direction) 
x 3072 (in the vertical direction) pixel format, a series of 
microstep motors (3.125 m/pulse for linear motion and 
0.0032o/pulse for rotational motion), and the designed 
motion control and pixel readout sequences. Here the CMOS 
imaging sensor operates in a time-delayed integration (TDI) 
mode, as typically required for high scan speed, and in a 2x2 
binning mode to improve the signal-to-noise ratio (SNR); 
thus, the effective pixel size is 96 x 96 m2. The geometrical 

 

 
Fig. 4 Schematic structure of the prototyped DTP system. 

 
distances among the X-ray generator, the rotation center, the 
chosen POI, and the imaging sensor are described as in Fig. 
4. The vertical and horizontal magnification factors were 
about 1.31 and 5.62, respectively. 
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3. Experiments 
Fig. 5 shows three test phantoms of a parabolic trajectory 

designed for the acquisition of DPT images with:  (a) a 
single ball ( 4 mm) layer for checking the geometrical 
distortion, (b) a single pin ( 1 mm) layer for checking the 
magnification uniformity, and (c) multi-pin layers (i.e., 13 
layers) for quantitative analysis of the image layer formation 
and its thickness. After designing the corresponding 
sequences of the motor control and the pixel readout for each 
test phantom, we acquired their DPT images by using the 
prototyped DPT system at a tube voltage of 68 kVp, a tube 
current of 8 mA, and a scan time of 13.2 sec, as shown in 
Fig. 6. Note that in the image acquisition with the multi-pin 
layer phantom the middle layer (i.e., the 7th layer) was 
designed to be focused. 

   
        (a)               (b)                (c) 
 
Fig. 5 Three test phantoms designed for the acquisition of DPT 
images with: (a) a single ball ( 4 mm) layer, (b) a single pin ( 1 
mm) layer, and (c) multi-pin layers. 

 
 
Fig. 6 Experimental setup for the acquisition of DPT images of the 
test phantoms.

4. Preliminary Test Results 
Fig. 7 shows the DPT images acquired with the three test 

phantoms. As shown in Fig. 7 (a), the balls placed on the 
POI trajectory were well focused, as we expected, indicating 
the motion control and the pixel readout sequences were 
precisely designed. However, the shapes of the balls became 
slightly distorted as being placed outside from the middle 
point of the POI trajectory. This may be explained by the 
parallax effect that occurs as the incidence angle of the X-ray 
beam into an object is oblique. Fig. 8 shows the trajectories 
of the sliding rotation center and the POI, and the 
corresponding X-ray beam tracings calculated by using Eq. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 7 DPT images acquired with the three test phantoms at a tube 
voltage of 68 kVp, a tube current of 8 mA, and a scan time of 13.2 
sec. 

 
(2) for the test phantom of a single ball layer. As shown in 
Fig. 8, the X-ray beam tracings near the middle point are
almost perpendicular to the POI trajectory, otherwise oblique. 
Thus, the shape distortion due to the parallax effect will be 
effectively removed, provided that the motion control 
sequence is designed to make the POI to be exposed 
perpendicularly to the X-ray beam.

 

Fig. 8 Trajectories of the sliding rotation center and the POI, and 
the corresponding X-ray beam tracings for the test phantom of a 
single ball layer. 

 
Fig. 9 shows the measurement of magnification 

uniformity over the POI in the scan direction, by comparing 
the pin distances measured from the original phantom data 
designed and the acquired DPT image. As shown in Fig. 9, 
there was no noticeable discrepancy in the pin distances 
measured, except for the pin distance a in the middle point; 
less than 5% for the pin distance a. In fact, since the starting  
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Fig. 9 Magnification uniformity over the POI in the scan direction, 
by measuring the pin distances from the original phantom data 
designed and the acquired DPT image.

point on the POI trajectory in the image acquisition, as 
indicated in Fig. 3, gradually moves forward to the middle 
point, the magnification uniformity may become degraded 
due to the accumulating rounding-off error in the calculation 
of the motor control sequence. Note that a ghost image 
appeared due to the overlapping of the blurred image of the 
pins on the other side, lowering the image contrast. 

In Fig. 7 (c), since the middle layer (i.e., the 7th layer) 
with a rectangular marker was designed to be focused in the 
calculation of the pixel readout sequence, this layer was well 
imaged with no blurring, as we expected; outer pin layers 
from the POI trajectory became more blurred. More 
quantitative analysis for the image layer formation and its 
thickness measurement is ongoing. Note also that a ghost 
image appeared due to the overlapping of the blurred image 
of the pins on the other side. More detailed description 
related to the image quality evaluation will be given in a 
separate paper. 

 
III. Conclusion 

As a continuation of our digital X-ray imaging sensor 
R&D, we have developed a prototyped digital panoramic 

tomography (DPT) system which can focus any shaped POI 
within an object. By using the imaging system incorporated 
with the adequate motion control and pixel readout 
sequences we designed, we, for the first time, succeeded in 
obtaining promising DPT images with several test phantoms. 
The designed layer to be focused was well imaged with no 
blurring and the other layers were blurred out. We also found 
that the shape distortion due to the parallax effect could be 
effectively removed, provided that the motion control 
sequence is designed to make the POI to be exposed 
perpendicularly to the X-ray beam. There was no noticeable 
discrepancy in the dimension between the original phantom 
data and the acquired DPT image, indicating excellent 
magnification uniformity over the POI in the scan direction. 
According to our preliminary test results, we expect the 
imaging system developed in this study to be useful for our 
future imaging applications such as nondestructive testings 
and dental panoramic radiography.  
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We have studied the radiation response of a prototype SiC radiation detector by using a 6H-SiC wafer. Metal 
contacts on the surface of the SiC samples were fabricated by using a thermal evaporator in a vacuum condition. 
Among the SiC samples, several samples were heated by a Rapid Temperature Annealing(RTA) device for 10 
minutes at 300 . The metal contacts on the annealed and non-annealed samples were scanned by using 
AFM(Atomic Force Microscope) before and after an annealing process. The current-voltage characteristics of the 
SiC detectors were measured by parameter analyzer and the radiation response was evaluated by 238Pu with 5.5 
MeV -ray at room temperature and a atmospheric pressure. After annealing process, the surface roughness and the 
current-voltage characteristics decreased. The Schottky barrier heights of non-annealed and annealed SiC samples 
were determined as 0.638 eV and 0.688 eV, respectively. Also radiation response spectra of the annealed and non-
annealed detectors were similar. 
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I. Introduction   

Silicon carbide(SiC) has excellent properties as a 
semiconductor material, such as a wide bandgap, a high 
breakdown electric field, a high saturation velocity of 
electrons, a chemical inertness and a high heat conductivity. 
These are understood as originating from the strong bonds 
between silicon(Si) and carbon(C) in the SiC crystal.[1-2] 
Novel materials are continually researched in electronics, 
particularly in such applications area where the silicon 
properties have never been satisfactory.[3] On this score, a 
SiC semiconductor is an emerging material which is 
undergoing a rapid development for high-temperature 
applications in a high-level radiation field. Especially, the 
high temperature capability of SiC resulting from its large 
bandgap and high physical and chemical stability have 
generated significant interest in developing this material for 
various applications.[4] In this study, we measured the 
current-voltage characteristics and the radiation response of 
an Au/Ni/6H-SiC detector prior to and after an annealing 
process in an air condition. 

 
II. Experimental Procedure  
1. Fabrication Process 

We used a 6H-SiC wafer of 2 inch in diameter supplied 
by the Dow Corning Company. The specifications of the 
6H-SiC wafer are a 0.668×106 ohm-cm resistivity, a 387 

m thickness, and a (0001)-oriented type. We prepared 
10×10 mm2 samples by using a semiconductor diamond 
saw with UV tape. We also drew a line at a 100 m depth 
using a diamond saw to discriminate between the Si-face 
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and the C-face because a 6H-SiC single crystal wafer is 
transparent. Accordingly, the Si-face has two lines at 
intervals of 2.5 mm. 

In the normal process, surfaces of a SiC wafer are 
generally etched by H2SO4 and H2O2 solutions and rinsed 
with de-ionized (DI) water; the removal of an oxidation 
layer by a HCl solution is also performed. In this study, 
only acetone was used during the etching process and the 
samples were rinsed with DI water because of their 
excellent chemical properties. This could shorten the work 
time of the etching process. Metal contacts on the surfaces 
were processed by a thermal evaporation under a 1.2×10-5 
Torr vacuum condition, at 80 heating and a 180°/min 
rotation of the SiC sample holder. The final SiC samples 
had metal contacts of a Si-face / Ni (30 nm) / Au (300 nm) 
and a C-face / Ni (30 nm) / Au (300 nm). The diameter of 
the circular metal contact was 5 mm. 

After the metallization process, several samples were 
annealing by using a Rapid Temperature Annealing(RTA) 
system at 300  for 10 minutes in Air condition. The 
surface roughness of samples was scanned by using an 
AFM(Atomic Force Microscope) before and after an 
annealing process. 

To measure the current-voltage characteristics and 
radiation response, the annealed and non-annealed samples 
were fixed with a conducting epoxy onto a PCB layer and 
connected by a wire. The PCB layer was made of a FR4 
substrate with a 10 10 mm2 Au electrical contact pad.  

 
2. Measurement of the I-V Characteristics and 
Radiation Response 

The current-voltage characteristics of the prototype SiC 
radiation detectors were measured using Keithley 4200-
SCS with a self voltage source. A typical measurement was 
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made under a biased voltage in the range -100 to 100 V. 
The wire terminal was connected to the high voltage power 
supply and the PCB electrical contact pad was connected to 
the ground. The biased voltage was supplied at 0.2 V 
intervals at the wire terminal. 

The radiation response was evaluated by 238Pu 
radioactive isotope source with 5.5 MeV at room 
temperature and an atmospheric pressure. Pulse height 
spectra were obtained by preamplifier based on Cremat’s 
hybrid chip and its evaluation board, ORTEC’s shaping 
amplifier, and a multi-channel analyzer.  

 
III. Results and Discussion 
1. AFM 
 

 

 
Fig. 1 AFM measurement of the surface roughness of the metal 
contact before and after an annealing process at 300 (scan size 
1x1 m2) 
 

Fig. 1 shows the surface roughness of the metal contact 
measured by AFM before and after an annealing process at 
300 . The scan size of the images is 1x1 m2. After an 
annealing process, the maximum value of the roughness 
decreased to almost half value comparing with that of the 
non-annealed detector in non-bubble flat region. By using 
microscope, the surface was observed and it is showed in 
Fig. 2. A lot of bubbles with diameter around 10 to 30 m 
could be observed on the surface. These bubbles cause the 
surface morphology change and may be formed from the 
sintering of Ni/Au and degrade the properties of the metal-
semiconductor interface.[5] As a result, it can be 
understood that annealing process resulted in the increase 
of the surface resistance. 

 
Fig. 2 Microscope images of the metal contact before(left) and 
after(right) a 300  annealing process(magnification 50) 
 
2. Current-Voltage Characteristics 
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Fig. 3 The forward(top) and reverse(down) current-voltage 
characteristics of the annealed and non-annealed SiC detectors 

 
The forward and reverse current-voltage characteristic of 

a detector prior to and after an annealing process was 
measured in the range from -100 to 100 V and it is 
presented in Fig. 3. The measurement was performed at 
room temperature and at an atmospheric pressure. The 
measured I-V characteristics were interpreted that the 
detectors were the Schottky type at the metal-
semiconductor interface. After annealing at a temperature T 
= 300  in air, the reverse and forward currents decreased. 
It signified that Schottky barrier heights(SBHs) changed 
before and after the annealing process. 
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The current transport at metal-semiconductor contact is 
mainly due to majority carriers, in contrast to p-n junctions, 
where the minority carriers are responsible for it. For high-
mobility semiconductors the transport can be adequately 
described by the thermionic emission theory. [6] 

According to the thermionic emission theory, the flow is 
limited by the rate at which carriers try to cross the barrier; 
the Schottky barrier height was determined by using the 
forward current-voltage characteristics of the 
metal/semiconductor Schottky contacts. The total current 
density over potential barrier height is analyzed within the 
framework of the thermionic emission model originally 
described by Bethe [7]: 

 
J = JST [exp(qV/kT) – 1] 

 
JST  A*T2exp[-(q Bn/kT)] 
 

where JST is the saturation current density, V is the biased 
voltage, k is the Boltzman constant, q is the carrier charge, 

Bn is the barrier height, T is temperature and A* is the 
effective Richardson constant for thermionic emission, 
neglecting the effects of optical phonon scattering and 
quantum mechanical reflection. By using the Richardson 
constant A* = 194 A/cm2K2 [9], the SBHs of non-annealed 
and annealed SiC samples were determined as 0.638 eV 
and 0.688 eV, respectively. Observed phenomena are 
determined by the defects in the interface between the 
metal and semiconductor, which are generated near the 
semiconductors’ surface when the metal contact is 
deposited on this surface. [3]  
 
3. Radiation Response 
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Fig. 4. Radiation response spectra before and after a 300  
annealing with a biased voltage of 50 V 
 

Fig. 4 shows the radiation response spectra of the non-
annealed and annealed detectors. The radiation response 
spectra were evaluated by 238Pu radioactive isotope source 
with 5.5 MeV, 6  shaping time, gain 60, and 600 sec 
collection times in an air condition and at room temperature. 
The radiation response spectra of the annealed and the non-
annealed detector were almost similar except below energy 
region. 

 
IV. Conclusions 

6H-SiC semiconductor radiation detectors were 
fabricated with Ni/Au metal contacts and measured their 
current-voltage characteristic and radiation response before 
and after annealing process. After annealing process, the 
surface roughness decreased to almost half value 
comparing with that of the non-annealed detector and 
Schottky barrier heights were slightly increased. Radiation 
responses showed almost similar to the main energy peak 
before and after annealing process except for low energy 
region, which related electrical noise. This result meant that 
fabricated detector kept a good performance as a radiation 
detector after annealing process irrespective of the change 
of surface roughness and Schottky barrier heights. As a 
result, radiation detectors based on SiC semiconductor are 
available in high temperature environment. 
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The target nuclide to be measured by using a neutron coincidence counter is Cm-244 for the PWR spent fuel 
since the dominant neutron-emitting source is Cm-244 for the spent fuel. Spent fuel standards (SFS) are usually 
used to calibrate the neutron coincidence counter for nuclear material measurements of spent fuel. To make the best 
selection and minimize the measurement uncertainty of neutron coincidence counter for the SFS, expected 
measurement errors for several kinds of burnups were obtained by using the ORIGEN-S code and the expected 
singles and doubles count rates were also acquired by using MCNPX code. The expected doubles count errors for 1 
pellet of spent fuel are less than 4% for a burnup from 27 to 40 GWD/MtU. Considering everything, a higher burnup 
of the spent fuel seems to be better to obtain more accurate data from a nuclear material measurement by using a 
neutron coincidence counter than that of a lower burnup. 
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I. Introduction  

Advanced spent fuel conditioning process (ACP) has 
been developed by Korea Atomic Energy Research Institute 
(KAERI) since 1997. This process is an electrolytic 
reduction process with which the volume, heat and 
radiotoxicity of the spent PWR fuel can be reduced 
significantly [1]. The construction of a hot cell for a lab-
scale active demonstration of the ACP was completed in 
2005 and all the equipments for the process and safeguards 
were installed in the hot cell. For the purpose of a nuclear 
material accounting and control (MA&C) for the ACP 
facility (ACPF), a neutron coincidence counter has been 
developed by KAERI in cooperation with LANL [2]. This 
paper describes the development of the ASNC, a 
preliminary calibration for the measurement of a dominant 
neutron source emitting spontaneous fission neutron and 
for a nuclear material accounting for the ACP nuclear 
materials, and an analysis of a nuclear material 
measurement uncertainty of the ASNC for the PWR spent 
fuel by using the ORIGEN-S code.  

 
II. ACP Nuclear Materials and Neutron 
Measurements 

There are various process materials in the ACP nuclear 
materials such as the rod-cuts of pressurized water reactor 
(PWR) spent fuel, U3O8 powder, uranium metal, salt waste, 
and hulls. In general, detection of neutrons and gamma-rays 
renders the quantification of special nuclear materials 
(SNM) like Pu or U-235 contained in the process materials. 
For the case of the ACP nuclear materials, the information 
about the gamma-rays of SNM can be distorted by the 
attenuation of the gamma-rays for a bulky sample as well 
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as by the interference of the gamma-rays emitted from the 
fission products. On the other hand, a neutron detection 
method can be used for a bulky sample because of its 
almost negligible attenuation and it has no interference with 
the fission products’ gamma-rays.  

For the spent fuel, the neutrons are emitted by the 
spontaneous fission of the even-mass-number actinide 
nuclides and the most dominant neutron source is Cm-244 
(usually more than 90% of the neutron population in the 
spent fuel). Because neutrons come from the induced 
fission of fissile nuclide such as U-235 or Pu-239 as well as 
from the ( , n) reaction of the -emitting actinides with 
light nulides, a special technique composed of a neutron 
coincidence counter and a shift register is required to 
identify the spontaneous fission neutrons among all 
neutrons [3]. The neutrons emitted from a spent fuel are 
counted by using a neutron coincidence counter and the 
amount of Cm-244 in the spent fuel is measured. Usually, 
the ratios of Pu/Cm, U-235/Cm and U/Cm called the Cm 
ratios are obtained through a chemical analysis or ORIGEN 
code simulation and the mass of SNM can be accounted for 
with these Cm ratios and the results of the neutron 
measurements [4].  

The ACP nuclear materials can be categorized into three 
groups according to their degree of increase of unwanted 
neutrons by the induced fission and ( , n) neutrons: (1) 
spent fuel rod cuts, U3O8 powder and hulls, (2) uranium 
metal powder and ingot, and (3) salt waste [2]. 

 
III. ACP Safeguards Neutron Counter 

KAERI has completed the development of the ACP 
safeguards neutron counter (ASNC) for the non-destructive 
assay of the ACP nuclear materials. This neutron counter is 
a kind of neutron coincidence counter. The main parameters 
such as the neutron detection efficiency, die-away time and 
flat (or uniform) spatial efficiency in the sample holder 
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were calculated and optimized through MCNPX code 
simulations [2]. The main components of the ASNC are 24 
He-3 gas detectors and amplifiers, a junction box which 
includes electronic parts, a neutron moderator of high-
density polyethylene, a gamma-ray shield of lead blocks of 
a 6 cm thickness, neutron reflectors, and cadmium liners. 
Fig. 1 shows the MCNPX geometry of the ASNC.  

 
Fig. 1 MCNPX geometry of the ASNC 

 
The main parameters of the ASNC were measured with 

two Cf-252 neutron sources. One is a weak source (~104 
nps) and the other is a strong source (~106 nps). The strong 
source was cross-checked by the safeguards group of 
LANL. The neutron detection efficiency is 20.5% at 1650 
V and the efficiency profile in the cavity of the ASNC is 
flat enough to  obtain the coincidence counts in a short 
time and to reduce its spatial measurement deviation ( : 
±1.32% in the length of 33 cm). The ASNC has a special 
feature of a full remote maintenance capability in a high 
radiation environment. This was possible by adopting 
LEMO connectors and a horizontally-laid geometry. The 
broken parts can be replaced with new ones by using the 
remote manipulators in the hot cell. Fig. 2 and 3 show the 
ASNC installed in the ACPF hot cell and its junction box 
and LEMO connectors.  

 
IV. Preliminary Calibration of the ASNC  

Three kinds of neutron counts are acquired from the 
neutron measurement of a nuclear material by using a 
neutron counter, shift register, and data acquisition program, 
called the International Neutron Coincidence Counting 
(INCC) program: singles (the number of single neutron 
events), doubles (the number of neutron pairs), and triples 
(the number of neutrons three at a time) rates [3]. For the 
case of a neutron coincidence counter, the singles and 
doubles rates are utilized for the measurement of nuclear 
materials since the measurement uncertainty of the triples 
rate is large and a large counting time is required.  

 
Fig. 2 ASNC installed in the ACPF hot cell 

 

Fig. 3 Junction box and LEMO connectors of the ASNC 

 
The relationship between the doubles rate and the 

amount of Cm-244 is obtained through the measurement of 
nuclear materials and a calibration curve is generated. A 
preliminary calibration coefficient for a non-multiplying 
sample for the ASNC was obtained by using the point 
model equation relationship between Cm-244 and Cf-252 
[5]. A Cf-252 neutron source can be regarded as a point 
neutron source because its size is very small and there is 
almost no neutron multiplication in it. The singles, doubles, 
and triples rate from spontaneous fission can be obtained 
by using the point model equations [3]. The relationship 
between the doubles rates of Cm-244 and Cf-252 is 
described by the following equation: 
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where D is the doubles rate, m is the mass, F is the 

spontaneous fission rate,  is the neutron detection 
efficiency, s2 is the second reduced moment of the 
spontaneous fission neutron distribution, and k is the 
calibration coefficient. Table 1 shows the values of the 
parameters used for the calculation of the preliminary 
calibration coefficient of the ASNC. The neutron detection 
efficiency for the Cf-252 spontaneous fission neutrons was 
measured by using the ASNC and that for the Cm-244 was 
obtained through the MCNPX code simulation. The 
preliminary doubles calibration coefficient for the ASNC is 
2.78  105 [Doubles counts/s/g Cm-244]. Fig. 4 is the 
preliminary calibration curve of the ASNC for the Cm-244 
mass measurement [5].  

 
Table 1 Parameters for the calculation of the preliminary 
calibration coefficient of the ASNC 

 Cf-252 Cm-244 

F  6.23 1011 4.11 106 

  0.208 (Measured) 0.211 (MCNPX) 

s2  11.962 5.939 
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Fig. 4 Preliminary calibration curve of the ASNC for the Cm-244 
mass measurement 

 
V. Analysis of Nuclear Material Accounting 
Uncertainty of the ASNC for PWR Spent Fuel 

Before the hot operation of the ACPF, it is necessary to 
test the ASNC with Spent Fuel Standards (SFS) for an 
examination of the hot material measurement ability of the 
ASNC. This will include the Cm-244 measurement in a 
spent fuel and produce a preliminary calibration curve of 
the ASNC for the spent fuel. A gamma pileup can also be 
checked with the SFS. KAERI has a plan to introduce the 

SFS into the ACPF for the hot performance test of the 
ASNC. The current situation is that the G23 spent fuel 
assembly of Kori-1 PWR which is stored in the water pool 
of the post-irradiation examination facility (PIEF) of 
KAERI is available for the hot test of the ASNC. The 
analyses of the spent fuels source term and the uncertainty 
of the doubles rate expected in the measurement by the 
ASNC were conducted for various fuel burnups by using 
the ORIGEN-S code. This data will be used to determine 
which burnup is optimal for the calibration of the ASNC. 
Table 2 shows the results of the ORIGEN-S simulation and 
calculated values of the parameters for the PWR spent fuels 
with different burnups. For a higher burnup, more amount 
of Cm-244 is generated and thus the measurement 
uncertainty of the doubles rate of the ASNC is smaller than 
for a lower burnup. The uncertainty of doubles rate is 
defined as following equation: 

 
ttDD

5.0)(   (2) 
 

where D is the doubles rate and t is the counting time. 
 
 

26 28 30 32 34 36 38 40

10-5

10-4

10-3

10-2

M
as

s 
[g

]

Burnup [MWD/MTU]

 Cm-244
 Pu-238
 Am-241

 
Fig. 5 Variation of mass of Cm-244, Pu-238, and Am-241 with 
burnup for 1 metric ton of uranium 

 
An error caused by the assumption that all spontaneous 

fission neutrons are emitted from the Cm-244 nuclide is not 
significant because the degree of the contribution of the 
Cm-244’s spontaneous fission neutrons to all the 
spontaneous neutrons is more than 94 % for all the burnup 
cases. As mentioned in section II, ( , n) neutrons are 
considered as a kind of ‘noise’ for the technique of a 
neutron coincidence counting. The main ( , n) neutron 
emitting nuclides of spent fuels are Cm-244, Pu-238, and 
Am-241. Fig. 5 shows the variation of the mass of these 
nuclides with the burnup and we can see that the Cm-244 
increases more rapidly compared to the other nuclides. Cm-
244 nuclide is not only the most dominant spontaneous 
fission neutron source but also a strong ( , n) neutron 
emitter. The ratio of ( , n) to spontaneous fission neutron,  
is an important parameter used in the neutron coincidence 
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counting technique. Fig. 6 shows the variation of  value 
with the burnup.  decreases with increasing burnup 
because the increase of the Cm-244 amount has a greater 
influence on the increase of the spontaneous fission 
neutrons than on that of ( , n) neutrons. Taking everything 
into consideration, the PWR spent fuel of a higher burnup 
is better to obtain more accurate measurement data of a 
nuclear material of the ASNC than that of a lower burnup. 
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Fig. 6 Variation of  value with burnup 
 

VI. Conclusions 
The various parameters regarding a nuclear material 

accounting such as a measurement uncertainty of a doubles 
rate of the ASNC for the PWR spent fuel, the U-235 to Cm 
and Pu to Cm ratios, its total fissile content, and ( , n) to 
spontaneous fission neutron ratio were analyzed by using 
the ORIGEN-S code. Considering everything, a higher 

burnup of the PWR spent fuel seems to be better to obtain a 
more accurate data for the nuclear material measurement of 
the ASNC than that of lower burnup. The doubles count 
error of the ASNC with a 100 sec counting time for one 
pellet of PWR spent fuel is 1.5% for a 40 GWd/MtU 
burnup. The results of the ORIGEN-S code simulation 
should be compared and confirmed with actual 
measurement data for PWR spent fuels. 
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Table 2 Various parameters regarding nuclear material measurement of PWR spent fuel as a function of their burnup (for 1 pellet of PWR 
spent fuel) 

Burnup 
(GWd/MtU) 

Expected 
Doubles 

Rate  
(counts/s) 

Uncertainty 
of D ( D) 

for 100 sec 
Counting 

Time 

Singles 
Rate 

(counts/s) 

Cm-244’s 
SF Neutron 
Contribut-

ion (%) 

Total 
Fissile 

Content 
(w/o) 

U-235 + Pu 
Content 
(w/o) 

U-235 
/Cm 
Ratio 

Pu/Cm 
Ratio 

Activity 
(Ci)  

27 7 0.26 64 94 0.61  0.77  44.3  1656.5  1.38 0.070 

30 13 0.36 115 96 0.63  0.83  23.6  976.7  1.56 0.049 

33 20 0.45 168 96 0.64  0.86  15.8  697.9  1.68 0.040 

35 25 0.50 212 97 0.64  0.88  12.3  567.2  1.76 0.035 

38 36 0.60 308 97 0.65  0.91  8.3  406.4  1.9 0.028 

40 45 0.67 384 97 0.66  0.93  6.6  334.0  1.98 0.025 
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A feasibility study of a remote radiation monitoring system using an autonomous unmanned helicopter, mounted 
with a radiation detector and three CCD cameras, was carried out for surveying the dose-rate distribution of 
environmental radiation. This system can fly to destinations and return under automatic operation, measure radiation 
data during flight, and immediately transmit the data, including images, to a monitoring station on the ground. It is 
also possible to monitor the data on a map on a computer display in real time. Flight tests confirmed that the system 
can measure fluctuations of dose-rate distribution on the ground, and could be used for radiation monitoring in case 
of a nuclear emergency. 
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I. Introduction  
If a nuclear emergency were to occur at a nuclear 

installation and release a large amount of radioactive 
substances and/or radiation, radiation monitoring would be 
conducted from the sea and air as well as from the ground in 
the vicinity of the installation in order to estimate the dose-
rate distribution around the installation, and the influence of 
radiation on residents. To monitor radiation from the air, 
manned helicopters equipped with radiation detectors could 
be used. However, although a manned helicopter can 
monitor a large area in a short time, the Aviation Law in 
Japan prohibits flying at an altitude lower than 300 m. This 
makes it difficult for a manned helicopter to measure the 
radiation profile near the ground and to measure the 
radiation level in complicated terrain. In recent years, 
technologies for autonomous unmanned helicopters (AUHs) 
for industrial use have been developed and are now being 
used to monitor disasters such as volcanic eruptions. We 
have developed a remote radiation monitoring system and 
investigated the possibility of using AUHs for aerial 
radiation monitoring during a nuclear emergency. 

This paper reports the results of a feasibility experiment 
using an AUH equipped a radiation detector 

 
II. Remote Radiation Monitoring System Using an 
Unmanned Helicopter 

We have developed a radiation measurement system 
equipped with a large radiation detector to be mounted on an 
AUH, which can measure small fluctuations of the radiation. 
To obtain data on radiation on the ground in real time, we 

Corresponding Author, Tel No: +81-770-39-103, E-Mail: 
okuyama.shinnichi@jaea.go.jp 

used a radiation distribution mapping system to display the 
measured data, and this system transmits the radiation data 
to a ground station every second. 

The major specifications and the concept chart of the 
radiation measurement system are shown in Table 1, and 
Fig. 1, respectively. 

 
Table 1 The radiation detector mounted on the AUH 

Detector Plastic scintillator 
(Size: 270W  300D  20T (mm

Dynamic range of dose rate BG – 0.02 mSv/h 
Energy range  > 60 keV 
Data sampling Every second 
Weight 8.5 kg (including the cubicle)
 

 
Fig. 1 Remote Radiation Monitoring System 
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As the AUH, we used an industrial unmanned helicopter 
for crop spraying equipped with an autonomous function. In 
Japan where land is scarce and private houses are located 
close to farmland, unmanned helicopters are more useful 
than airplanes for crop spraying. About 2,000 helicopters are 
now in use and a maintenance system has been established. 
The main specifications of the AUH (RMAX, Yamaha Co., 
Ltd.) are shown in Table 2. 
 

Table 2 The AUH system used in the experiment 
Total length 3.63 m (including the rotor) 
Weight 94 kg (main body = 58 kg) 
Payload 10 kg (actually loadable weight) 
Maximum flying rang 2 km (150 m in case of visual) 
Flight duration 60 min. 

(90 min. with backup fuel tank) 
Equipment 3 CCD cameras, GPS system 

 
III. Experiment 

To perform functional tests, potassium fertilizer for 
gardening use was placed on the ground and measurements 
were conducted by flying the unmanned helicopter in the air 
to investigate the response characteristics of the radiation 
measurement system. In addition, a flight test was conducted 
at an altitude of 30 m near the coast to measure the changes 
in background radiation. 
 
1. Response to the Natural Radiation Source Put on the 
Ground 

For the experiment, potassium fertilizer for gardening was 
used as a background radiation source, and the fluctuation of 
radiation was measured by flying the AUH over it (Fig. 2). 
Gamma rays emitted from K-40 were measured while flying 
the AUH at a constant altitude of about 3 m over the 
fertilizer (1.4 m X 1.4 m) on the ground and at a constant 
speed along a pre-programmed comb-shaped path in an 
autonomous program mode in order to investigate the 
response characteristics of the measurement system. The 
location of the fertilizer was correctly indicated on the 
monitor at the ground station (Fig. 3). 

 

2. Measurement of Radiation Fluctuation above the 
Coast 

The radiation fluctuation was measured while flying 
above the land and sea along the coast (Figs. 4 and 5). As 
shown in Fig. 4, the monitor at the ground station showed 
that the counting rate over the sea was lower than that over 
the ground, and thus the level of background radiation at sea 
is less than that on the ground. The counting rates above the 
land depended largely on the altitude at which the AUH was 
flown, while there was no significant variation in the 
counting rate at sea. The measured result of this experiment 
also shows the variation of the back ground radiation level 
over the land. 
 

 
Fig. 3 A computer display showing the radiation level when flying 
over the fertilizers bags. A dotted line square means a rough 
position in which the fertilizer bags were put. The high dose-rate 
area seems to extend more than the region where the fertilizer bags 
were put, because the AUH flew at the speed of 2 m/s. 
 

 
Fig. 4 Measurement result of natural radiation along the coast. The 
color marker shows the radiation level at each measuring point. 
 
IV. Discussion 

We have investigated the feasibility of a remote radiation 
monitoring system using an autonomous unmanned 
helicopter mounted with a radiation detector for surveying 
the dose-rate distribution of environmental radiation. 
Experiments showed that the system can quickly and 

Land 

Sea 

Fig. 2 The AUH flying above the fertilizer bags. 

Radiation detector box 

Fertilizer bags 
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Fig. 5 The fluctuation of counting rate along the coast and the 
flying altitude of the AUH. 
 
accurately measure the variation of the radiation level. In 
addition, we demonstrated that the ground station could 
generate real-time mapping of the radiation profile. Aerial 
radiation monitoring in a nuclear emergency using the AUH 
offers the following advantages: 

 
- Measurement near the ground without being restricted by 

the Aviation Law 
- Repeated measurements during a short time 
- Radiation monitoring in complicated terrain because the 

flight route can be programmed in advance 
- Radiation monitoring without risk of exposure by 

installing the ground station at a location with a lower 
dose-rate 

- Stable operation, since the main body of the helicopter is 

identical to that of industrial helicopters and a 
maintenance system has been established 

 
However, there are some problems to overcome before 

this system can be used for nuclear disaster prevention. 
First, unmanned helicopters are not restricted by the 

Aviation Law, so controls are voluntarily imposed by 
manufacturers. It is necessary to clarify such restrictions on 
operation in case of a nuclear emergency, and to establish the 
system of operation in such an emergency. 

Secondly, the experiment area was small, and so data 
transmission to an unmanned helicopter in a large area with 
complex structures such as nuclear power plants needs to be 
confirmed. Tests on the reliability of data transmission to the 
helicopter must be conducted, as the relay antenna is 
installed in such areas. It is also important to prevent radio 
interference, and to reduce the weight of the helicopter in 
case it were to crash into a building or equipment on the 
ground. 
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Two alpha detectors based on scintillator coated PIN PD were manufactured and investigated for 3.5 MeV alpha 
particles. ZnO(Ga) and CsI(Tl) scintillators were coated on the large area of 1 cm x 1 cm PIN type photodiode, 
respectively. After connecting them with a charge sensitive preamplifier, system noise, signal output, and signal 
speed were measured and analyzed. Although the system noise after scintillator coating was increased, especially 
large in ZnO(Ga) coating, alpha detection was possible for both detectors. The output signal was relatively large in 
the CsI(Tl) coated detector  compared with the ZnO(Ga) coated detector. In detection time test, the ZnO(Ga) coated 
detector showed the performance of about 3 times faster than the CsI(Tl) coated detector. 

 
KEYWORDS: alpha detector, PIN type photodiode, CsI(Tl) scintillator, ZnO(Ga) scintillator 
 
 

I. Introduction  
Alpha detector is used in the associated particle sealed 

tube neutron generator for the Nuclear Materials 
Identification System (NMIS).1), 2) It is located in the 
neutron generator as a position sensitive detector with the 
property of fast response.3)  Since the requirement of the 
detector is fast responsivity of several nanoseconds to the 
alpha particle generated in the neutron tube, gallium-doped 
zinc oxide, ZnO(Ga), of fast luminescence property has 
been considered as a coating material on a photosensor.4), 5) 
Generally, the ZnO(Ga), which converts an incident 
radiation to a light, was coated on a silicon detector or a 
Photomultiplier (PMT) in the alpha detector. In the research 
using the PMT, they used another metal film of Ni to detect 
only 5.5 MeV alpha particles from Americium-241 
preventing other disturbances in the generator.  

In our research, directly coated of ZnO(Ga) on PIN type 
photodiode (hereinafter “PIN PD”) was investigated for 3.5 
MeV alpha particles generated from accelerator, which is 
the same energy of the alpha particles in D-T reaction. 
Through the design of PIN PD by semiconductor 
simulation code and the design of scintillator by Monte 
Carlo simulation code, the alpha detector was fabricated 
including electronics. Thallium-doped cesium iodine 
(CsI:Tl) coated PIN PD was also manufactured and tested 
in order to compare each other as an alpha detector. 
Properties of the PIN PD and the scintillator coated PIN PD 
were investigated by measuring noise. System noise 
equivalent charge (NEQ) for the detectors was measured 
and analyzed in detail. In alpha detection at the accelerator, 
the output signal was analyzed for two detectors of 
scintillator coated PIN PDs.  

 
II. Materials and Methods  

Corresponding Author, Tel No: +82-62-230-6867, Fax No: +82-
62-230-7451, E-Mail: radkim@chosun.ac.kr

 1. Design and Fabrication of Alpha Detector 
The considered scintillators to be coupled with the PIN 

PD were ZnO(Ga) and CsI (Tl) scintillators. The ZnO(Ga) 
scintillator is general for alpha particle detection since its 
decay time is several nanoseconds and the CsI(Tl) 
scintillator has the property of relatively large light yield 
compared with other scintillators. Since the transport 
distance of alpha with 3.5 MeV in any material is 
considerably short, the scintillators should be fabricated 
directly on a photodiode as a film using coating machine. 
Before coating of the ZnO(Ga) and the CsI(Tl) on the PIN 
PD, respectively, Monte Carlo simulation was performed to 
decide the thicknesses of the scintillator films using 
MCNPX code.6) The estimated thicknesses of each 
scintillator were 8.6  and 21 , respectively to absorb 
fully the incident alpha energy of 3.5 MeV. In order to build 
up the ZnO(Ga) film on the PIN PD, the customized RF 
Magnetron Sputter System was used at the operating 
condition of 950°C temperature and increasing RF 
power/coating time of 80 W/2 hrs, 120 W/2 hrs, and 150 
W/5 hrs gradually. The customized Thermal Evaporator 
was used to make the CsI (Tl) film on the PIN PD, fixed at 
the coating temperature of 200°C and the operating 
pressure of 1E-5 Torr. The target photosensor to be 
fabricated was large area of 1 cm x 1 cm PIN type 
photodiode. Using a semiconductor simulation code of 
ATLAS and the fabrication process parameters of 
Electronics and Telecommunications Research Institute 
(ETRI), the PIN PD was modeled.7) N-type silicon of (100) 
orientation substrate with 5 k cm resistivity and total 
thickness of 380  was used in that ETRI process which 
provided around 0.1  depth of P+ layer. Each PIN PD 
was surrounded by a P+ guard ring of 4  width. Fig. 1 
shows two alpha detectors of the ZnO(Ga) and the CsI(Tl) 
coated large area PIN PDs. Each detector was mounted on 
ceramic substrates and two wires were connected as one for 
ground and the other for signal. 

417

Journal of NUCLEAR SCIENCE and TECHNOLOGY, Supplement 5, p. 417–420 (June 2008)



 

Fig. 1  Two ZnO(Ga) coated PDs (left) and two CsI(Tl) coated 
PDs (right).  
 
2. Test Set-Up 

For the PIN PDs, before and after scintillator coating on, 
the dark current to reverse bias and the terminal 
capacitance were measured by using a semiconductor 
parameter analyzer of HP-4145A since the PD is highly 
sensitive to the environment conditions such as temperature 
and impurities. A low noise charge sensitive preamplifier 
(CSA) of A 250F was selected to connect with each alpha 
detector. The noise equivalent charge (NEQ) was measured 
for three detectors of the PIN PD only, the ZnO(Ga) coated 
PIN PD, and the CsI(Tl) coated PIN PD as a function of 
Full Width Half Maximum (FWHM) by using a Multi 
Channel Analyzer (MCA) for input test pulses varying 
reverse biases. To measure the system noise at the output of 
the detectors, the sepectroscopies were performed for the 
known input charge of a High Voltage (H.V.) and a Low 
Voltage (L.V.) using the MCA. The pulses generated from 
the known voltages were entered into the input of the 
detectors through the calibration capacitor with 1 pF. The 
output part of the detector was connected to a shaping 
amplifier of 1 microsecond. Through the measured 
spectrum, the FWHM that is the statistical noise of the 
detector can be acquired. The measurement setup is shown 
in Fig. 2. 

 
Fig. 2  NEQ measurement setup for alpha detectors using 
spectroscopy method.  

 
The equations (1) and (2) give detail method to convert 

average voltage per a channel into the NEQ using a MCA 
and a test circuit including a feedback capacitor, Cf.  
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Especially, Eq. (2) represents noise charge QN through the 
NEQ. The variation of the NEQ was measured as a function 
of reverse bias (V) for the detectors 

We used a customized eletrooptical measurement system, 
located in the laboratory of Korea Advanced Institute of 
Science and Technology (KAIST), to measure the spectral 
response of the PDs. It consisted of a tungsten halogen 
lamp, a monochromator, and a set of optical powermeter 
and calibrated photodiode. Through a picoammeter and an 
automatic control system, the photocurrent generated in the 
PDs was measured. After each component was all 
integrated, the test of alpha detection was performed using 
He2+ Ion Accelerator (3.5 MeV, 0.15~0.5 nA) located in 
Korea Institute of Geoscience and Mineral Resources 
(KIGAM). Using a YOKOGAWA oscilloscope (DL9140), 
the variations of output voltage and pulse width from both 
scintillation detectors were measured for the current of 0.15 
~ 0.5 nA and the reverse bias of 0 ~ 6 V, respectively. 

 
III. Results and Analyses  
1. Property of PIN Type Photodiode 

For the large area of 1 cm x 1 cm PIN PD, the dark 
current to reverse bias, terminal capacitance, and quantum 
efficiency were measured. The range of the dark currents 
was from ~ pico-ampere to ~ nano-ampere for near zero 
bias and 6 volt, respectively. The detailed values were 
plotted in Fig. 5 comparing with the scintillator coated PD. 
The range of the terminal capacitances for the PD was 94 ~ 
264 pF at the reverse bias of near zero bias and 6 volts, 
respectively, as shown in Fig. 3.  
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Fig. 3  Measured terminal capacitances for various reverse biases 
of the manufactured PIN PD.  

 
The quantum efficiencies were compared between the 

simulated and the measured, and plotted in Fig. 4. In Fig. 5, 
while the simulated data followed general case of 
photodiode, the spectral response of the PD was the highest 
in the wavelength of 650 nm in the measured data. The 
spectral response of our concerned was 0.15 and 0.5 for the 
wavelengths of 380 and 565 nm emitted from the ZnO(Ga) 
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and the CsI(Tl). The reason the measured data are deviated 
from the simulated data may be explained by undulating 
light source, especially at low output power. 
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Fig. 4 Comparison of the simulated and the measured spectral 
responses for various wavelengths of the manufactured PIN PD.  

 
2. Property of Scintillator Coated Photodiode 

After coating each scintillator on each PIN PD, dark 
current to reverse bias was measured before and after 
scintillator coating. Fig. 5 and 6 show the dark current 
variations for the ZnO(Ga) and the CsI(Tl), respectively. 
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Fig. 5 Comparison of dark current variations before and after 
ZnO(Ga) coating on PIN PD.  
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Fig. 6 Comparison of dark current variations before and after 
CsI(Tl) coating on PIN PD. 

In both figures, there was abrupt dark current increase 
around 3 volts reverse bias after scintillators coating. It may 
be due to the reason that scintillator materials may act as 
inclusion of impurities on the surface of the photodiode and 
it reacts to a certain reverse bias. There was severe dark 
current increase, especially at the ZnO(Ga), and almost 100% 
and 47% increase at the reverse bias of 3.5 volts after the 
ZnO(Ga) and the CsI(Tl) coatings, respectively as shown in 
Fig. 7. It is believed that the coating temperature and the 
impurities of each scintillator mainly damage the 
photodiode. 
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Fig. 7 Dark current increase ratio of before to after coating. 

 
3. Noise Property of Alpha Detector 

Using three detectors of bare photodiode without any 
scintillator, the ZnO(Ga) coated photodiode, and the CsI(Tl) 
coated photodiode, system noise of the NEQ was measured 
and displayed in Fig. 8. Generally, with increasingly 
reverse bias, its capacitance decreases and the dark current 
increases in a silicon photodiode. The system NEQ, 
however, in a semiconductor radiation detector with a CSA 
decreases by increasing reverse bias according to the 
decrease of the detector capacitance. This trend is appeared 
at the bare photodiode in Fig. 8. However, the NEQ of the 
CsI(Tl) coated detector showed slightly increase and there 
was no any variation of the NEQ for the ZnO(Ga) coated 
detector although the reverse bias increases. It may be due 
to the fact that the increment rates of the dark current after 
scintillator coating is relatively large as shown in Fig. 7 and 
it dominates the system NEQ.  

 
4. Alpha Detection 

By increasing the accelerator current from 0.15 nA to 
0.50, the output voltage (V) of the scintillator coated 
detector was measured as an alpha responsivity and the 
results were displayed in Fig. 9. While the early saturation 
of the voltage was occurred in the CsI(Tl) coated detector, 
the output voltage increased by the increase of the current. 
However, although the output voltage of the CsI(Tl) coated 
detector is large about 5% comparing with the ZnO(Ga) 
coated detector, this result didn’t follow expected trend that 
the light efficiency of the CsI(Tl) is larger about 15 % over 
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the ZnO(Ga) per absorbed energy and 5 times over the 
ZnO(Ga) in the spectral response as shown in Fig. 4. It is 
possible to deduce two main reasons. Since the CsI(Tl) 
transparency was relatively bad compared with the ZnO(Ga) 
at a macrography, the detectible photons from the CsI(Tl) 
could be smaller than the ZnO(Ga). The other reason can be 
caused by the CsI(Tl) coverage of ~ mg/cm2. While the 
ZnO(Ga) was coated by the RF sputter, the CsI(Tl) was 
coated by the thermal evaporator. In general, it has been 
known that the CsI(Tl) coverage in film type is highly 
dependent on the evaporation condition and the light yield 
per absorbed energy in the CsI(Tl) could be smaller in the 
unknown CsI(Tl) coverage. Unfortunately, the CsI(Tl) 
coverage was not measured and only the thickness of the 
CsI(Tl) was our concern in this study. 
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Fig. 8  Measured NEQs for two detectors and bare PIN PD.  
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Fig. 9 Measured output signal in oscilloscope as a function of 
accelerator current. 

 

Another try was to measure the response time of each 
detector. However, since the used oscilloscope didn’t 
follow high speed of flash light emitted from scintillator, 
we failed measurement of its response time.  

 
IV. Conclusions 

In this study, the manufactured two alpha detectors 
based on scintillator coated PIN PD were investigated for 
3.5 MeV alpha particle. The bare PIN PD without any 
scintillator coating showed good quality of optical and 
electrical properties. However, after coating the scintillators, 
the electrical property such as the dark current of the PIN 
PDs was changed and severe, especially at ZnO(Ga) coated 
PD. 

Although the scintillator coated PIN PD showed increase 
of the system noise (NEQ), alpha detection was possible 
and the CsI(Tl) coated detector was superior to the ZnO(Ga) 
coated detector from the viewpoint of output signal. Both 
detectors showed good linearity property to alpha response 
up to 0.3 nA in an Ion Accelerator. Since the alpha detector 
in a neutron generator must satisfy event rates of up to 1 
MHz [5], response time of the detectors will be measured 
in the next experiment even though the alpha response 
meets its performance. 
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Compound semiconductors of high Z value material have been studied intensively for X-ray and -ray 
spectroscopy at room temperature. CdZnTe has wide band gap energy as 1.6 eV and can provide high quantum 
efficiency with reasonably good energy resolution at room temperature. This study is aimed at determining 
radionuclide analysis ability by measuring energy resolution of CZT detector which will be applied at nuclear 
material identification purpose. For experiment we used a CZT detector (5 x 5 x 5 mm3) which is manufactured by 
eV Products. We have performed our measurement at varied temperatures similar to the outdoor environment for the 
investigation about temperature dependence of energy resolution and peak centroid fluctuation of CZT detector by 
using gas cooling and Peltier cooling methods. In order to test radionuclide identification we used various 
radionuclide samples; plutonium, europium and other standard sources. Pulse height spectra were obtained by 
standard electronics which consists of a preamplifier, a shaping amplifier, and a multi-channel analyzer. 
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I. Introduction   
The cadmium zinc telluride (CdZnTe or CZT) is a 

semiconductor detector material which recently has 
received much attention because of good energy resolution, 
high effective atomic number for good -ray stopping 
efficiency and a wide energy bandgap(1.6 eV) for room-
temperature applications. These properties made it possible 
to be used as X-ray or -ray detector which have a wide 
range of device applications including nuclear spectroscopy 
and imaging for medical and security purposes. A 
drawback on the other hand is the limitation on the 
maximum size of the semiconductor crystal, resulting in a 
low absolute efficiency and consequently requiring quite 
long measurement time in many applications [1, 2]. 

The CZT detectors, especially, are used in the field of 
nuclear safeguards to analysis radionuclide. The accurate 
analysis of radionuclide’s spectra by using these detectors 
requires a correspondingly exact knowledge such as the 
response characteristic of CZT detector on various 
temperatures because gamma-ray spectrometers should 
have good stability versus temperature. This requirement is 
important if the spectral data are to be used for quantitative 
analysis, for example isotope identification [3, 4]. 

It is known that the CZT detector performance is greatly 
enhanced by lowering temperature of the CZT crystal. 
Previously, many researchers have studied the temperature 
dependency of the CZT detectors’ performance. The 
variation of FWHM and peak height as function of the 
temperature was studied. Thermoelectrically cooled CZT 
detector was also studied between the temperature ranges 
from 30 oC to -40 oC [5, 6, 7]. 

Corresponding Author, Tel No: +82-2-2220-2354, Fax No: +82-
2-2296-2354, E-Mail : ykkim4@hanyang.ac.kr 

In our work, the temperature dependency of the CZT 
detector performance was studied. The gamma-ray energy 
spectra such as energy resolution and peak centroid 
fluctuation were measured especially at the temperatures of 
the detector lower than room temperature from 10 to below 
zero degree. Therefore our study could evaluate a capacity of 
CZT detector’s radionuclide analysis ability at the outdoor 
environment temperatures.  

 
II. Method of the Study 

The focus of this study was to evaluate the radionuclide 
analysis ability of CZT detector at various temperatures. A 
series of measurements were made to investigate 
temperature dependence of CZT detector by using two 
cooling method; gas cooling and Peltier cooling method.  
 
1. Experimental Setup 
(1) Measurement system by using a gas cooler 

One of the detectors used for this experiment is a CZT 
detector probe module (model 297) which has a CZT 
crystal with size detector 5 x 5 x 5 mm3 (model ev-180-5-5-
5) manufactured by eV Products (USA). It contains an 
electronics module that houses a preamplifier, a unipolar 
shaping amplifier, and a bias supply optimized for use with 
CZT detector. We used an MCA (model 919E) made by 
ORTEC for this study. The experiments were carried out 
using standard radio-isotope (RI) sources 137Cs, 133Ba, 
109Cd, 57Co, 238Pu, and 152Eu. The sources were placed on 
the front of detector window inside the cooling box. The 
measurement system used at this study is shown in Fig. 1 
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The energy spectrum for each RI source was obtained at 
room temperature by measuring the gamma-rays for at least 
30 minutes, sufficiently long to observe the peaks. To study 
the temperature dependence of the detector, we also 
acquired gamma-ray spectra at various temperatures using 
the selected radionuclide sources. To change the 
temperature, we used a cooling box that could easily reach 
temperatures down to -40 . The cooling box housed the 
detector only, but RI sources and CZT probe electronic 
modules were placed outside the box to prevent the water 
vapor from condensing on them. The detector was cooled 
by supplying the dry ice gas into the cooling box and the 
temperature of detector system was measured with a 
thermocouple after stabilizing the temperature for half an 
hour. Energy spectra were taken at 25 , 0 , -10 , -20 , 
-40 , and then energy resolutions at each temperature 
were evaluated. 

 
Fig. 1 Spectrum measurement system using gas cooler 

 
(2) Measurement system by using a Peltier cooler 

Another CZT detector employed in our work was a 
spectrum grade crystal with the dimensions of 5 × 5 × 5 mm3. 
It was obtained from eV products. It was known that the Pt 
electrodes were deposited on both sides of the CZT detector. 
The signal electrode was connected to a metal plate with a 
conductive epoxy. The gamma rays from 241Am and 57Co 
were measured with this CZT detector. The signal from the 
 

detector was passed through the charge-sensitive 
preamplifier (eV products Model 550), and the amplifier 
(ORTEC Model 572). The shaping time of the amplifier was 
1 sec. High voltage was biased on the detector with a high 
voltage power supply (ORTEC Model 659). The high 
voltage on the detector was 200 V. Since the Peltier cooler 
can generate a noise in the detector signal, the detector was 
placed inside a metal shield box and the Peltier cooler was 
placed outside the box. The current on the Peltier cooler was 
increased to reduce the temperature of the CZT detector, and 
the temperature of the detector was measured with a 
thermocouple same to the gas cooling system. It was found 
that the thermocouple produced a noise in the detector signal. 
The thermocouple was also switched off during the 
measurement after stabilizing the cooled temperature. 

 
III. Result of Experiment 
1. Measurement at Room Temperature 

This experiment was performed at 25  and with 
various radio-isotope standard sources. We obtained a full 
width at half maximum (FWHM) and energy resolution for 
the detector condition at room temperature. And the 
electronic circuit noise was estimated by measuring the 
FWHM of the pulser peak. We obtained a result of pulser 
FWHM with 1.0 keV; therefore we could ignore the circuit 
noise in the analysis procedure because of the small value. 
The typical FWHM value achieved for this detector was 
11.3 keV at 137Cs 662 keV peak. A summary of the FWHM 
and energy resolution data for this detector using various 
standard sources at room temperature was given in Table 1.  
 

2. Measurement at Various Temperatures 
(1) Measurement using the gas cooling system  
Using the gas cooling box, we acquired energy spectra at 

each temperature condition. The results of measurements are 
shown in Fig. 2.  

We found that the peak centroid of energy spectrum 
fluctuated during the cooling cycle. This fluctuation can 
cause a risk of peak misidentification. We evaluated the 
fluctuation of peak positions at each temperature for 
various isotope sources and acquired gain stability data. To 
evaluate this peak fluctuation, we used the room 
temperature peak positions as criterion, and temperature 

Radionuclide Cs-137 Ba-133 Co-57 Cd-109 Eu-152 Pu-238 

Energy (keV) 32 662 31 276 383 122 136 23 88 122 245 344 
low energy 

X-ray 

FWHM (keV) 2.97 11.3 2.71 7.06 7.51 3.47 1.05 2.71 3.15 3.98 4.72 6.58 7.15 

Energy resolution 

(%) 
9.28 1.71 8.74 2.56 1.96 2.84 0.77 11.8 3.58 3.27 1.93 1.91 35.7 

Table 1 FWHM and energy resolution data at room temperature for small size CZT detector (5x5x5mm3) in the gas cooling system 
using various -ray sources  
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range was from 25  to -40 . The tendencies of the peak 
position shift obtained from 57Co RI sources are shown in 
Fig. 3. At the lower temperatures the peak position shifted 
to the lower channel than at the room temperature. Since 
these peak fluctuations depending on temperature have 
very small amount, there is no real risk of peak 
misidentification. And the peak energy resolution was also 
analyzed. We found that the energy resolution improved up 
to about 2% at the temperature range from 25  to -40  
while cooling the detector.  

These results show that the overall temperature effects, 
both in peak position and resolution, are not considerable 
from a practical point of view. 

 
(2) Measurement in the Peltier cooling system 

Using a Peltier cooling system, the energy spectra were 
measured at various temperatures from 32.6  to -9.6  
with 57Co sources. Fig. 4 shows the measured spectra at 
32.6  and -9.6  with 57Co. Two spectra were measured 
with same bias voltages of 200V and show almost the same 
shape. The peak position of the energy spectrum measured 
at the lower temperature was shifted slightly to the lower 
channel than that of the energy spectrum measured at the 
higher temperature. Fig. 5 shows the fluctuation of peak 
position for the CZT detector in the Peltier cooling system 
at 400V bias voltage and 0.5 s shaping time. The amount 
of peak fluctuation measured in the Peltier cooling system 
is larger than the gas cooling system’s one, but the results 
of two systems show same aspects of peak position shift to 
the lower channel according to the lower temperature.  

 
Fig. 3 Peak fluctuation data of 57Co with CZT detector using the 
gas cooling system. 

 

 
Fig. 4 57Co Gamma-ray energy spectra measured with the CZT 
detector at the 32.6  and -9.6  using the Peltier cooling system. 

 

Fig. 2 Energy spectra taken with the CZT detector for each temperature condition in the gas cooling system using various standard 
-ray sources. 
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And by the temperature change from 32.6  to -9.6 , 
the resolution was also improved about 3.54% at maximum 
in this system. Fig. 6 shows the variation of FWHM values 
with 57Co source for the CZT detector in the Peltier cooling 
system. It could be from a reduction of the leakage current 
at a lower temperature. 
 

 
Fig. 5 Peak fluctuation of 57Co with CZT detector in the Peltier 
cooling system. 

 

 
Fig. 6 Variation of FWHM values versus temperature for CZT 
detector in the Peltier cooling system. 

 
IV. Summary 

We have measured at various temperatures the energy 
resolution of a small size CZT detector (5 x 5 x 5 mm3) 
manufactured by eV Products. The gas cooler and Peltier 
cooler were employed to lower the detector or the CZT 
crystal temperature. When the gamma-ray energy spectrum 

was measured at the same bias voltage, the results show 
some fluctuation of the peak position. Since this fluctuation 
value is very small, the energy spectra at the lowered 
temperature were almost the same as the energy spectrum 
at the room temperature.  

A low crystal temperature could reduce the thermal 
noise of the detector. Also it could affect the charge carrier 
transport property inside the crystal. At the temperature 
changes from 32.6  to -9.6  using Peltier cooling 
system, the FWHM was improved about 4.1% at maximum. 

In the present work, the energy spectra at different 
temperatures were measured at the same bias voltage and it 
was shown that the energy spectrum was not change 
significantly due to the temperature change from room 
temperature to -40 . A CZT detector can be operated 
stably at the temperature range of the outdoor environment.  
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A Beam Loss Monitor (BLM) system has been designed for Shanghai Synchrotron Radiation Facility (SSRF). 
The BLM system is utilized to detect beam loss around the electron storage ring. It will be helpful to find out the 
position of vacuum leakage, regulate the machine operation parameters, and study the beam lifetime. This paper will 
discuss some considerations in the BLM system design, including the detector selection, the beam loss mechanism, 
the detector location along the ring, and the structure of BLM system. 
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I. Introduction  
Shanghai Synchrotron Radiation Facility (SSRF), a 

third-generation synchrotron radiation light source, is under 
construction now in Shanghai, China. SSRF consists of a 
150-MeV LINAC, a booster that accelerates the electron 
bundles from 150 MeV to 3.5 GeV in 0.5 second, and a 
3.5-GeV electron storage ring. Fig. 1 is the structure map of 
SSRF.  

 
Fig. 1 The structure map of SSRF 

 
During the construction, a beam loss monitor (BLM) 

system will be installed to detect the beam loss along the 
storage ring. This system will help tuning the machine in 
the commissioning and regulating the operation parameters, 
and also contribute to physics study like the beam lifetime 
research.  

 
II. Detector Selection  

From the mechanism of beam’s losing particles, shower 
occurs when electrons hit the vacuum chamber wall [1]. 

Corresponding Author, Tel No: +86-10-6278-2026, Fax No: +86-
10-6278-2026, E-Mail: houlei00@mails.tsinghua.edu.cn 

During this process, shower electrons are generated which 
carry more distinct position information of lost particles 
than the generated photons and neutrons do [4]. So it is 
decided to monitor the beam losses by detecting the 
generated shower electrons. 

In this case, the PIN photodiode detector originally 
designed at DESY is employed. This detector is sensitive to 
shower electrons (the detection efficiency to the shower 
electron whose energy higher than the minimum ionizing 
particle is over 30 %), but nearly has no response to 
photons and neutrons (its sensitivity to gamma is lower 
than 0.06 %) [4]. 

 
III. Loss Mechanism 

In the design of the BLM system, the beam loss 
mechanism needs to be carefully studied. Mainly three 
effects will determine the lifetime of beam under normal 
situation. They are the quantum effect, the Touschek effect, 
and the inelastic scattering [5]. 

 
1. Quantum Effect 

The beam in the storage ring appears in Gaussian particle 
distribution. Since the beam transverse apertures and the 
energy acceptance would never range unlimited, the 
quantum effect always exists. If the RF voltage is large 
enough, the quantum lifetime is mainly dominated from the 
horizontal aperture. [5] Since the horizontal aperture of the 
SSRF beam pipe is large enough, the quantum effect can be 
omitted. 

 
2. Touschek Effect 

The Touschek effect is from the collision of inner-bunch 
particles, which is elastic and may make large momentum 
changes [4]. This kind of loss always involves a pair of 
electrons. When the collision happens and an electron loses 
a certain amount of longitudinal momentum, there must be 
another electron that gains the same energy in opposite 
directory [6]. So the chances to hit inner or outer wall of 
the vacuum chamber are equal.  
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3. Inelastic Scattering 
When the electrons collide with residual gas molecules, 

they may lose energy and change their orbit. If the energy 
loss exceeds a certain amount, the losers will hit the inward 
wall of the chamber during or after passing dipoles. [4] 

The three loss mechanisms above are what the BLM 
system aims to. Generally, for high energy machines, the 
quantum effect and the Touschek effect are not as serious as 
inelastic scattering. In many high energy machines, the 
BLM detectors are only equipped in the inner side to detect 
inelastic scattering.  

The electron beam energy is 3.4 GeV in SSRF. It is not 
high enough to neglect the Touschek effect. Thus a pair of 
detectors will be placed at both the inner and outer sides of 
the chamber. 

 
IV. Detector Location 

To find out the best location to place detectors, it is 
necessary to calculate the position of the shower electrons 
induced by lost particles. 

When the electrons lose energy, they will deviate from 
the normal orbit. The deviation mostly depends on the 
dispersion ( ) function, the  function, and the lost energy 
( E). When the lost energy exceeds a certain value, the 
electrons will hit the inward wall of the chamber and get 
lost. [3] 

Thus the  and the  functions will give a clue where the 
electrons will most possibly get lost. The peak positions of 
the  and the  functions are the most interesting places for 
loss monitor. 

 
Fig. 2 The path of electrons in SSRF storage ring with loss energy 
from 1 to 10 % [2] 

 
Fig. 2 shows the path calculated for electrons in SSRF 

storage ring with an energy loss from 1 to 10 %. Since the 
critical horizontal deviation of the SSRF beam is about 2.5 
cm, the electrons with energy loss more than 6 % will hit 
the inward wall of the chamber and get lost. This figure 
also shows the most possibly lose position of particles. 
Then we can get the rough place for loss monitor. [3, 5, 7] 

 

V. System Structure 
The BLM system is a distributed data acquisition system  

 

 
Fig. 3 The structure of BLM system 

 
based on Ethernet. It is composed of detecting nodes and 
the console computer, as shown in Fig. 3. 

Installed after all the dipoles and the injecting point, 43 
monitor points will be set up along the storage ring, each 
with detectors in both sides. 

The data collector node is able to record signals from 4 
detector channels. Hence two monitor points, each 
consisting of two detectors, share a data collector. The data 
collector counts pulse signals from all the four detectors, 
buffers the data inside, and transfers the data when 
receiving an acquisition command from the console 
computer. 

The console computer is the master in the distributed 
system. It broadcasts time stamp packets in certain 
frequency to synchronize all the nodes, sends out data 
acquisition command to fetch data log from all the nodes, 
and shows users the beam loss information of data log.  
The console computer also provides a general data access 
interface via Ethernet. Then the central control room can 
access the console computer through Ethernet and integrate 
the beam loss log data into the whole control system 
database. 

 
VI. Experiments at HLS and Conclusions 

Because the construction of SSRF storage ring is not 
finished, several testing experiments have been carried out 
in Hefei Light Source (HLS).  

HLS is a second-generation dedicated light source at 
National Synchrotron Radiation Laboratory (NSRL), which 
has an 800-MeV electron storage ring.  

Fig. 4 shows a beam loss monitor example on HLS. 
During injection, because of operation parameter regulating 
and beam ramping, the beam loss is very large. After 
injection, the beam loss falls immediately. Then it goes 
down slightly, just like the beam current does. The curve is 
very similar as an exponential function of time. At the point 
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of beam extraction, the entire beam gets lost suddenly, 
which makes the monitor get another large loss value. In 
the whole process, the detected beam loss matches the 
machine’s operation very well. 

Fig. 4 Beam loss monitor on HLS 

In the experiments at HLS, the detectors, the data 
collector nodes, and the software of the console machine 

work well as expected. The whole system is proved 
sensitive and steady enough for beam loss monitor.  
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In the event of emergency situation such as leakage of radionuclides from nuclear power plant, it has the 
potential for significant radiation exposure in large populations. 131I and 133I are major release radionuclides in a 
nuclear emergency and they are accumulated in the human thyroid. Therefore it is important to measure the iodine 
including short-lived radioiodine rapidly in the case of large casualties. The purpose of this study is to establish a 
thyroid monitoring system for emergency situation and to evaluate the factors influencing counting efficiency using 
Monte Carlo simulation of radiation transport in the mathematical phantom and the radiation detector. 

 
KEYWORDS: thyroid, radioiodine, NaI detector, Monte Carlo simulation 
 
 

I. Introduction  
Accidental releases of radionuclides at the plant have the 

potential for significant radiation exposure in large 
population. 131I and 133I are major release radionuclides in a 
nuclear emergency, and they are accumulated in thyroid. 
Especially short-lived radioiodine 133I should be accounted 
for the assessment of thyroid health effects because of 
higher radiobiological effectiveness by higher dose rate. 
For example it has been reported that the increased 
incidence of childhood thyroid cancer in Chernobyl 
accident area is due to the contribution of the short-lived 
radioiodine and 131I to thyroid dose.1) 

Because a fast identification of the population with 
radioiodine uptake is very important for subsequent 
measures, it is necessary to develop a thyroid monitoring 
system to be used for the estimation of the radiation dose 
by 131I and 133I in the nuclear emergency situation. For this 
purpose the thyroid monitoring system should have 
portability and the ability of fast examination, prompt data 
acquisition and dose estimation.2) Also it is necessary to 
establish the counting geometry and to investigate the 
factors that lead to errors and uncertainties related to 
counting geometry. 

 
II. Methodology  
1. Monitoring System 

The monitoring system is for in-situ examination of the 
population in 131I and 133I released areas for fast screening 
of those with radioiodine uptake in a radiological 
emergency. The system would be operationally simpler and 
lighter than the conventional thyroid uptake monitoring 
system stationed in hospitals. It consists of scintillation 
detector NaI Model 8024(Canberra) with the most common 
sizes (51mm 51mm and 76mm 76mm) and Unispec multi 
channel analyzer. We use the Genie-2000 basic 

Corresponding Author, Tel No: +82-2-970-1425, Fax No: +82-2-
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spectroscopy software for data acquisition, display and 
analysis. 

 
2. Monte Carlo Simulation 

To prevent the interference of the background radiation 
as well as the radionuclides deposited externally and 
internally in other part of the human body, a lead shielding 
and a collimator were designed. The thickness of the 
wrapping shield and the length of the collimator were to be 
determined by MCNPX simulation. The thickness of 
shielding wrapping around NaI is 0.5, 1, 1.5 and 2 cm and 
we assumed that background radionuclides are 40K, 226Ra, 
228U series and 232Th series.3) The length of collimator is 0, 
5, 10, 12 and 15 cm and we assumed that the radionuclides 
from body are 85Kr, 133Xe, 134Cs, 137Cs and 132Te.4) 

The factors influencing the counting efficiency were 
simulated for optimization of thyroid counting geometry. 
The detector was placed at 0, 5, 10 and 15 cm from the 
neck and then repositioned horizontally (on the x-axis) by 1 
cm intervals from –4 to 4 cm. Also it was placed vertically 
(on the z-axis) by 1 cm intervals from 0 to 4 cm on both 
sides. Next, the response of detector was simulated as a 
function of the detection angle. 

 
3. Mathematical Phantom 

A primary step of the simulation was the modeling of the 
NaI(TI) detector. To experimentally check the detector 
model, simple detection geometry using physical thyroid 
phantom was used. However it is difficult to design the 
detector’s shielding and to investigate the response under 
variable geometric conditions using physical thyroid 
phantom.5) So we used the mathematical phantom for 
shielding design and counting geometry, except for detector 
model’s validation. We used adult phantom of the ORNL 
mathematical phantom series (1996). The dimensions of the 
thyroid and neck of ORNL mathematical phantom are listed 
in Table1.   
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Table 1. Characteristics of the thyroid and neck of ORNL 
mathematical phantom 

Parameter Adult male 

Neck diameter (cm) 10.8 

Neck height (cm) 8.40 

Thyroid height (cm) 5.0 

Thyroid volume (cm3) 19.9 

 
III. Results 
1. Validation of Detector Model 

To check the mathematical model of detector 
experimentally, ANSI neck phantom as physical thyroid 
phantom was used. This phantom consists of acrylic 
cylinder with one source vial channel to simulate the 
thyroid. The detector was calibrated about energy and 
efficiency using the standard gamma source. We used the 
131I source vial, and checked the validation of detector 
model comparing the calculation and measured values. A 
comparison of calculated results with experimental data at 
different distances is shown in Fig. 1. Because the 
calculated values agree with the measured ones, the 
detector model was simulated properly.  

 
Fig. 1 Ratio of measured values (M) to calculation values(C) for 
131I at various distances from the neck 
 
2. Design of Thyroid Monitoring System 

Portable thyroid monitoring system should have higher 
counting efficiency for radioiodine from thyroid and lower 
counting efficiency for background radiation and other 
radionuclides from the body. The cross-sectional view of 
the detector model and a geometrical arrangement of the 
mathematical neck phantom including thyroid and detector 
are shown in Fig. 2. 
(1) Crystal Size 

We assumed that the detector has collimator (12 cm 
length of lead, truncated right angle cone shape) and the 
detector was placed at 0, 5, 10 and 15 cm. As seen in Fig. 3, 
the detector with larger crystal size has higher counting 
efficiency for 131I and 133I. As the distance between neck 
and detector increases, the counting efficiency and the 

difference of the counting efficiency decrease. Because 
shielding size increases with the crystal size, it is necessary 
to decide the crystal size considering total weight of the 
system as well as counting efficiency. 

 
Fig. 2 Cross-sectional view of detector model (a) and a geometrical 
arrangement of the mathematical neck phantom including thyroid 
and detector (b)  

 
Fig. 3 Counting efficiency of the 51mm 51mm and 76mm  76mm 
detectors at various distances from the neck 
 
(2) Shielding Thickness 

It is necessary to shield NaI crystal from background 
radiation properly. 0.5, 1, 1.5 and 2 cm thickness were 
simulated at 10 cm distance and the results are presented in 
Fig. 4. A similar shielding efficiency is showed at low 
energy (<0.25 MeV) for all of shielding, and shielding of 1.5 
and 2 cm thickness has analogous shielding efficiency at the 
energy bin including energy of 131I(364 keV) and 133I(530 
keV). As the photon energy increases, shielding of 2 cm 
thickness is more effective. 
(3) Collimator Length 

In the event of nuclear accident or radiological emergency, 
there is the potential for external and internal contamination 
of the human body by radionuclides such as 85Kr, 133Xe, 
134Cs, 137Cs and 132Te. We assumed that the chest of body is 
contaminated by these radionuclides and the detector was 
located at 10 cm from the neck. As seen in Fig. 5, shielding 
efficiency increases with the collimator length. But as the 
collimator length decreases, counting efficiency increases as 
shown in Fig. 6. 
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Fig. 4 Spectrum of the detector with Pb shielding of various 
thicknesses at 10 cm distance from the neck 

 
Fig. 5 Spectrum of the detector with collimator of various lengths 
at 10 cm distance from the neck 

 
Fig. 6 Counting efficiency of the detector with collimator of 
various lengths at various distances from the neck 
 
3. Effect of Counting Geometry to Counting Efficiency 

Monitoring should be carried out having higher counting 
efficiency and lower uncertainty. The higher counting 
efficiency is obtained by arranging the detector at a shorter 
distance from the neck, however the short distance causes 
larger uncertainty. We assumed that the detector has 
collimator of 12 cm length. 
(1) Distance from Neck to Detector 

As the distance between neck and detector increases, 
counting efficiency and the errors of counting efficiency by 

shift decreases. For example distance “neck-detector” is 
changed from –1 to 1 cm at the 10 cm distance, the range of 
errors is from –7.26 to 8.03% in the case of 131I. However 
the range of errors is from –8.83 to 9.72% at 5 cm distance. 
(2) Detector Offset 

Detector offset is defined as the positioning error of a 
detector on the x (horizontal plane) and z (vertical plane) 
direction.6) As the distance from neck to detector increases, 
the errors by horizontal and vertical displacement decrease. 
Fig. 7 and 8 show the variation of counting efficiency by 
horizontal and vertical displacement at 0, 5, 10, 15 cm 
distance from the neck. 

When the limit of deviation for horizontal displacement 
is 2 cm at 10 cm distance, the range of errors is from –2.35 
to –1.17% for 131I. And assuming the vertical displacement 
changes from –2 to 2 cm at 10 cm distance, the range of 
errors is from –4.46 to –0.7% for 131I. The errors by vertical 
displacement are larger than by horizontal displacement. 
This is due to the position of thyroid. 

 
Fig. 7 Variation of counting efficiency by horizontal displacement 
at various distances from the neck 

 
Fig. 8 Variation of counting efficiency by vertical displacement at 
various distances from the neck 

 
(3) Detection Angle 

Fig. 9 presents the variation of counting efficiency by 
detection angle in horizontal plane. In practice the 
deviation of angle in horizontal plane is not large, the range 
of errors is –3.76 to –1.17% for 131I when the limit of 
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deviation for detection angle is from -20 to 20  at 10 cm 
distance.  

 
Fig. 9 Variation of counting efficiency by detection angles at 
various distances from the neck 
 

IV. Simulation Results and Conclusions 
To establish the transportable thyroid monitoring system, 

crystal size, shielding thickness and collimator length were 
simulated. If the difference of counting efficiency is small, 
smaller crystal size is more proper to system considering 
the total weight of the system. And lead shielding of 1.5 cm 
thickness is proper thickness, which protects the 
background radiation in the energy region of interest. 
Considering both shielding efficiency and counting 
efficiency, the collimator of 12 cm length is optimum. If the 
thyroid monitoring system consists of lead shielding of 1.5 
cm thickness and collimator of 12 cm length, total weight 
of shielding and collimator is under 10 kg.  

To establish the counting geometry, we investigated the 
counting efficiency and errors related to the positioning of 
the detector using computational simulation. Monitoring 
should be conducted under conditions of higher counting 
efficiency and lower uncertainty. The optimum detection 
distance is above 10 cm considering the counting efficiency 
and errors. Table 2 lists the type of deviation and range of 
errors at the 10 cm distance. The largest error is associated 
with the variation in the distance between neck and detector. 

 
Table 2. Range of errors by the deviation of detector positioning 

Type of deviation and limit 
Range of errors (%) 

131I 133I 
Distance from neck to 

detector 
(-1 to 1 cm) 

-7.26 to 8.03 -7.0 to 8.11 

Horizontal displacement 
(-2 to 2 cm) 

-2.35 to -1.17 -0.52 to 0.17 

Vertical displacement 
(-2 to 2 cm) 

-4.46 to -0.7 -4.36 to 1.39 

Angle in horizontal plane 
(-20 to 20 ) 

-3.76 to -1.17 -1.22 to 1.57 

Assuming that the errors are independent all geometrical 
errors is added to estimate the range of uncertainty for the 
measured activity of 131I and 133I in the thyroid. The 
resulting error due to misplacement is equal to –17.83 to 
4.99 % for 131I. This represents either an underestimate of a 
factor of 1.22 or an overestimate of a factor of 1.05 in the 
activity of the thyroid. The range of errors is –13.1 to 
11.24 % for 133I, and this represents either an underestimate 
of a factor of 1.15 or an overestimate of a factor of 1.11 in 
the activity of the thyroid.  

The methodology used in this study, including the 
mathematical models of detector and thyroid, will be 
applied further investigation the factors influencing the 
counting efficiency of 131I and 133I by the thyroid 
characteristics of individual such as thyroid volume and 
prethyroid tissue thickness.  
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Radiation Monitoring System of Pohang Light Source(PLS) 
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Ion chambers for photon, BF3 proportional counters for neutron and local displayers for indication of dose level 
and alarm are installed at 24 posts.  There are 13 monitoring posts in the storage ring, 9 posts in the linear 
accelerator(linac) and 2 posts in the site boundary for environment monitoring.  Monitored data from storage ring 
and linac are transferred to the computer installed at the control room via CAN communication, and those from the 
site boundary are stored in computer at each post via RS232 communication. Modbus protocol is used to gather data 
from each computer via network of Pohang Accelerator Laboratory. The radiation monitoring system is interlocked 
with the personnel safety system, which stops the beam operation when the dose level exceeds the prescript limits.  

 
KEYWORDS: radiation monitoring system, PLS, ion chamber, BF3 proportional counter, digital display 
 
 

I. Introduction  
Pohang Light Source is the facility which produces 

synchrotron radiation to accelerate the electron. When the 
high energy electrons strike the components of accelerator, 
high energy photons and neutrons are produced. To reduce 
the radiation, the accelerator is installed in a room shielded 
with 40 cm – 3 m thick concrete. But high energy photons 
and neutrons leak out the outer concrete wall, and the 
personnel who works in experimental area can be exposed 
to the leaked radiation. The radiation monitoring system is 
installed to monitor radiation level continuously, and to 
protect those personnel and environment. The monitors are 
manufactured by IHEP in China. The local displayer which 
displays radiation level in local area and the control 
software are developed in Pohang Accelerator Laboratory. 

 
II. Outline of Radiation Monitoring System  

Ion chambers for photon, BF3 proportional counters for 
neutron and Local displayers for indication of dose level 
and alarm are installed at 24 posts. In the storage ring, 3 
monitoring posts are installed around the injection area for 
the radiation leaked out the outer shielding wall during the 
injection of electron beam, 5 posts for the radiation of 
experimental hall during the normal operation, 3 posts 
around the inner shielding wall of the control shed which 
the control system is installed, and 1 post for low energy X-
ray of RF cavity room. In linac, 6 monitoring posts are 
installed around the klystron gallery for low energy X-ray 
from klystron and the radiation leaked out the shielding 
tunnel with 3m concrete thickness, and 3 posts around the 
100 MeV test linac which is used for the nuclear reaction 
experiment. For environment monitoring 2 posts is installed 
in the site boundary. The radiation monitoring system is 
interlocked with the personnel safety system, which stops 
the beam operation when the dose level exceeds the 
prescript limits and the local displayers are failed. The 

, Tel No: +82-54-279-1858, Fax No: 
+82-54-279-1799, E-Mail: mo@postech.ac.kr  

limits of alert alarm and high alarm are 25 Sv and 125 
Sv except injection area and test linac, in which those are 

25 Sv and 250 Sv.  
A schematic block diagram of the radiation monitoring 

system is shown in Fig. 1. The data from the local 
displayers are collected to the client personnel computer via 
CAN or RS232 communication. The server personnel 
computer collects the data from the 4 client PC via LAN 
and wireless LAN using modbus protocol.  

 

 
Fig. 1 Schematic block diagram of Radiation Monitoring System 

 
III. Monitor1,2)  

The area gamma monitor consists of high pressure argon 
filled ion chamber, an I-F converter and power supply 
board. The ion chamber is a  155 X 120mm stainless 
steel cylinder with a hemispheric back end. The wall 
thickness is 2.5mm and the volume is about 3l . The 
sensitivity of that is about 1.25 X 10 A/ Sv/hr. The area 
neutron monitor is made of BF3 proportional counter (  
25mm X 75mm, pressurized with 500mHg), which is 
placed at the center of rem construction. The output pulse 
from BF3 counter go through a preamplifier, main amplifier, 
pulse amplitude discriminator and shaping circuit to 
produce current pulse. It’s sensitivity is about 200 
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cps/mSv/hr. Environmental Gamma Monitor use a 
spherical, high pressure ion chamber with 260mm diameter 
and 2.5 mm stainless wall thickness. It’s volume is 8.5l and 
filled with 25 atm, of pure argon. The sensitivity is about 
3.05 X 10 Sv/hr. The environmental neutron monitor is 
that a BF3 proportional counter tube (  50mm X 350mm, 
pressurized to 600mmHg) was placed at the center of 
6.5cm thick polyethylene cylinder. Those monitors are 
manufactured by IHEP in China. 
 
IV. Local Displayer   

The output pulse from photon and neutron monitor is 
counted by the counter of the local displayer and calculated 
by 89C52 microcomputer. The calculated data is stored in 
128 KB RAM and is transferred to a personnel computer. 
The data is refreshed on the time selected by user (default 5 
seconds) and the counting time is continuously varied 
depending on a fixed statistical accuracy. The sum of 
photon dose and neutron’s integrated during 1 hour is used 
for high alarm and alert alarm limits.  

In front panel 1 display, 1 keypad, 5 status LED is 
installed. 20 characters, 2channel VFD (Very fluorescent 
display) is used to show gamma and neutron radiation level. 
18 keypad is used for entering calibration constants, alarm 
limit etc. In rear panel 2 monitor connectors and 9 pin port 
which has a select switch for CAN and RS232 are installed. 
2 output ports are used for alarm/buzzer and interlock. Fig. 
2 shows the photograph and the block diagram of the local 
displayer.   
 

 

 
Fig. 2 Photograph and Block diagram of Local Displayer  

 

V. Interlock Unit 
The interlock unit connects the data cables and converts 

CAN signal to serial signal by CAN/RS232 converter for 
communication with a personnel computer. High alarm 
LED is connected to the relay output of each local displayer 
directly. And it is turned on when high alarm is activated   
and stops the beam operation in connection to the personnel 
safety interlock system. For fail safe the beam operation 
should be stopped when all the monitors are failed. The 
microcomputer of the interlock unit performs this function 
and is programmed to stop the beam operation when all the 
monitors around the injection area or the experimental hall 
are failed in the storage ring. The monitors of the linac are 
grouped into 1 GeV, 2 GeV, test lianc.     
 
VI. Computer System 

 
Fig. 3 Control Software 
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The computer system is consisted of 1 server computer 
and 4 client computers. The client computers collect the 
data from the local displayer via CAN (computer aided 
network) communication used in the storage ring, the linac 
and RS232 communication in the environmental 
monitoring. The server computer gathers the data from the 
client computers using modbus communication protocol via 
network of Pohang Accelerator Laboratory and wireless 
LAN for the environmental monitoring. The control 
Software is written to the visual basic language and 
consisted of the server program, the client program and the 
monitoring program. Those functions are followings. 

1) Input of parameters about monitor 
2) Display of current radiation level (dose rate or 

integrated dose ) 
3) Store of data 
4) Graphical Display of trend during 2 hr 
5) Data analysis 

– Graphical display of daily data 
– Calculation of integrated dose   

Fig. 3 shows the control software of radiation 
monitoring system. Gamma, neutron and total dose are 
indicated to dose rate and integrated dose in according to 
the select item. When high alarm or alert alarm is activated, 
the color of LED is changed into red or yellow. 

  
VII. Improvement of Local Displayer 

Now the local displayer added to a wireless LAN port 
and a compact flash memory is being developed. It will be 
possible to transfer the data to a personnel computer 
anytime, anywhere and store the data to 2 GB.  
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New detector module based on screen type scintillators coupled photodiode has been proposed and estimated for 
the condition of dual X-ray baggage inspection. The new detector consisted of the Lanex Regular coupled 
photodiode for low energy detector and Lanex Fast-B coupled photodiode with copper filter of 1.1 mm thickness for 
high energy detector. By using simulation tools of MCNPX, DETECT 97, and ATLAS, optimum detector structure 
was designed and analyzed on Z-map. Compared with the commercialized detectors of Detection Technology (DT) 
and Electron Tube (ET), the proposed detector showed good performance property in the dual X-ray baggage 
inspection. 

 
KEYWORDS: baggage inspection system (BIS), dual X-ray imaging, low energy detector (LED), high energy 
detector (HED). 
 
 

I. Introduction  
Commercialized detector modules for X-ray Baggage 

Inspection System (BIS) are a sandwich structure of two 
detectors; Low Energy Detector (LED) and High Energy 
Detector (HED). Each detector uses scintillator coupled 
linear array 16 channel photodiodes. Generally, screen 
film-type scintillator is coupled with the 16 channel 
photodiodes for the LED and 16 discrete crystal 
scintillators such as CsI(Tl) and CWO are coupled with 
each channel of the photodiode for the HED. While an 
incident X-ray spectrum passed fully the LED, the copper 
filter covered on the HED filtered low energy region of the 
incident X-ray spectrum. This gives an effect of double X-
ray shots on the detector by only single X-ray shot. In 
addition to that mechanism, through the mechanism of X-
ray interaction with matter, organic and inorganic matters 
can be distinguished.1) Therefore, the signal difference 
between each detector should be as large as possible for an 
incident X-ray spectrum, and that is the reason that an 
intrinsic difference of scintillation light on each detector 
should be large for a given X-ray exposure.2) Since 
LanexTM Regular and Fast-B scintillators based on 
GADOX material shows also relatively large difference of 
the scintillation light for any X-ray exposure, this 
combination of scintillators coupled with linear array 
photodiode may be available for the LED and the HED in 
the BIS. By using simulation tools of MCNPX, DETECT 
97, and ATLAS, the signal estimation has been performed 
for various thicknesses of copper filter and compared with 
the commercialized two detectors of Detection Technology 
(DT) and Electron Tube (ET). Finally, the degree of 
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separation of organic from inorganic matter was plotted by 
using Z-map which is general in dual X-ray imaging. 

 
II. Materials and Methods  

 Generally, the conditions of X-ray generator are 160 
kVp rated at 0.7 ~ 0.8 mA, but operating at 140 kVp for 
dual X-ray baggage inspection system, and highly depend 
on the specification of X-ray tube manufacturer. So as to 
investigate the performance of the BIS detector, sandwich 
type detectors and X-ray tube modeling were performed by 
Monte Carlo code of MCNPX.3) The properties of the 
sandwich type detectors were described in detail in Table 1. 

X-ray spectra to be entered into the given detectors 
described in Table 1 at the incident energies of 140 and 160 
kVp were acquired by the simulation for the given 
specifications of that tube and compared those spectra with 
the X-ray spectra acquired from SRS-78 X-ray simulation 
code.4) The used simulation data were for XP-ZSCAN 
GENTM X-ray system which is generally used in BIS. The 
given specifications of the X-ray tube were as follows; a 
Tungsten target, intrinsic filter of 0.8 mm-thick Beryllium, 
and 1.5 mm-thick fiber glass. In order to separate the 
incident X-ray spectrum into low and high energy photons 
at the dual X-ray BIS, it is necessary to optimize copper 
filter located just before the HED considering the signal 
difference between low energy detector and high energy 
detector. Using two X-ray input spectra of 140 kVp and 
160 kVp and the sandwich type detectors modeled by the 
MCNPX, we investigated the spectra of the absorbed 
energies in each detector of the LED and the HED for two 
commercialized detectors of the DT and the ET and 
compared them with the spectra acquired from the 
proposed detector (PD). Since the performance of the 
detector which uses scintillator and photosensor depends on 
the characteristics of the scintillator, the photosensor, and 
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the combination of the scintillator and the photosensor, the 
light transport in the scintillators and the quantum 
efficiency of the photosensor for the concerned 
wavelengths were simulated by another Monte Carlo code 
of DETECT 97 and device simulation tool of ATLAS.5) 6) 
Using those simulated data, the signal generated in each 
detector and the signal ratio of the HED and the LED for 
two commercialized detectors of the DT and the ET were 
estimated and referenced in order to evaluate various 
copper thicknesses of the PD. Finally, so as to see the 
degree of separation of organic matter from inorganic 
matter in that detector combination, the Z-map was plotted 
by the Monte Carlo code of MCNPX and the calculated 
signal values in the condition that plastic and acryl were 
laid on the considered detector.  
 
III. Results and Analyses 

In order to evaluate the acquired X-ray spectra from the 
MCNPX simulation with the proven X-ray spectra the X-
ray tube condition was set at 140 kVp/1 mAs and anode 
angle of 22° at source to detector distance (SDD) of 750 
mm.7) Other spectra to be entered into the detectors were 
also acquired at the Be window of the X-ray tube by the 
simulation for the conditions of 140 kVp/0.8 mAs and 160 
kVp/0.8 mAs at the anode angle of 25° considering real X-
ray tube as mentioned before. Those all spectra were 
displayed in Fig. 1. In this Figure, the X-ray spectra 
between the acquired by the simulation and the proven by 
the SRS 78 were almost same that the spectra at the 
conditions of 140 kVp/0.8 mAs and 160 kVp/0.8 mAs at 
the anode angle of 25° were reasonable to use as real 
spectra generated in the X-ray tube. Using both spectra of  
140 and 160 kVp, the absorbed energies in the LED and the 
HED of the DT and the ET were plotted as shown in Fig. 2 
concerning the spectrum filtration to know the effect of the 
fixed filter thickness. Compared with the LED, the HEDs 
of the DT and the ET showed almost same filtering low 
energy off. 
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Fig. 1 Comparison of X-ray spectrum between SRS 78 and 
MCNPX codes. 
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Fig. 2 Comparison of absorbed energy in high energy detector 
(HED) after filter for DT and ET. 

 
The filtration of low and high energy regions at the 

proposed detector (PD) by the various filter thicknesses 
were investigated and plotted for both spectra as shown in 
Fig. 3. Compared with Fig. 1, the absorbed energy in the 
HED after the filter was low and the high energy peak near 
0.1 MeV was not shown although overall spectrum was 
separated by the filter for the input spectrum.  

Table 1. Properties of three detectors; the commercialized two detectors and the proposed detector. 

 

 
Scintillator 

Thickness 

(mm) 

Wavelength

(mm) 

Cu filter

(mm) 

Light yield 

(#/MeV) 
X-ray 

DT 
LED Lanex-Fast-B 0.1826 545 

1 
- 

140 kVp, 

0.8 mAs 

160kVp,

0.8 mAs 

HED Csl(T1) 3.0 560 54000 

ET 
LED Lanex-Fast-B 0.1826 545 

1 
- 

HED CWO 2.0 475 15000 

PD 
LED Lanex-Regular 0.0913 545 

0.7~1.3
22400 

HED Lanex-Fast-B 0.1826 545 - 
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Fig. 3 Comparison of absorbed energy in HED for various filter 
thicknesses at PD. 

 
Next approaches what we did were to analyze the 

absorbed ratio of the HED to the LED and the signal ratio 
of the HED to the LED. Since each detector uses different 
scintillator and its physical and optical properties are 
different for the incident X-ray spectrum, the absorbed and 
the signal ratio of the HED to the LED may be used to 
estimate the performance of dual detector. In the 
calculation of the signal ratio, the absorbed energies in each 
scintillator were simulated by the MCNPX, and multiplied 
by the light yields and the light transmission efficiencies 
(LTE) of each scintillator. Based on the assumption that all 
detectors use the same photodiode and electronics, only the 
scintillation light generated by the absorbed energy in the 
scintillator is considered. The LTEs were acquired by the 
simulation of the DETECT 97 code considering the 
position of the absorbed energy in the scintillator. However, 
since the optical properties of the LanexTM Regular and 
Fast-B scintillators were not clear, the 22,000 lights per 
MeV from the Regular multiplied by the absorbed energy 
in the Regular and Fast-B, acquired by the MCNPX 
simulation, were used, and as a result the light yield of the 
Fast-B was 1.67 times over the Regular.8) The result was 
the same as the data measured by others.9) The quantum 
efficiencies (QE) of photodiode were simulated by ATLAS 
code for the wavelengths of each scintillator. Each ratio of 
the absorbed and the signal was plotted at 140 kVp/0.8 
mAs in Fig. 4 comparing three detectors. The PD’s highest 
value was 0.375 at 0.7 mm thickness, which was similar to 
the value of 0.385 at 1.0 mm thickness in the DT. In the 
signal ratio, the ET showed the smallest value of 0.25 at 1.0 
mm thickness while it was 0.28 at 1.1 mm thickness in the 
PD. From the results, the absorbed and the signal ratios 
give only the information about the thickness of the filter in 
the PD; 0.7 mm for the absorbed ratio and 1.1 mm for the 
signal ratio. So as to select the optimum filter thickness, Z-
map comparison was performed for three detectors of the 
DT, the ET, and the PD. Generally, the Z-map is used to see 
the degree of separation of organic from inorganic matter in 
dual X-ray imaging.10) In the same geometries at the Monte 
Carlo modeling, aluminum plates of 1 ~ 4 mm and acryl 
plates of 10 ~ 40 mm were located on each detector. On the 

Z-map as shown in Fig. 5, the HED and the LED signals 
with the phantoms of the aluminum and acryl plates 
showed different slope which represented different 
effective atomic numbers of the phantoms in X-ray 
interaction. The angle between two different slopes is the 
degree of the separation between organic and inorganic 
materials. 
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Fig. 4 Comparison of the absorbed energy and the signal ratios for 
three detectors. 
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Fig. 5 Comparison of Z-map for three detectors at 140 kVp/0.8 
mAs. 

 
In the Fig. 5, the data were normalized and the angles 

between each slope were almost same for the DT and the 
ET. Slight difference was found in the PD compared with 
other detectors. However, from the Figure, it is found that 
the performance for proposed detector (PD) is comparable 
to other detectors. As a final step, the effects of the filter 
thickness and the incident X-ray energy were investigated 
and showed in Figs. 6 and 7. In the Fig. 6, they were all 
linear fitted and the filter thicknesses of 0.7 mm and 1.1 
mm were compared in the PD’s slopes for X-ray of 140 
kVp/0.8 mAs and. The angles between the slopes were 12° 
and 13° for 0.7 mm and 1.1 mm filters, respectively. 
However, the angles were not different for the X-ray 
energies of 140 kVp/0.8 mAs and 160 kVp/0.8 mAs for the 
fixed filter thickness of 1.1 mm as shown in the Fig. 7. 
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Fig. 6 Effect of filter thickness on Z-map at the fixed incident X-
ray energy. 
 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 Energy effect
PD_Cu filter 1.1mm

H
ED

 s
ig

na
l

LED signal

 140 kVp_Al
 140 kVp_Acryl
 160 kVp_Al
 160 kVp_Acryl

 
Fig. 7 Effect of incident X-ray energy on Z-map at the fixed filter 
thickness. 
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Fig. 8 Comparison of Z-map for three detectors after optimized 
filter thickness for PD. 

 
Using the filter of 1.1 mm for the PD, the Z-map was 

plotted again at 140 kVp/ 0.8 mAs as shown in Fig. 8. 

Comparing with Fig. 5, the slight difference was overcome 
and all three detectors showed the same angle of 13° 
between each slope. 

 

IV. Conclusion 
For the sandwich type of low and high energy detectors 

in X-ray baggage inspection system, the proposed new 
detector using screen type scintillator for both low and high 
energy detectors showed the same performance as 
commercialized detectors of Detection Technology and 
Electron Tube. The performance estimation of the new 
detector was investigated by simulation and calculation 
based on Z-map. In the proposed detector, the low energy 
detector of Lanex Regular coupled photodiode and the high 
energy detector of Lanex Fast-B coupled photodiode 
showed comparable performance of organic-inorganic 
separation on Z-map. The optimized filter was copper of 
1.1 mm at the incident X-ray energy of 140 kVp/0.8 mAs. 

While the commercialized detector uses crystalline and 
segmented scintillator such as CsI(Tl) and CdWO in the 
high energy detector, the proposed detector uses screen 
type scintillator based on GADOX. Since screen type 
scintillator is a cost effective and there is no any effort to 
process accurately, the proposed detector can be used with 
a good performance and a competitive price for the dual X-
ray baggage inspection system.  
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To investigate the species and the distribution of the captured nuclides in a HEPA filter, it was dismantled into a 
metal part and a filter medium part to obtain a filter medium. From the nuclide analysis results for a filter medium 
part through pre-treatment of it, it was possible to obtain three kinds of typical distributions in view of the 
distribution of the captured nuclides in the filter medium. When considering these distribution characteristics of the 
captured radionuclide, the region showing the high concentration of the captured nuclides was the intake or the 
outlet part of the HEPA filter. On the other side, the middle part generally represented a uniform distribution below 
the average concentration of the captured nuclides. Therefore, in the event of taking a representative sample of a 
HEPA filter at the intake and the outlet part, the results of a nuclide analysis for that sample could be estimated as 
existing in the range from 1.0 to 1.5 times the real concentration of the nuclides captured by a filter medium. As a 
result, to conduct a radionuclide assessment of a spent HEPA filter without a dismantlement of it, the analysis results 
for a representative sample taken from both the intake and the outlet part of a spent HEPA filter could be regarded as 
an average value for the corresponding HEPA filter. 

 
KEYWORDS: HEPA filter, filter medium, glass fiber, representative sample, nuclide analysis 
 
 

I. Introduction  
According to the operation of nuclear facilities and a 

continuous construction of them, a great amount of used 
high efficiency particulate air (HEPA) filters which are 
widely used in a ventilation system in the nuclear industry 
have been generated as spent filter waste. These spent 
HEPA filters at KAERI generally consist of those after 
filtering of all the contaminants in the air stream generated 
during the operation of the HANARO research reactor and 
the nuclear fuel cycle facilities. 

In order to dispose of these spent HEPA filters, it is first 
necessary to conduct a radionuclide assessment of them. 
However, it is difficult to directly measure a radioactive 
concentration of the nuclides existing in a HEPA filter 
because of its great bulk and specific shape. Therefore, 
after taking a representative sample from a HEPA filter, the 
analysis results for it are regarded as an average value for 
the corresponding HEPA filter. To use this method, it is 
essential to confirm the validity of the sampling procedure 
and the average value. 

The methods for taking a representative sample from a 
HEPA filter can be divided into two methods. First, after 
dismantling a HEPA filter into a metal (frame and separator) 
part and a filter medium part, one can take a sample from 
the filter medium. It is not, however, desirable to use this 
method because of the possibility of a radioactive 
contamination during a dismantlement and an excessive 
preparation time for taking a sample. Second, one can take 
a representative sample directly from the front and the rear 

Corresponding Author, Tel No: +82-42-868-2561, Fax No: +82-
42-868-8221, E-Mail; yyji@kaeri.re.kr 

side of a HEPA filter without a dismantlement. Using the 
second method, the HEPA filter should have a regular 
tendency for the distribution of the captured nuclides in 
both sides. If a regular tendency for the distribution of the 
captured nuclides is maintained in a HEPA filter, it is 
possible to utilize this distribution as a guide for taking a 
representative sample. 

To investigate the species and the distribution of the 
captured nuclides in a HEPA filter, a spent HEPA filter was 
dismantled into a metal part and a filter medium part to 
obtain a filter medium. From the nuclide analysis results for 
the filter medium part, it was possible to divide the filter 
medium into three specific regions in respect of the nuclide 
distribution. As a result, these three regions could be a 
sampling guide to take a representative sample from a spent 
HEPA filter. And also, it was possible to use the result of a 
radioactive analysis from a representative sample obtained 
by using the distribution characteristics of the captured 
radionuclide as an average value of a spent HEPA filter.  

 
II. Materials and Methods  
1. The Captured Particles in a HEPA Filter 

The shape of a HEPA filter is a rectangular 
parallelepiped form filled extensively with a pleated filter 
medium made from a mixture of glass fibers in the metal 
filter case. A filter medium consists of glass fibers with an 
average diameter range from 0.2 to 0.5  and its whole 
size is about 57  (H) × 57  (W) × 26.4  (D). It is 
known that a HEPA filter has a minimum particle removal 
efficiency of no less than 99.97 % for 0.3  particles 
which are the most penetrating sized particles for a 
filtering[1-2]. Fig. 1 shows the assembled components of a 

439

Journal of NUCLEAR SCIENCE and TECHNOLOGY, Supplement 5, p. 439–442 (June 2008)



HEPA filter with corrugated separators and a schematic 
diagram of the flow and capture of the particles in the 
passages which are produced by the separators.  

 
Fig. 1 The composition of a HEPA filter and the schematic 
diagram of capture of the particles  

 
As a rule, process-generated particles are divided into 

two fields which mean a mechanical field produced by a 
machining, grinding, polishing, and other mechanical 
operations and a chemical field produced by an evaporation, 
condensation, and so on. These particles sometimes become 
radioactive by an adsorption of radioactive vapors or gases 
or by an agglomeration with already radioactive particles. 
Fig. 2 shows SEM images for the filter medium of a HEPA 
filter before use and after capturing particles generated in 
nuclear facilities. A filter medium caused by a mechanical 
process showed a very light gray color and a considerable 
amount of dust when dismantling a HEPA filter. On the 
other hand, a filter medium mainly caused by a chemical 
process showed a dark gray color and there was no dust 
because of an agglomeration with the vapor. 

 

 
Fig. 2 The SEM images for the filter medium of a HEPA filter 
 

2. The Distribution of the Captured Nuclides 
There are some researches on a radionuclide assessment 

of a HEPA filter by using a leach system and a waste assay 
system [3-4]. In this study, to investigate the species as well 
as the distribution of the captured radionuclide in a HEPA 
filter, the spent HEPA filter was dismantled into a metal 

part and a filter medium part. After marking the filter 
medium in the direction of the air flow, it was cut into 12 
pieces in the direction from the intake to the outlet. And 
then, these 12 pieces of the filter medium were individually 
put into Marinelli beakers which had a 1 liter volume (Fig. 
3). In the case of conducting a quantitative analysis of the 
nuclide existing in the Marinelli beakers, it is possible to 
establish the radionuclide distribution in a filter medium 
because each piece has depth information regarding that 
filter.  

First of all, to establish the distribution of the gamma 
emitters existing in a filter medium, an analysis of the 
gamma nuclides for 12 units of Marinelli beakers was 
conducted by using a HPGe detector. And then, to take a 
sample for an analysis of the alpha and beta emitters in 
each Marinelli beaker, pieces of the filter medium in each 
beaker were poured into a tray, as shown in Fig. 3. 

 

 
Fig. 3 The procedure for taking a sample to investigate the 
distribution of the captured radionuclide in a filter medium 
 

After uniformly distributing the pieces of the filter 
medium by measuring the dose rate, samples were 
respectively taken at 9 segments and cut into the same size, 
1  × 1 . And then, these 9 samples were attached to a 
planchet with a regular geometry of the planchet. In this 
way, 12 units of planchets to analyze the alpha and beta 
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emitters in the filter medium were made and finally 
analyzed by using a gross alpha and beta counter. 

 
III. Results and Discussion 

After selecting several HEPA filters generated in the 
HANARO research reactor, the RIPF (RI Production 
Facility), the IMEF (Irradiated Material Examination 
Facility), the PIEF (Post Irradiation Examination Facility) 
and the RWTF (Radioactive Waste Treatment Facility), a 
nuclide assessment for a filter medium was conducted 
according to the depth of a HEPA filter. Fig. 4 shows the 
results for the nuclide assessment. The dotted lines mean 
the average specific activity of each nuclide, i represents 
the nuclides existing in a filter medium, and j represents the 
region of a filter medium from the intake to the outlet 
(j=1~12). So, one region of a filter medium accounts for 
about 2.2  in total depth from the intake to the outlet, 
about 26.4 . Gross alpha and beta in a HEPA filter 
generated in the HANARO and the RIPF were not detected 
because of their low activity levels. And also, in the RWTF 
and the RIPF, only three gamma emitters, Co-60, Cs-134, 
and Cs-137, were detected. In most of the HEPA filters, the 
specific activity of the Cs-137 was higher than the other 
detected nuclides, and the distributions of the gross alpha 
and beta were similar to that of the gamma emitters because 
the alpha and beta decays were mainly accompanied by a 
gamma decay. That means that pure alpha and beta emitters 
seldom exist in the filter medium or the amount of their 
contribution to the gross alpha and beta is small.  

In view of the geometry of a HEPA filter, the intake and 
the outlet part will show a high dispersion of the air flow 
and have a large area directly contacting the air flow, when 
compared with the middle part of a filter medium. 
Therefore, the concentration of the captured nuclides was 
generally higher at the intake part or the outlet part because 
of the high probability of a collision of the particles with 
the glass fiber in the filter medium in those regions. The 
middle part generally represented a uniform distribution 
below the average specific activities of each nuclide.  

In the case of taking samples from a HEPA filter without 
a dismantlement to conduct a nuclide analyze of it, it is 
possible to consider samples individually taken from the 
intake and the outlet part which are easy to access as a 
representative sample of a HEPA filter. To confirm the 
validity of this sampling method, one should obtain the 
ratio of the concentration of the nuclides in each region of 
the filter medium from the intake to the outlet, to the 
average concentration of the nuclides in the whole region 
of a filter medium. The results for the ratio of the 
concentration of the nuclides are shown in Table 1 and Fig. 
5. The region from 1 to 3 represents the intake part with a 
depth of about 6 , and the region from 10 to 12 
represents the outlet part with the same depth as the intake 
part. 

 
Fig. 4 The distribution of captured nuclides in the filter medium 
generated in the nuclear facilities 

 
 

As a consequence, it was possible to obtain three kinds 
of typical distributions in view of the distribution of the 
captured nuclides in the filter medium, as shown in Fig. 5. 
First, the concentration of the captured nuclide in the intake 
part of the air flow was higher than the middle or the outlet 
part in the filter medium (Type A). Second, contrary to the 
first, the concentration of the captured nuclide in the outlet 
part was higher than any other part (Type B). And third, a 
mixture of the first and the second, the concentration of the 
captured nuclide in the intake and the outlet part was higher 
than the middle part (Type C).  

(a) IMEF - (b) IMEF – /

(d) PIEF – /(c) PIEF -

(f) RWTF – /

(h) RIPF -

(e) RWTF -

(g) HANARO -

(a) IMEF - (b) IMEF – /

(d) PIEF – /(c) PIEF -

(a) IMEF - (b) IMEF – /

(d) PIEF – /(c) PIEF -

(f) RWTF – /

(h) RIPF -

(e) RWTF -

(g) HANARO -

(f) RWTF – /

(h) RIPF -

(e) RWTF -

(g) HANARO -
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Table 1 The ratio of the concentration of the nuclides in the each 
part of the filter medium to the average concentration of the 
nuclides for the whole part  

 Nuclide 
Average(Ai,j ~ Ai,j+2) / Average(Ai) 

j = 1~3 j = 4~6 j = 7~9 j = 10~12

IM 
EF 

Mn-54 
Co-60 

Ru-106 
Sb-125 
Cs-134 
Cs-137 
Ce-144 
Eu-154 
Eu-155 
Gloss  
Gloss  

1.51 
1.56 
1.30 
1.18 
1.16 
1.17 
1.32 
1.35 
1.33 
1.22 
1.20 

0.98 
0.91 
0.86 
0.92 
0.96 
0.98 
0.78 
0.83 
0.90 
0.91 
0.93 

0.78 
0.78 
0.92 
0.90 
0.92 
0.91 
0.79 
0.83 
0.83 
0.87 
0.87 

0.73
0.75 
0.91 
1.00 
0.96 
0.94 
0.93 
0.99 
0.94 
1.00 
1.00 

RW 
TF 

Co-60 
Cs-134 
Cs-137 
Gloss  
Gloss  

0.77 
0.73 
0.73 
0.68 
0.70 

0.62 
0.55 
0.55 
0.72 
0.72 

0.72 
0.63 
0.63 
0.82 
0.84 

1.89
2.08 
2.09 
1.78 
1.74 

HA 
NA 
RO 

Co-60 
Zn-65 
Nb-95 
Cs-134 
Cs-137 

1.38 
1.27 
1.38 
1.16 
1.10 

0.68 
1.07 
0.89 
0.83 
0.86 

0.69 
0.83 
0.79 
0.96 
0.95 

1.25
0.84 
0.94 
1.05 
1.10 

 

 
Fig. 5 The typical distribution forms of captured nuclides in the 
filter medium 
 

For a type A distribution, the average values for the 
concentration of the nuclides at the intake and the outlet 
part were about 1.00 to 1.20 times the average 
concentration of the nuclides for the whole region of the 
filter medium, (Ai)average. For a type B distribution, the 
average concentration of the nuclides at the intake and the 
outlet part were about 1.20 to 1.50 times (Ai)average. And for 
a type C distribution, the average concentration of the 
nuclides at the intake and the outlet part were about 1.00 to 
1.40 times (Ai)average. Therefore, in the event of taking a 
representative sample of a HEPA filter both at the intake 
and at the outlet part, the results of a nuclide analysis for 
that sample can be estimated as existing in the range from 
1.0 to 1.5 times the real concentration of the nuclides 
captured by a filter medium. 

As shown in Fig. 6, a punch device with a diameter of 2 
inch was developed for cutting a part of a filter medium as 
a regular size without a dismantlement of a HEPA filter. So, 
circular samples of a 2 inch diameter from a filter medium 
were obtained for the intake and the outlet part by using 

this punch device. And then, after placing every circular 
sample into a plastic cylindrical bottle, 20 cc, this bottle 
could be considered as a representative sample of a HEPA 
filter for a radioactive analysis. 

 

 
Fig. 6 The method for taking a representative sample using a 
punch device without dismantlement of a HEPA filter 

 
IV. Conclusions 

The nuclide assessments for several filter mediums were 
conducted according to the depth of a HEPA filter. As a 
result, it was possible to obtain three kinds of typical 
distribution characteristics in view of the distribution of the 
captured nuclides in the filter medium; First, a type A 
distribution which represents a high concentration of the 
nuclides at the intake part, then a type B distribution which 
is contrary to a type A distribution, and finally a type C 
distribution which is a mixture of the type A and the type B 
distributions. From these distribution characteristics, the 
region that showed the highest concentration of the 
captured nuclides was the intake or the outlet part of the 
HEPA filter. Therefore, the nuclide analysis results for a 
representative sample taken from both the intake and the 
outlet part could be regarded as an average value for the 
corresponding HEPA filter and also, that value could be 
estimated as existing in the range from 1.0 to 1.5 times the 
real concentration of the nuclides captured by the filter 
medium. 
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The neutron capture cross-sections and capture -rays of 105Pd were measured for keV-neutron using the 3-MV 
Pelletron accelerator of the Research Laboratory for Nuclear Reactors at the Tokyo Institute of Technology. Pulsed 
neutrons were produced from the 7Li(p,n)7Be reaction, and the incident neutron spectrum on a capture sample was 
measured by neutron time-of-flight method with a 6Li-glass detector. The capture -rays were detected with a large 
anti-Compton NaI(Tl) -ray spectrometer. A pulse-height weighting technique was applied to measure the capture -
ray pulse-height spectra to derive capture yields. The capture cross-sections were obtained by using the standard 
capture cross-section of 197Au. And we obtained the -ray energy spectrum of capture -ray by the pulse-height 
unfolding method. The present results were compared with the previous measurements and the evaluated data of 
ENDF/B-VII, JEFF-3.1, and JENDL-3.3.  

 
KEYWORDS: Pelletron accelerator, pulsed keV-neutron, neutron capture cross-section, time-of-flight method, 
pulse-height weighting technique, anti-Compton NaI(Tl) spectrometer 
 
 

I. Introduction2 
The neutron capture cross-sections of Palladium (Pd) 

isotopes in keV-neutron energy region are important in the 
design of reactors as well as in the nuclear and astrophysics 
studies. Since the major portion of the natural Pd capture 
cross-sections is due to 105Pd, the accurate knowledge of 
the cross-sections for these isotopes is also of importance to 
the calculation of the reactor characteristics when Pd is 
used as burnable poison in light water reactors. In addition, 
the data are also important to examine the availability of Pd 
as a control material of the fast reactors. 

We have measured the neutron capture cross-sections of 
105Pd in the neutron energy region from 10 to 90 keV and at 
550 keV by using a high efficient capture -ray 
spectrometer. Pulsed keV neutrons were produced from the 
7Li(p,n)7Be reaction by bombarding a lithium target with 
the 1.5-ns bunched proton beam from the Pelletron 
accelerator of the Research Laboratory for Nuclear 
Reactors at the Tokyo Institute of Technology (Titech). The 
measurement of neutron capture cross-sections of 105Pd in 
the neutron energy region of 10 to 90 keV was published in 
elsewhere1). In the present paper, we report the neutron 
capture cross-sections of 105Pd in the neutron energy of 550 
keV and the capture gamma-ray spectra in the neutron 
energy region both in 10-90 keV and in 550 keV. We have 
compared the present results with the previous ones2,3) and 
with the evaluated values of ENDF/B-VII4), JEF-3.15), and 
JENDL-3.36). 

 

*Corresponding Author, Tel No: +82-53-950-5320, Fax No: +82-
53-955-5356, E-mail: gnkim@knu.ac.kr 

II. Experimental Procedure 
The experimental procedure has been described in detail 

elsewhere7,8), so only a general description of the 
experiment is given here. An experimental arrangement is 
shown in Fig. 1. Pulsed keV-neutrons were produced via 
7Li(p,n)7Be reaction by bombarding metallic lithium target 
with the 1.5-ns bunched proton beam. The pulse repetition 
rate was 4 MHz, and the average proton beam current was 
about 8.4 A. The incident neutron spectrum on a capture 
sample was measured by means of a time-of-flight (TOF) 
method with 6Li-glass scintillation detector. A 5.0-mm 
diameter and a 5.0 mm thick 6Li-glass detector placed at 40 
degrees with respect to the proton-beam direction and 0.50 
m from the neutron target was used for the neutron detector 
in the 10-90 keV region, and a 6Li-glass detector with a 
diameter of 102.0 mm and a thickness of 6.4 mm, located 
4.6 m from the neutron target and at 1.4 degrees with 
respect to the proton beam direction was used for those at 
550 keV.  

The samples have been prepared from isotopically 
enriched Pd powder in carbon case. A gold disk with a 
diameter of 15 mm and a thickness of 1.0 mm was used as 
a standard sample. The characteristics of samples are 
summarized in Table 1. Each capture sample was aligned 
at zero degrees with respect to the proton beam direction. 
The distance between the Li target and the sample was 12 
cm for the measurements in the 10-90 keV region and 20 
cm for those at 550 keV. The prompt -rays emitted from 
the sample were detected by using an anti-Compton NaI(Tl) 
spectrometer located 86 cm from the sample and at an 
angle of 125 degrees with respect to the proton-beam 
direction. The main detector of the spectrometer was a 
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15.2-cm diameter by 20.3-cm long NaI(Tl) detector and 
was centered in a large hollow Compton-suppression 
NaI(Tl) detector with an outer diameter of 33.0 cm and a 
length of 35.6 cm. The spectrometer was set in a heavy 
shield consisting of borated paraffin, borated polyethylene, 
cadmium, and potassium free lead9). The capture events 
detected by the spectrometer were stored into a computer as 
two-dimensional data based on the TOF and the pulse 
height. 

 
Fig. 1 Experimental arrangement for 550 keV measurements 
  

Table 1. Characteristics of samples 

Sample 105Pd 197Au 

Weight [g] 0.426 3.430 

Thickness [mm] 0.675 1.0 

Size [mm2] 176.71 176.71 

Composition(%)   

197Au - 99.99 
104Pd 1.90  

105Pd 90.90  

106Pd 6.30  

108Pd 0.90  

 
The runs with and without the sample (sample run and 

open run) and the run with standard gold sample (gold run) 
were made cyclically in each measurement to average 
changes in the experimental conditions, such as the incident 
neutron spectrum. Since the measurements were carried out 
cyclically, systematic changes in the experimental 
conditions could be corrected for. The open run was 
performed in order to determine the background and to 
monitor any changes in the incident neutron energy and the 
thickness of the 7Li neutron-target. The three runs were 

normalized with the neutron counts of a small the 6Li-glass 
neutron detector. The total measuring times for this 
experiment were about 79 hours: 38, 9 and 32 hours for the 
sample, gold and open runs, respectively. 

 
III. Data Process 

The data processing was given in detail elsewhere7), so 
only a brief description is given in the present paper. The 
incident neutron energy spectrum on the sample was 
derived from the TOF spectra observed with the 6Li-glass 
detector for the blank run. Typical normalized spectra are 
shown in Fig. 2.  

 
 
 
 
 
 
 
 
 
 

Fig. 2. Typical normalized energy spectra of incident neutrons in 
the (a) 10 - 90 keV and (b) 550 keV measurements with the 6Li-
glass detector for a blank run.  

 
In order to obtain the capture yields of individual 

samples and the 197Au sample, a pulse-height weighting 
technique10) was applied to the observed net capture 
gamma-ray pulse-height spectra as shown in Fig. 3. The 
number of incident neutrons in the 197Au run was 
determined by the capture yield of 197Au and the averaged 
capture cross-section of 197Au, which was obtained from 
the capture cross-sections of ENDF/B-VI11) and the neutron 
energy spectrum.  

The number of incident neutrons in the 105Pd sample was 
derived from that in the gold run and the neutron monitor 
counts of the 6Li-glass detector. The averaged neutron 
capture cross-section of each 105Pd isotope was derived 
from the number of incident neutrons and the capture yield 
of each sample. Corrections for the neutron self-shielding 
and multiple-scattering in the sample were made by a 
Monte Carlo method12), taking account of impurities in the 
sample. Moreover, other corrections were made for the 
gamma-ray scattering and absorption in the sample, for the 
effect of chemical and isotopic impurities in the sample on 
the capture yields.  

The capture gamma-ray spectra were derived by 
unfolding the net capture gamma-ray pulse-height spectra 
with a computer code, FERDOR13), and the response matrix 
of the gamma-ray spectrometer. 

 
IV. Results and Discussion 

The capture cross-sections of 105Pd were measured in the 
incident neutron energy region of 10 to 90 keV and at 550 
keV. In addition to the statistical error (0.3 – 0.6 %), the 
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following systematic errors were taken into account for the 
capture cross-section measurements: errors in the number 
of target nuclei (< 1%), in the standard capture cross-
sections of 197Au (3%), in the weighting function of -ray 
spectrometer (1%), in the extrapolation of net capture -ray 
pulse height spectrum below the discrimination level (0.6 
MeV) in the deriving the capture yield with the pulse-
height weighting technique (2%), and in the estimate of 
correction factor (1-2%). Consequently, they were added 
according to the error propagation formula to obtain the 
combined error. The combined error was about 4 %.  

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Observed net gamma-ray spectra for (a) 10-100 keV and (b) 
550 keV.  

 
The present result for 105Pd is shown in Table 2 and in Fig. 
4, respectively, and is compared with the previous 
measurements2, 3) and with the evaluations of ENDF/B-
VII4), JEF-3.15), and JENDL-3.36). Macklin et al.2) 
presented the neutron capture cross-sections for 
104,105,106,108,110Pd without errors measured at the Oak Ridge 
Electron Linear Accelerator (ORELA) in the neutron 
energy region from 2.6 to 700 keV. Cornelis et al.3) 
reported the capture cross-sections of 104,105,106,108,110Pd 
without errors measured at the 30-m TOF path length of 
GEEL. The present result of 105Pd is in general good 
agreement with the previous results2, 3) and with the all 
evaluated values. 

 
Table 2.  Neutron Capture Cross-section of 105Pd 

Average neutron Energy 
[Energy region] (keV) 

Capture cross-section (barn)
105Pd 197Au+

21 [15 ~ 25] 1.558 ± 0.063 [4.02%] 0.717

30 [25 ~ 35] 1.313 ± 0.053 [4.02%] 0.567

40 [35 ~ 45] 1.167 ± 0.047 [4.02%] 0.494

50 [45 ~ 55] 1.025 ± 0.041 [4.03%] 0.439

60 [55 ~ 65] 0.906 ± 0.037 [4.04%] 0.399
75 [65 ~ 90] 0.818 ± 0.033 [4.04%] 0.356

550 [FWHM : 99keV] 0.232 ± 0.009 [4.00%] 0.123
+ Data from ENDF/B-VII 

 

V. Conclusion 
The neutron capture cross-sections and capture gamma-

ray spectra of 105Pd have been measured in the incident 
neutron energy region from 10 to 100 keV and at 550 keV. 
These data will provide important information on nuclear 
reaction mecanisms and the information will be used for 
accurate evaluations of the neutron capture cross-sections 
of 105Pd. 

 
Fig. 4. Neutron Capture Cross-sections of 105Pd 
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In this work, the direct-bandgap compound semiconductor materials are irradiated by  particles emitted from 
241Am for the detection of scintillation light at the temperature of 150 mK. For the irradiation experiment, two disk 
shaped samples were fabricated from an epoxy resin mixed with the powder of PbI2 and CuI, respectively. Each disk-
samples was cooled down to 150 mK by a compact liquid helium-free dilution refrigerator. A Si avalanche 
photodiode (APD) was employed for detecting the scintillation light emitted from the disk-sample inside the 
refrigerator. The detection signal current of Si APD was converted into the voltage pulses by a charge sensitive 
preamplifier. The voltage pulses of the scintillation light emitted from the direct-bandgap semiconductors were 
observed at the temperature of 150 mK. 

 
KEYWORDS: direct-bandgap semiconductor, scintillation light, avalanche photodiode, low temperature 
 
 

I. Introduction  
Inorganic scintillators are used to detect gamma-rays 

because of its high detection efficiency. However, most 
inorganic scintillators have long scintillation decay time. For 
example, values of the efficiency and the decay time 
constant of NaI(Tl) are 38000 photons/MeV and 230 ns, 
respectively. Although GSO(Tl) exhibits a fast decay time 
constant of 56 ns,  the efficiency of 9000 photons/MeV is 
lower than that of NaI(Tl)1). 

Direct-bandgap compound semiconductors have a 
potential for a fast scintillation detector because of their fast 
scintillation processes. Intensity of scintillation light emitted 
from the direct-bandgap compound semiconductors has been 
found to increase with decreasing temperatures from 300 K. 
In this work, the direct-bandgap compound semiconductor 
materials are irradiated by  particles emitted from 241Am for 
the detection of scintillation light at the temperature of 150 
mK. 

 
II. Direct-Bandgap Compound Semiconductors 

In usual inorganic scintillators, scintillation photons are 
emitted through the transition between a valence band and 
impurity levels. On the other hand, the photon emission of 
pure compound semiconductors arises from exciton 
recombination transition. The life time of exciton 
recombination is shorter than other recombination processes. 
If they have a direct bandgap, Very fast transition for 
scintillation photon emission has been observed in a direct 
bandgap semiconductors2). The scintillation decay time of 
the direct-gap semiconductors have found to be a few 
nanosecond or less3). Unfortunately they have small 
scintillation efficiency at room temperature since the thermal 
energy breaks excitons for scintillation photon emission. For 

Corresponding Author, Tel No. and Fax No.: 092-802-3484, E-
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this reason, direct-gap semiconductors have not been used 
for the scintillation detector. Recently, the scintillation 
efficiency of some compound semiconductors was found to
increase with decreasing temperatures down to 10 K by 
Derenzo et al3,4). The direct-bandgap compound 
semiconductor material is expected to exhibit high 
scintillation efficiency in the low temperature region. 
Scintillation light from compound semiconductor has not 
been observed in low temperatures below 1 K. 

 
III. Experiment 

For the irradiation experiment, two disk shaped samples 
were fabricated from an epoxy resin mixed with the 
compound semiconductor powder of PbI2 and CuI, 
respectively. The purity of CuI and PbI2 were 99.5 % and 
95 %, respectively. The powder was mixed with an epoxy 
resin. After shaping into a disk, the sample was warmed up 
to the temperature of 400 K for 30 min. Specifications of 
samples are listed in Table 1. The fabricated disk sample 
was wrapped with aluminum foil and white TPFE tape for 
increase of light collection efficiency. 

Table 1 Specifications of sample  
 Powder Radius Hight Weiht 

Sample 1 CuI 11.8 mm 5.1 mm 0.8 g 
Sample 2 PbI2 11.7 mm 5.6 mm 0.9 g 

A Si avalanche photodiode (APD, Hamamatu Photonics 
S5344) was employed for detecting scintillation light from 
the disk-sample of the direct-gap semiconductor. The typical 
internal gain of the APD was 10-100 or more. The S/N ratio 
is improved in the low temperature region because of a 
reduction in the leakage current of the APD. For obtaining 
the relationship between the leakage current and the bias 
voltage in low temperatures, the APD was cooled down to 
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150 mK by operating a liquid-helium-free 3He-4He dilution 
refrigerator. Fig. 1 shows the relationship between the 
leakage current and the bias voltage of the APD measured at 
150 mK, 3.6 K and 298 K. The large decrease in the leakage 
current was observed at low temperatures. Because of the 
leakage current smaller than 1 pA, the APD is expected to 
operate with improved S/N ratio at low temperatures. 

 
Fig. 1 The relationship between the leakage current and the bias 
voltage at several temperatures (S5344) 

 

 
Fig. 2 A schematic diagram of the measurement system   

 
Fig. 2 shows a schematic diagram of the measurement 

system. The APD was mounted on the holder of a copper 
plate attached on the cold stage. A sensitive area of the APD 
was irradiated by -rays of 60 keV emitted from 241Am 
source placed in front of the APD. The current signal of the 
APD was converted into voltage pulse signal by a charge 
sensitive preamplifier. Fig. 3 shows an example of the 
voltage signal pulse of the -ray detection by the APD 

operated at 150 mK. The signal pulse had a rise time 
constant of 120 ns.  

The APD was irradiated with continuous light emmited by 
a LED for the photocurrent measurement. Fig. 4 shows the 
relationship between the relative gain and the bias voltage at 
150 mK, 4 K, 13 K and 40 K. An avalanche multiplication 
was observed at low temperatures. Judging from the above, 
the APD can be operated in the range of 150 mK to 40 K.  

 
Fig. 3 Example of the voltage signal pulse 

 

 
Fig. 4 The relationship between the relative gain and the bias 
voltage at several temperatures (S5344) 

 
The fabricated disk sample with wrapping was mounted 

on the APD in the dilution refrigerator as shown in Fig.2. 
The disk sample was irradiated by  particles emitted from 
241Am through a hole 2mm diameter at the center of the 
wrapping. Scintillation light was transmitted to the APD 
from the sample through a hole of 2 mm in diameter located 
at the center of the wrapping. The detection signal current of 
Si APD was converted into the voltage pulses by a charge 
sensitive preamplifier (CANBERRA 2003BT), and fed to the 
shaping amplifier (ORTEC 572). The voltage pulses of the 
preamplifier and the shaping amplifier were accumulated 
into a digital oscilloscope (Tektronix DPO7000) for 
analyzing the pulse shape of the detection signal. The 
temperature of the disk sample and the Si APD was 
maintained at 150 mK by operating the refrigerator.  
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IV. Results 
1. Measurement of CuI  

Fig. 5 shows the voltage signal pulses of the charge 
sensitive amplifier in the case of mounting the disk sample 
fabricated from CuI powder. Two types of signal voltage 
pulses were observed with different rise time constants. The 
signal pulses with fast rise time constant of 120 ns 
correspond to the current generated by the -rays absorbed in 
the depletion layer of the APD by referring Fig. 3. Therefore, 
detection of scintillation light by the APD is attributed to the 
signal pulses with slow rise time constant of 500 ns.  

The decay time constant of scintillation light of the CuI 
sample is obtained by differentiating the rise part of the slow 
voltage signal pulse in Fig. 5. Fig. 6 shows the 
differentiating result. The decay time constant of the CuI 
sample is estimated to be 130 ns. The estimated time 
constant is much longer than our expectation. Various 
impurities contained in the sample may contribute to 
lengthen the decay time. 

 

 

Fig. 5 The signal pluses from the preamplifier (CuI) 

Fig. 6 The differential signal pulse from scintillation light of CuI 

2. Measurement of PbI2 
Fig. 7 shows the voltage signal pulses of the charge 

sensitive amplifier in the case of mounting the disk sample 
fabricated from PbI2 powder. The signal pulse with rise time 
constant of 400 ns correspond to the detection of the 

scintillation light by the APD, while a direct -ray detection 
by the APD generates the fast signal with the rise time 
constant of 120 ns. 

Fig. 8 shows the result of differentiating the rise time part 
of the slow signal in Fig. 7. The decay time of PbI2 was 
estimated to be 110 ns much longer than our expectation. 

 

 
Fig. 7 The signal pluses from the preamplifier (PbI2) 

 

 
Fig. 8 The differential signal pulse from scintillation light of PbI2 

V. Conclusion 
The scintillation light emitted from direct band-gap 

semiconductors of CuI and PbI2 was detected by the APD at 
the temperature of 150 mK. By analyzing the rise part of the 
voltage signal pulse of the preamplifier, the decay time 
constants of scintillation light of CuI and PbI2 were obtained  
to be 130 ns, 110 ns, respectively. They were much slower 
than we have expected. The impurities in the semiconductor 
may disturb the scintillation processes and the life time of an 
excited state is lengthened. 
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In this study, by using the MATLAB® 7.0 program, we investigated the fundamental principle of digital X-ray 
tomosynthesis (DTS) and, furthermore, the influence of tomographic parameters associated with the acquisition and 
reconstruction processes for the isocenter motion, including the tomographic angle ( ) and the angle increment 
between each projection ( ) on the reconstructed images. A proper compensation for the ununiform magnification 
for the isocenter motion was made in the tomographic algorithm to remove the geometrical distortion in the acquired 
projections. A simple tomographic algorithm, the so-called the modified shift-and-add (MSAA), was also studied in 
order to reduce effectively the blurring artifact that occurs typically in the conventional reconstruction algorithm of 
SAA. We expect that the simulation results we obtained in this study will be useful for the optimal design of a digital 
X-ray tomosynthesis system for our ongoing application of nondestruction testings. 
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I. Introduction 
The principle of tomosynthesis is not new, but recently 

digital X-ray tomosynthesis (DTS) has gained popularity in 
many areas of medical and industrial applications such as 
mammography, dental radiography, and nondestructive 
testings owing to the recent digital revolution in imaging [1-3]. 

The DTS is a three-dimensional (3D) imaging technique that 
has the ability to address shortcomings of conventional X-
ray imaging modalities in which all structures in the imaged 
3D volume become superimposed onto a two-dimensional 
(2D) radiograph. It refers to a limited-angle technique of 3D 
image reconstruction with a low X-ray exposure, in which a 
set of projection data acquired within a limited-tomographic 
angle are subsequently used to synthesize the image of 
whole object, basically by using the reconstruction algorithm 
of shift-and-add (SAA) [4-6]. Fig. 1 shows a schematic 
illustration of the DTS principle. Here a sequence of 
projections are acquired by moving the X-ray tube and the 
detector around a fulcrum on a specific plane within a 
limited angle and then all the projection data are properly 
shifted-and-added such that only a specific plane is focused 
and others are blurred out. The common way to achieve this 
is to use a parallel-path geometry and thus to move the X-ray 
tube and the detector in a linear fashion in an opposite 
direction. However, it requires a very precise control in the 
movement of the X-ray tube and the detector, especially, in 
the direction of the X-ray tube. In this study, as shown in Fig. 
1, we used the isocenter motion just as in the C-arm, in 
which a proper compensation for the ununiform 
magnification should be made to remove geometrical 
distortion in the acquired projections. In this paper, by using 

Corresponding Author, Tel No: +82-33-760-2428, Fax No: +82-
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the MATLAB® 7.0 program, we investigated the 
fundamental principle of DTS and, furthermore, the 
influence of tomographic parameters associated with the 
acquisition and reconstruction processes, including the 
tomographic angle ( ) and the angle increment between each 
projection ( ) on the reconstructed images. A simple 
tomographic algorithm, the so-called the modified shift-and-
add (MSAA), was also studied to reduce effectively the 
blurring artifact that typically occurs in the SAA.  

 

 
Fig. 1 Schematic illustration of the principle of the digital X-ray 
tomosynthesis (DTS) with the isocenter motion. 

 

II. Methods and Results 
1. Simulation Geometry 

Fig. 2 shows a schematic illustration of the geometrical 
structure used in the simulation study emulated with the 
MATLAB® 7.0 program. Three different patterns with a 
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We have developed a urethral dosimetry system for real time dose verification along the urethra during 

permanent implant prostate brachytherapy. The urethral alarm probe uses “spectroscopic dosimetry” to calculate the 
dose rate along the urethra in real time. The application of spectroscopic dosimetry for the urethral alarm probe was 
verified using Monte Carlo calculations. In phantom depth dose measurements as well as isotropy measurements 
were performed to verify the usefulness of the urethra alarm probe as an in vivo real time dosimeter. 
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I. Introduction   
Permanent prostate implants are a common treatment 

modality for early stage prostate cancer. Reducing the risk of 
complications, whilst at the same time maintaining good 
dosimetric coverage of the tumor, is a major concern in 
prostate brachytherapy. We have developed a probe which 
measures in real time the dose delivered along the urethra 
and may be used by the physicians during seed implantation 
to monitor for excessive doses. In vivo dosimetry is 
commonly performed with miniature radiation detectors 
such as MOSFETs or diodes1). The main disadvantages of 
such systems are energy dependence and low sensitivity. The 
urethral alarm probe circumvents these problems by 
measuring the energy spectrum of the treatment radiation 
field. The dose rate at the point of measurement is 
proportional to the magnitude of the measured photopeaks. 
The urethral alarm probe consists of a silicon mini-detector 
connected to a shaping amplifier and discriminator, located 
inside a cable small enough to be inserted within a urethral 
catheter. A portable data acquisition system provides real 
time dose calculations and extrapolated total treatment doses. 
The following reports on Monte Carlo calculations and 
physical experiments to confirm the suitability of 
spectroscopic dosimetry as a tool for low dose rate in vivo 
measurements. 

 
II. Methodology 
1. Monte Carlo Simulations 

EGSnrc v42) was used for the following Monte Carlo 
simulations. The user code DOSRZnrc was used to score 
doses in a water phantom whereas the user code FLURZnrc 
was used to score particle fluence in a water phantom.  

Corresponding Author, Tel No: +61-2-4221-4574, Fax No:  +61-
2-4221-4954, E-Mail: anatoly @uow.edu.au 
**B. Lee is currently a visiting fellow at CMRP on sabbatical 

An iodine 125 based brachytherapy seed, model 6711 
from Amersham Health, was modeled in a large liquid water 
phantom. The dose deposited in the phantom was recorded at 
5 mm intervals up to 5cm from the seed along the transverse 
axis and normalized to 1 at 1cm. The particle fluence was 
also recorded at 5mm intervals up to 5cm from the seed long 
the transverse axis. The number of events in the photopeaks 
were counted for each of the spectra and normalized to 1 at 
1cm, to simulate the application of spectroscopic dosimetry, 
calibrated at a distance of 1cm from the seed. The two depth-
dose curves were plotted to compare the DOSRZnrc 
predicted dose and the spectroscopic dosimetry predicted 
dose. 

 
2. Phantom Measurements 
1) Depth dose measurements 

An iodine 125 based seed was placed inside a gel 
phantom. The urethral alarm probe was used to measure the 
extrapolated treatment dose at various distances from the 
seed along the transverse axis. These doses were plotted in 
comparison with TG43 (3) calculated doses. 

 
2) Isotropy measurements 

An iodine 125 based seed was placed inside a gel 
phantom. The urethral probe was placed 1cm from the seed 
on the transverse axis of the seed. The probe was rotated 360° 
with measurement taken every 30° to measure the azimuth 
isotropy of the detector. The probe was then moved parallel 
to the seed with measurements taken every 5mm. Each step 
of 5mm increased the polar angle of measurement, but also 
increased the source to detector distance. The measured dose 
vs. expected dose was plotted to investigate the polar 
isotropy of the detector. 

 
III Results 
1. Monte Carlo Simulations 
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The application of spectroscopic dosimetry has been 
simulated using FLURZnrc. Fig. 1 shows the comparison of 
spectra measured at 0.5cm and 5cm from an iodine 125 
based seed. It can be seen from Fig. 1 that the shape of the 
spectrum does not change significantly with distance, 
although the fluence has greatly decreased. This indicates 
that spectroscopic dosimetry may be viable over a large 
range of depths (up to 5cm from sources). 
a) 

 
b) 

 
Fig.1 Spectra at depths of a) 0.5cm and b) 5cm from an iodine 125 
seed.  

 
Fig. 2 Spectroscopic dosimetry predicted dose and DOSRZnrc 
predicted dose vs. depth 

 
Fig. 2 shows the depth dose curves for both the 

spectroscopic dosimetry predicted doses and calculated 
doses, up to 5cm from an iodine 125 based seed. 
Spectroscopic dosimetry has predicted the dose to within 2% 
of the calculated dose for each point of measurement. 

 
2. Phantom Measurements 

The measured spectrum of an iodine 125 based seed in 
free air is shown in Fig. 3. Several peaks are well resolved, 
indicating the urethral alarm probe is adequate for 
performing spectroscopy based dose calculations. 

 
Fig. 3 Iodine 125 based seed spectrum as measured by the urethral 
alarm probe at a distance of 1cm in free air. 

 
Depth dose curves for an iodine 125 based seed in a gel 

phantom as measured by the urethral alarm probe and as 
calculated by TG43 are shown in Fig. 4. The urethral alarm 
probe has measured the doses to within 5% of the expected 
doses. 

 
Fig. 4 Depth dose curve from an Iodine 125 based seed in a gel 
phantom as measured by the urethral alarm probe and calculated 
using TG433). 
 

The azimuthal isotropy of the urethral alarm probe is 
represented in Fig. 5. The urethral alarm probe has an 
isotropy within 4% of the mean response for 360° about the 
detector azimuth. 

 

 
Fig. 5 Azimuthal isotropy of the urethral alarm probe 

 
The polar isotropy of the urethra alarm probe is 

represented in Fig. 6. The decrease in dose with an increase 
of angle between transverse axis of the seed and direction 
from the seed center to the detector is due to the increasing 
source to detector distance. The measured doses were within 
5% of the calculated doses. The urethral alarm probe exhibits 
a polar isotropy to within 5% for angles up to 80° from the 
polar axis. 
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Fig. 6 Polar isotropy of the urethral alarm probe 

 

IV. Conclusion 
 The urethral alarm probe has been developed to provide 

real time dosimetry for permanent implant prostate 
brachytherapy. Monte Carlo calculations have shown 
spectroscopic dosimetry to be accurate to within 2% up to 
5cm from low energy x-ray sources with distinct emission 
spectra. The urethra alarm probe uses spectroscopic 
dosimetry to measure low dose rates to an accuracy of within 

5% of calculated doses, up to 5cm from sources, and for all 
angles of incidence about the detector (for both azimuth and 
polar angles). 

The urethral alarm probe demonstrates the ability for real 
time in vivo dose measurements using spectroscopic 
dosimetry. The patented urethral alarm probe will be a very 
useful tool in clinical dose verification both during seed 
implantation and post implant. 
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A new approach has been investigated for the miniaturization and simplification of intraoperative gamma and beta 
probes that have recently found application in radioguided surgery and sentinel lymph node biopsy. The probe design 
that is based on dual annular scintillators coupled to specially designed silicon concentric dual photodiode (CDPD). 
This approach allows us to avoid fiber optics coupling and PMTs. Two channels readout front-end electronics 
including shaper amplifier attached directly to the back of the detector module has been proposed. Two geometries of 
Si dual photodiodes coupled to CsI(Tl) annular scintillators with light masking between them were fabricated and 
investigated. CDPDs have size 10 and 6 mm as well as 6 and 3 mm outer and inner diameters respectively. The 
spectroscopy properties of CDPD separately and coupled to CsI(Tl) dual scintillator were investigated on I-125, Co-
57 and Na-22 photon sources. Both detectors have demonstrated acceptable energy resolution (10% for 511-keV) for 
the proposed application with FDG isotopes.  In the smaller detector the amplitude of the 511 keV photopeak from 
outer detector was less than in inner and is related to the light collection in the current geometry. When used in 
coincidence mode operation we observe a significant reduction in the measured Compton continuum level relative to 
the photopeak which is not significantly attenuated. The spatial resolution of detector module measured in the 
horizontal plane was 2-mm FWHM using a 0.5-mm collimated Tc-99m source. 

 
KEYWORDS: photodetector, anti-Compton, lymphoscintigraphy 
 
 

I. Introduction  
Intraoperative gamma and beta probes have found 

application in radioguided surgery and sentinel lymph node 
biopsy.  The development of a portable beta probe suitable 
for endoscopic procedures is also of great interest.  
Coupling of the miniature radiation probe with an 
endoscopic device may eliminate the need of multiple biopsy 
samples thus providing minimally invasive determination 
and treatment of cancer.  

The most widely used isotopes for cancer targeting are 
Tc-99m gamma emitter with energy 140 keV and F-18 (FDG) 
positron emitting isotope with annihilation 511-keV photons. 
In both cases the finding of the cancer requires the ability of 
the detection device to distinguish the increased uptake on a 
radiation background of normal tissue uptake. The situation 
is even more complicated in the case of FDG tracers because 
high energy 511-keV photons are producing an essential 
contribution to the beta channel which makes it difficult to 
distinguish the spot (often quite small in size) with the 
highest uptake.  The development of unique probe, which 
will be suitable both for pure gamma emitters and FDG 
isotopes with excellent spatial resolution, is a challenge.   

Corresponding Author, Tel No: +61-2-42214574, Fax No: +61-2-
42215944, E-Mail; anatoly@uow.edu.au 
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The traditional approach that utilizes passive collimation 
and scintillator coupled to PMT is not suitable in a 511-keV 
photon field. Essential increasing of the thickness of the 
passive protection leads to increasing the size of the probe, 
making difficult for intraoperative use. Using concentric 
scintillators separated by layer of lead or steel and coupled to 
the two separate PMTs via fiber optics demonstrated 
improvements in the spatial resolution. The improvement 
was due to the suppression of the 511-keV gamma 
background in the beta channel (core detector) in case of an 
FDG isotope or reducing the contribution of scattered 
gamma radiation to the core detector in case of Tc-99m.1,2) A 
detector module for beta activity detection with gamma 
suppression in case of FDG isotope, which is based on two 
back-to-back 0.5-mm thick Si SBD detectors with 3-mm 
diameter of active region, also has been proposed.3) For full 
depletion of such detectors 150 V bias is required.  

The current paper describes the proposed at CMRP, 
manufactured and tested prototype of a patented detector 
module, which will be suitable for gamma/beta activity 
detection with high spatial resolution on a background of 
high energy gamma radiation. This module is based on 
concentric, optically isolated CsI(Tl) scintillators coupled to 
a dual single crystal PD, optimized and fabricated for this 
application. 

In this paper we report on the technical characteristics of 
the dual, circular, concentric photodiodes of different 
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geometry that incorporates dual scintillator technology and 
the spectroscopic characteristics of dual scintillator-dual 
photodiode module for Co-57 (122 keV), Tc-99m (140 keV), 
Na-22 (511 keV) and Cs-137 (662 keV). Some comparisons 
are also made with a currently available commercial probe 
that is based on a solid state CdZnTe detector configuration. 

 
II. Detectors, Materials and Methods 

Fig. 1a and 1b show the principle of the detector module 
with dual concentric PDs.  The advantage of this approach 
is in identical readout electronics due to the same nature of 
detectors, possibility of miniaturization with readout 
miniature front-end electronics attached directly at the back 
of the detector, low voltage operation (25V), utilizing of 
coincidence technique for improvement of spread function of 
probe in case of beta/gamma or pure gamma  isotope 
activity mapping. 

 

 
 

Fig. 1 schematic diagram of (a) the concentric PD coupled to dual 
scintillator and (b) the concentric PD design 

 
To evaluate the detector module properties, the module 

was mounted on a computer controlled rotating/translating 
gantry (shown in Fig. 2a) designed and built at CMRP labs.  
A lead block as shown in Fig. 2b was used to collimate a 
variety of radiation sources.  In the case of Tc-99m, which 
was used to determine the spatial resolution of the probe, the 
radioactive source was sealed in a fine plastic tube, which 
then positioned inside the block. The probe was positioned 
1.9 mm above the point source defined by the block.  The 
probe was moved in x-direction and acquisition time for the 
inner detector was 300 s with Tc-99m (140 keV). Response 
using the inner detector was measured, with the acquisition 
time being 30 s. The spatial resolution is the FWHM of the 
experimentally measured line spread function. 
 

 
Fig. 2 Photo of (a) the dual probe mounted on the scanning gantry 
and (b) the two piece lead collimator used in the experiments. 

 
III. Results and Discussion 

Two different geometries of dual concentric photodiodes 
were manufactured and investigated. One dual PD had an 
inner and outer diameter of 3 and 6mm , respectively. The 
other dual PD had a 6 mm inner diameter and a square 

10x10 mm2 outer PD design. The results presented in this 
article focus on the 3 mm 6 mm geometry photodetector.  

One important issue investigated here is signal crosstalk. 
In this case charge created within the diameter of the inner 
detector may be registered in the outer detector. Such cross-
talk can lead to much confusion when carrying out pulse 
height analysis techniques. To investigate the significance of 
cross talk in our detector we exposed the photodetector to a 
0.5 mm collimated I-125 source. Fig. 3 shows the response 
of the inner Si PD to photons from I-125 source (21 and 27 
keV are the main peaks observed) measured with an in-
house designed miniature charge sensitive preamplifier 
respectively, under 25 0C. The two main lines are clearly 
observed and resolved when the collimated source was 
exposed to the inner photodetector. However when the 
collimated source is moved onto the outer detector an 
insignificant number of counts are measured on the inner 
detector. 

 
Fig. 3 The response of inner 6mm PD on I-125. 

 
The results clearly indicate that the level of cross-talk 

between the inner and the outer detector is insignificant. 
What few counts are measured are most likely due to the 
imperfect collimation of the source. It should also be noted 
that the cross-talk results displayed here were independently 
verified using a much more accurate technique (Ion Beam 
Induced Charge Collection), however this is not discussed 
here. 

 

 
 
Fig. 4 The response of the inner scintillator detector of the module 
with a 3mm diameter core optically coupled to CsI(Tl) excited by 
122 keV photons from a Co-57 source, 511 keV photons from a 
Na-22 source and 662 keV photons from a Cs-137 source. 
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suppression the level of Compton contribution to the 
measured pulse height spectrum is clearly much more 
significant. Such Compton suppression may have very 
valuable contribution if dual energy radiotracers are utilized 
as part of the radioguided surgery procedure. 

 
 

Fig. 8  Measured pulse height spectrum of a Cs-137 source with 
the CMRP probe operated with and without Compton suppression 
mode. 

 
IV. Conclusions 

We have characterized the readout performance of a new 
dual photodetector, dual scintillator probe for radioguided 
surgery. The obtained energy resolution is enough to realize 
beta probe in count mode for use with PET isotopes using 

weighted counts from the outer detector for substraction of 
gamma 511 keV background from the core detector. In 
contrast to Si back-to-back detector module3) the sensitivity 
to 511 keV gamma photons is much higher and can be used 
additionally to increase the sensitivity of the probe using the 
core detector for beta and gamma radiations simultaneously. 
In this case counts due to scattered 511 keV gamma photons 
will be eliminated using a coincidence technique. 

Study with collimated gamma beam demonstrated that no 
cross talk effect related to charge division between two PDs 
or light penetration between two concentric scintillators. 
Readout front–end electronics including shaper amplifier for 
both channels placed on 10 25 0.2 mm PC board and anti-
Compton application of the probe will be investigated and 
presented along with detailed characterization of proposed 
module. 
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Fig. 2 Normalized releases of radionuclides from the TRP, with 
those from La Hague and Sellafield reprocessing plants: (a) 3H; (b) 
14C; (c) 85Kr; and (d) 129I 
 

Fig. 2 gives the normalized releases (in TBq/GWa) from 
three reprocessing plants per unit of energy generated (i.e. 
energy equivalent of fuel reprocessed).7) One GWa 
(gigawatt-year) corresponds to the energy generated by the 
power plant operating at 1 GW for 1 year. The normalized 
releases of 3H from the TRP were comparable to those from 
La Hague, but were significantly lower than those from 
Sellafield plant. We have demonstrated that (1) 3H in tritiated 
hydrogen (HT) form is also released from the TRP during 
reprocessing operation, the amount of which reaches 
approximately one-third of the amount of HTO; and (2) a 
small quantity of 3H is released even in non-reprocessing 
period, but only in HTO form.1) The high normalized 3H 
release obtained in 1983 was thus attributed to the 
considerably small amount of fuel reprocessed. No 
consistent difference in the normalized 14C releases was 
observed among three reprocessing plants in 1990s, 
implying that the airborne 14C discharge was relatively 
proportional to the amount of fuel reprocessed. Recent 
investigations using a 14C-speciation-sampler have shown 
that more than 97% of 14C discharge from the TRP is 
apportioned to the CO2 form.10) The normalized releases of 
85Kr from three plants were almost in the same level, 

suggesting the technical difficulty of recovering 85Kr, a noble 
gas nuclide, in the plants, as shown by the high ratio of 
discharge to the inventory. In contrast, the normalized 
release of 129I from the TRP has decreased since the early 
time of the operation. This may reflect our effective 
discharge control by the installation of silver-exchanged 
zeolite (AgX) filters in the off-gas treatment process and the 
careful adjustment of pH in solutions in the reprocessing 
processes. 
 

IV. Conclusions 
We have established the integrated-monitoring-system that 

includes the methodologies considering the situations to be 
applied and feedbacks of our practical experiences. The 
system has successfully provided the long-term monitoring 
of 3H, 14C, 85Kr and 129I in airborne release from the TRP. 
The update methodologies, or some parts of them, would be 
applicable to the monitoring not only in the coming 
reprocessing plants but also in nuclear power plants. Our 
monitoring data certainly ensure that the TRP has never 
given a significant radiation dose to public during the 30-
year operation. 
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In this study, we have developed two-dimensional fiber-optic radiation sensors using organic scintillators and 
plastic optical fibers for high energy photon beam therapy dosimetry. The scintillating lights generated from each 
organic sensor probe embedded and arrayed in a polymethylmethacrylate phantom are guided by 10 m plastic optical 
fibers to the light-measuring devices such as 25 channel photodiode-amplifiers system. Two-dimensional photon 
beam distributions in a polymethylmethacrylate phantom are measured with different energies and field sizes of 
photon beam. Also, percent depth dose curves for 6 and 15 MV photon beams are obtained using a two-dimensional 
fiber-optic sensor. This sensor has many advantages such as high resolution, real-time measurement, two-dimensional 
dose measurement and ease calibration over conventional radiation measurement devices. 

 
KEYWORDS: fiber-optic radiation sensor, two-dimensional, dosimetry, photon beam 
 
 

I. Introduction  
Recent radiotherapy treatment such as image guided 

radiation therapy (IGRT) or intensity modulated radiation 
therapy (IMRT) deals with complex dose distributions and 
requires more accurate dose measurements. For this purpose, 
sensors for radiotherapy dosimetry should have a small 
sensitive volume for high resolution measurements and be 
made of water-equivalent material for exact dose 
measurements without complicated calibration processes.1) 

Small sized dosimeters for radiotherapy use such as ion 
chambers, silicon photodiodes, diamond detectors, and liquid 
ion chamber have been developed and used for dose 
measurements.2-5) However, they have some problems as a 
rather large sensitive volume, dose rate dependence, 
complicated construction and high cost.6) And it is difficult 
to measure depth dose curves and beam profiles with 
conventional detectors due to the loss of lateral electronic 
equilibrium and volume averaging. 7) 

In recent years, a fiber-optic radiation sensor based on an 
organic scintillator was developed.8,9) This sensor can 
minimize dose distribution perturbation in a plastic phantom 
or water because the sensitive volume of the sensor is very 
small and it is nearly water-equivalent. Also it is possible to 
measure the one or two-dimensional dose distributions and 
percent depth dose (PDD) curves by arraying these sensors 
freely in a polymethylmethacrylate (PMMA) or water 
phantom. 

Corresponding Author, Tel No: +82-43-856-0976, Fax No: +82-
43-851-0620, E-mail: bslee@kku.ac.kr 

In this study, we have developed a two-dimensional fiber-
optic radiation sensor using organic scintillators and plastic 
optical fibers (POF) for high energy photon beam therapy 
dosimetry. The scintillating lights generated from each 
organic sensor probes embedded and arrayed in PMMA 
phantom are guided by 10 m POFs to the light-measuring 
devices such as 25 channel photodiode-amplifiers system. 
The objectives of this study are to measure and obtain the 
surface dose distributions and PDD curves in a water-
equivalent plastic phantom using a two-dimensional fiber-
optic radiation sensor. Two-dimensional photon beam 
distributions in a PMMA phantom are measured as functions 
of different energy and field size of the photon beam from a 
clinical linear accelerator (CLINAC). Also, averaged PDD 
curves for 6 and 15 MV photon beams are obtained. This 
sensor has many advantages such as high resolution, real-
time measurement, two-dimensional dose measurement and 
ease calibration over conventional radiation measurement 
devices. 

 
II. Materials and Methods 

As the sensor probe material, commercially available 
organic scintillators (BCF-20, Saint-Gobain Crystals) made 
out of a polyvinyltoluene (PVT) base with wavelength-
shifting fluors are used. The emission color and peak wave 
length of this organic scintillator is blue and 492 nm, 
respectively. The number of emitted photons per 1 MeV 
energy ionizing particle which interacts with this scintillator 
is about 8000. These scintillators are cylindrically shaped 
with a 1 mm diameter and a 10 mm length, and both surfaces 
of the scintillator are polished with various polishing pads in 
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a regular sequence. An organic scintillator is glued to the 
POF fiber using an optical-cement (DP-100 Plus, 3M). Both 
surfaces of the scintillator and plastic optical fiber are also 
polished using polishing pads. 

Commercial grade plastic multimode optical fibers (CK-
40, Mitsubishi Ltd.) are used to guide scintillating lights 
from the sensor probes to the photodiode (S1336-18BK, 
Hamamatsu Photonics)-amplifiers system. The outer 
diameter of these fibers is 1.0 mm, and the cladding 
thickness is 0.02 mm. The refractive indices of the core and 
the cladding are 1.49 and 1.402, respectively, and the 
numerical aperture (NA) is 0.504. Fig. 1 shows a schematic 
diagram of the fiber-optic radiation sensor which is 
fabricated with a POF and an organic scintillator. The 
surface of the sensor probe as shown in Fig. 1 is surrounded 
by reflective paint based titanium oxide (TiO2) to increase 
scintillating light collection efficiency and to intercept the 
light noise from outside. Two-dimensional fiber-optic 
radiation sensor arrays with gaps of 2 cm and with depth of 1 
cm embedded in PMMA phantoms are shown in Fig. 2. 

 

 
Fig. 1 Fiber-optic radiation sensor 

 

 
Fig. 2 Two-dimensional fiber-optic radiation sensor 

 
Fig. 3 shows experimental setup to measure two-

dimensional dose distribution of photon beams from a 
CLINAC. Throughout this study, photon beams are provided 
with a Varian CLINAC 2100CD and two kinds of photon 
beam energies such as 6 and 15 MV are used and the field 

sizes of photon beam are 5 × 5 and 10 × 10 cm2. The 
scintillating light measurements are made with 25 channel 
photodiodes amplification system. 

 

 
Fig. 3 Experimental setup 

 
III. Experimental Results 

Fig. 4 shows two-dimensional photon beam distributions 
in a polymethylmethacrylate phantom using fiber-optic 
sensor arrays. The field size of photon beam is 10 × 10 cm2 

and the energies of the photon beam are 6 and 15 MV. 25 
individual fiber-optic sensors are arrayed with the same gap 
of 2 cm and embedded in PMMA phantom with 1 cm depth. 
Each light signal from the fiber-optic sensors is guided to the 
25-channel photodiode array which can converts light into 
electrical signal. 

Before measurements, we have arrayed 25 fiber-optic 
sensors two-dimensionally on the center of 20 x 20 cm2 
radiation field with gaps of 5 mm. Because the amount of 
dose in the center part of the radiation field is considered to 
be uniform, we have measured scintillating light signals 
from 25 sensors and have obtained average value of those 
light signals. Using the average value, we have decided the 
correction factor of each sensor and have calibrated the 
measured results. 

 

 
(a) 
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(b) 

Fig. 4 Measurements of scintillating lights using two-dimensional 
fiber-optic radiation sensor array for (a) 6 MV, and (b) 15 MV 
photon beams with 10 × 10 cm2 field size 

 
The measured light signals show almost same values and 

are distributed uniformly in the field size of 10 × 10 cm2 for 
two different photon beam energies. The scintillating light 
signals induced by 6 MV photon beam are higher than those 
by 15 MV photon beam because the maximum depth doses 
of 6 and 15 MV photon beam are occurred about 1.5 and 3 
cm in water phantom respectively.10) 

Fig. 5 also shows two-dimensional photon beam 
distributions in a polymethylmethacrylate phantom with 5 × 
5 cm2 field size of photon beam. The maximum light signal 
from 9 fiber-optic sensors in the radiation field are obtained 
and other 16 sensors which are outside of the field size 
cannot detect valid signals due to the reduced field size. 

Measured PDD curves using a two-dimensional fiber-
optic sensor array for 6 and 15 MV photon beams are shown 
in Fig. 6 and 7, respectively. Fig. 6-(a) and 7-(a) show one-
dimensional PDD curves in a PMMA phantom. 5 individual 
fiber-optic sensors of the two-dimensional sensor array are 
located at the same depth and are used to measure 
scintillating light signals simultaneously. 

 

 
(a) 

 
(b) 

Fig. 5 Measurements of scintillating lights using two-dimensional 
fiber-optic radiation sensor array for (a) 6 MV, and (b) 15 MV 
photon beams with 5 × 5 cm2 field size 
 

 
(a) 

 
(b) 

Fig. 6 PDD curves in a PMMA phantom for 6 MV photon beam 
using a two-dimensional fiber-optic sensor array with (a) measured 
scintillating light signals, and (b) averaged values 
  

The curves in Fig. 6-(b) and 7-(b) also show that PDD 
curves for 6 and 15 MV photon beams, which are obtained 
by the average value of the measured light signals using 5 
individual fiber-optic sensors at the same depths as shown in 
Fig. 6-(a) and 7-(a). These PDD curves show that the 
maximum depth doses are at about 1.5 cm and 3 cm depths 
of a PMMA phantom respectively and they are consistent 
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with previous results which are obtained using an ion 
chamber.10) 

 

 
(a) 

 
 (b) 

Fig. 7  PDD curves in a PMMA phantom for 15 MV photon beam 
using a two-dimensional fiber-optic sensor array with (a) measured 
scintillating light signals, and (b) averaged values 
 

IV. Conclusions 
In this study, we have fabricated a fiber-optic radiation 

sensor with an organic scintillator and two-dimensional 
sensor array to measure high-energy photon beam 
distributions for radiotherapy dosimetry. Two-dimensional, 
high resolution and real-time dose measurements in the 
water-equivalent plastic phantom could be possible using 
this two-dimensional fiber-optic sensor array. Two-
dimensional photon beam distributions in a PMMA phantom 
are measured with different energies and field sizes of 
photon beam. Also, PDD curves in a PMMA phantom for 6 
and 15 MV photon beams are obtained using two-

dimensional sensor array. Further studies will be carried out 
to measure the spatial resolution of a two-dimensional fiber-
optic sensor array and to fabricate three-dimensional fiber-
optic sensor array which can measure surface dose 
distribution and PPD simultaneously. 
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Fig.6. The scintillation efficiency of NaI(Tl) as a function of the 
stopping power. The broken line is the calculation using Eq. (3). 

 
row energy region, the larger the atomic number of incident 
particle is, the smaller the light output of same deposit 
energy is. But in comparatively high energy region, this 
tendency is not shown.  

 
2. Scintllation Efficiency 

As described above, the light output curves considerably 
change its shape with the measured particle. Therefore it is 
difficult that the light output (L) is represented by the unified 
equation with the deposit energy (E). So we focused 
attention on the relation between scintillation efficiency 
(dL/dE) and stopping power (dE/dx).  At first, the 
scintillation efficiency is defined approximate slope of the 
light output curve on each measurement. The stopping power 
on incident particles is calculated with Eq. (2). Fig. 6~8 
show the relation between the scintillation efficiency and the 
stopping power of NaI(Tl), CsI(Tl) and GSO(Ce). In all 
region of the stopping power the scintillation efficiency of 
GSO(Ce) decreases monotonically, but that of NaI(Tl) and 
CsI(Tl) become lowering in the region of the low stopping 
power. 

The scintillation efficiency of NaI(Tl) for several charged 
particles was reported by Romero et al.7). Romero et al. 
represented the scintillation efficiency of NaI(Tl) as the 
following equation,  

5

0

ln ,
t

t
t

dL dEa
dE dx

 (3) 

where this parameter set is a0 = 0.68, a1= 0.12, a2= 0.045, 
a3= -0.022, a4= 0.0023, a5= -0.000073. The solid line in Fig. 
6 shows the calculation result by Eq. (3), and represents the 
scintillation efficiency of NaI(Tl) approximately. In the other 
hand, the scintillation efficiency of CsI(Tl) depends on a 
kind of particles strongly. 

In order to represent the scintillation efficiency of 
GSO(Ce), we applied the following equation derived by Eq. 
(1). 

.
1

dL S
dE kB dE dx

 (4) 

 
Fig.7. The scintillation efficiency of CsI(Tl) as a function of the 
stopping power.  

 
Fig.8. The scintillation efficiency of GSO(Ce) as a function of the 
stopping power. The broken line is the calculation using Eq. (4). 

The parameters were used the following value, S = 
1.0[arb.], kB = 1.14 10-2[g/MeVcm2]. The solid line in Fig. 
8 shows the calculation result by Eq. (4), and represents the 
scintillation efficiency of GSO(Ce) moderately. Because of 
data deficiency the scintillation efficiency of LYSO(Ce) is 
not analyzed.  

The light output curves calculated by Eq. (3) and (4) are 
shown as the solid line in Fig. 9 and 10. In Fig. 9 and 10, 
curves of small atomic number particle are reproduced by 
calculation well. But curves of large atomic number particle 
cannot be reproduced. It is because that Eq. (3) and (4) 
cannot represent the scintillation efficiency of these particles.  
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Fig.9. The light output curves of NaI(Tl) as a function of thedeposit 
energy. The solid lines are the calculation using Eq. (3). 

 
Fig.10. The light output curves of GSO(Ce) as a function of the 
deposit energy. The solid lines are the calculation using Eq. (4). 

 
 

V. Conclusion 
In order to investigate the light output characteristics of 

inorganic scintillators, we carried out experiments at PH1 
course of HIMAC (Heavy Ion Medical Accelerator in Chiba) 
in National Institute of Radiological Sciences. By 
measurements of the wide range of intermediate energy, the 
scintillation efficiency for the wide range of the stopping 
power was measured. The scintillation efficiency of NaI(Tl) 
and GSO(Ce) could be represented by Eq. (3) and (4), and 
the calculations using these equations could represent the 
light output curve of these crystals. This study shows that the 
scintillation efficiency is a function of the stopping power. 
The more accurate scintillation efficiency is represented, the 
more strictly the light output curve may be represented. It is 
anticipated that the more refined researches of scintillation 
efficiency clear up the light output characteristics of 
inorganic scintillators. 
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demands of measurement in workplace on account of its 
fashion style and advanced functions such as digital signal 
transmission, stability and well EMC.   
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Performance Evaluation of One-dimensional Fiber-optic Radiation Sensor for 
Measuring High Energy Electron Beam Using a Charge-coupled Device 
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In this study, we have fabricated one-dimensional fiber-optic radiation sensor array for high energy electron beam 
therapy dosimetry. Fiber-optic radiation sensor comprises an organic scintillator as a sensing volume, optical fiber as 
a light guider and photo-detector as a light measuring device. Usually, photomultiplier tube or photodiode is used as a 
photo-detector however we have tried to use a charge-coupled device as a scintillating light measuring system for 
one-dimensional fiber-optic radiation sensor array. This system can take an image of the proximal ends of one-
dimensional fiber-optic sensor array and can measure light intensities of individual image of optical fibers 
simultaneously using simple imaging software. Charge-coupled device as a light measuring detector has many 
advantages which are easy in multi-dimensional measurements, high spatial resolution and relatively low cost. We 
have measured one-dimensional electron beam distributions in a PMMA phantom with different energies and field 
sizes of electron beam using a fiber-optic sensor and a charge-coupled device. Also, the percentage depth dose curves 
for high energy electron beams are obtained. 

 
KEYWORDS: fiber-optic radiation sensor, one-dimensional, electron beam, CCD 
 
 

I. Introduction  
Typically, a fiber-optic radiation sensor for radiotherapy 

dosimetry applications uses an organic scintillator probe, an 
optical fiber and a light-measuring device.1,2) An optical fiber 
is usually made of plastic or glass, which is used to guide the 
light signal from a scintillator to light measuring device such 
as a photomultiplier tube (PMT), photodiode or optical 
power-meter. PMT is commonly used to measure 
scintillating light due to its high internal gain and reasonable 
quantum efficiency however it has some drawbacks such as 
gain change with time, high cost, relatively large volume and 
difficulty in using multi-channel measurements. Photodiodes 
can be the preferred solution because they are relatively 
cheap, compact and very easy to make an array, but the 
problem is that they work efficiently with higher wavelength 
visible light, whereas most organic scintillators emit light 
with lower wavelengths in visible light or ultraviolet range.3) 
Optical power-meter is rarely used to measure scintillating 
light due to its lack of stability in measurement and high cost. 

 In this study, we have used a charge-coupled device 
(CCD) as a scintillating light measuring system for one-
dimensional fiber-optic radiation sensor array. This system 
can take an image of the proximal ends of one-dimensional 
fiber-optic sensor array and can measure light intensities of 
individual image of optical fibers simultaneously using 
simple imaging software. CCD as a light measuring device 

Corresponding Author, Tel No: +82-43-856-0976, Fax. No: +82-
43-851-0620, E-mail: bslee@kku.ac.kr 

has many advantages which are easy in multi-dimensional 
measurements, high spatial resolution and relatively low 
cost.4) 

We have measured one-dimensional electron beam 
distributions in a polymethylmethacrylate (PMMA) phantom 
with different energies and field sizes of electron beam using 
a fiber-optic sensor and a CCD. Also, the percentage depth 
dose (PDD) curves for high energy electron beams are 
obtained. 

 
II. Materials and Experimental Setup 

As a fiber-optic sensor probe, an organic scintillator 
which is made out of a polyvinyltoluene (PVT) base with 
wavelength-shifting fluors is used. It has a cylindrical shape 
and commercially available (BCF-20, Saint Gobain Crystals). 
This scintillator emits green light whose peak wavelength is 
492 nm and the decay time is 2.7 nsec. About 8000 photons 
are emitted when 1 MeV ionizing particle interacts with this 
scintillator. An organic scintillator of 1 mm diameter and 10 
mm length is glued to the 10 m length plastic optical fiber 
(POF) with an optical-cement. Optical polishing should be 
done both surfaces of an organic scintillator and POF before 
gluing. POF has many advantages as a scintillating light 
guider in fiber-optic radiation sensor. First, POF is flexible 
and able to withstand a bend radius of up to 20 mm with no 
change in transmission. Second, POF can be used in the high 
radiation environment because it does not create any 
electromagnetic interference. Third, POF itself or its 
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connector is cheaper and its surface is easily polished 
compared to the glass optical fiber. The outer diameter of 
POF (CK-40, Mitsubishi) which is used in this study is 1.0 
mm, and the cladding thickness is 0.02 mm. The refractive 
indices of the core and the cladding are 1.49 and 1.402, 
respectively, and the numerical aperture (NA) is 0.504. The 
NA stands for the light-gathering power and more lights can 
be guided by a POF with a high NA. 

 

 
Fig. 1 Fiber-optic radiation sensor with organic scintillator probe 

 

 
Fig. 2 One-dimensional fiber-optic radiation sensor array 
embedded in PMMA phantom 

 
Fig. 1 shows a fiber-optic radiation sensor which consists 

of an organic scintillator probe and a general POF. The 
surface of the sensor probe is surrounded by reflective paint 
based Titanium Oxide (TiO2) to increase scintillating light 
collection efficiency and to intercept the light noise from 
outside. And one-dimensional fiber-optic radiation sensor 
array with a gap of 1 cm, which is embedded in PMMA 
phantom are shown in Fig. 2. There is no air gap between 
fiber-optic sensor probe and every hole in PMMA phantom 
to maintain the water-equivalency of each sensor probe and a 
phantom. 

Fig. 3 shows experimental setup to measure one-
dimensional distributions of electron beam in a PMMA 
phantom which has water or tissue-equivalent material 
characteristics. Electron beams are provided with a Varian 
clinical linear accelerator (CLINAC) 2100CD and 6 and 12 
MeV energies electron beam with 4 × 4 and 10 × 10 cm2 
field sizes are used. 

The images of the proximal ends of one-dimensional 
fiber-optic sensor array are taken using a CCD (SDZ-160, 
Samsung) with an image capturing software (FlashBus MV 
ver. 3.91, Integral Technologies, Inc.). The light intensities of 

those images are measured with a Matlab (version 
7.3.0.267(R2006b), MathWorks, Inc.) The SDZ-160 Color 
CCD Camera has 1/4 inch image format with 410,000 Pixels 
and has a built-in lens in a compact package. The maximum 
zoom ratio of this CCD is 128 times with 16 times optical 
and 8 times digital zoom. 

 

 
Fig. 3 Experimental setup 

 
III. Experimental Results 

Fig. 4 and 5 show the measured scintillating light signals 
from a one-dimensional fiber-optic sensor array with 
different electron energies and field sizes. The fiber-optic 
sensors are embedded in a PMMA phantom with 1 cm depth 
and arrayed with the same gap of 1 cm. The measured light 
signals show almost same values and are distributed 
uniformly in the field size of 4 × 4 and 10 × 10 cm2 for two 
different electron beam energies. 

 

 
Fig. 4 Measured scintillating light signals of one-dimensional fiber-
optic sensor array irradiated by 6 and 12 MeV electron energies 
with field size of 4 x 4 cm2 
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To calibrate each fiber-optic sensor we have arrayed 10 
fiber-optic sensors one-dimensionally on the center of 20 x 
20 cm2 electron field with gaps of 5 mm. Because the 
amount of dose in the center part of the electron field is 
considered to be uniform, we have taken 10 images of 
proximal ends of fiber-optic sensors and measured light 
intensities of those images. Also, we have obtained average 
value of measured light intensities and we have decided the 
correction factor of each sensor using the average value. 
Finally, we have calibrated and corrected the measured 
results. 

Fig. 4-(a) and 5-(a) show the images of proximal ends of 
fiber-optic sensor array, which are taken by CCD when the 
scintillating probes of fiber-optic sensor array are irradiated 
by 6 and 12 MeV electron beam, respectively. The light 
intensities of the proximal end images are measured using 
imaging software and the results are shown in Fig. 4-(b) and 
5-(b) with different field sizes. 

The scintillating light signals induced by 6 MeV electron 
beam are almost same as those by 12 MeV electron beam as 
shown in Fig. 4-(c) and 5-(c) because the percent depth dose 
curves of 6 and 12 MeV electron beam show the same value 
at the depth of 1.0 cm in a water phantom.5) In Fig. 4-(c), 
only 4 scintillating light signals are detected because the 
field size is 4 × 4 cm2 and every 10 light signals are 
measured by fiber-optic sensor array with increased field 
size of 10 x 10 cm2 in Fig. 5-(c).  

 

 
Fig. 5 Measured scintillating light signals of one-dimensional fiber-
optic sensor array irradiated by 6 and 12 MeV electron energies 
with field size of 10 x 10 cm2 

 

 
Fig. 6 Measured depth doses curves in PMMA phantom for 6 and 
12 MeV electron energies using one-dimensional fiber-optic sensor 
array 

 
Fig. 6 shows the one-dimensional percent depth dose 

curves using a one-dimensional fiber-optic sensor array for 6 
and 12 MeV electron beams. Also, the images of the 
proximal ends of fiber-optic sensor taken by CCD are shown 
in Fig. 6-(a) and the measured light intensities of the images 
are shown in Fig. 6-(b). 

Fig. 6-(c) shows that the percent depth dose curves for 6 
and 12 MeV electron beams are maximized at about 1.5 cm 
and 3.0 cm depth of a PMMA phantom respectively. These 
are consistent with known results that the maximum depth 
doses are measured at 1.3 cm for 6 MeV and at 2.8 cm for 12 
MeV electron beams using an ion chamber in a water 
phantom. 5) 

 

IV. Conclusions 
In this study, we have fabricated one-dimensional fiber-

optic sensor arrays and developed a method to measure 
scintillating light signals using a CCD for high energy 
electron beam therapy dosimetry. We have measured one-
dimensional electron beam distributions in a PMMA 
phantom with different energies and field sizes of electron 
beam using a fiber-optic sensor and a CCD. Also, the PDD 
curves for high energy electron beams are obtained. Further 
studies will be carried out to measure the spatial resolution 
of a one-dimensional fiber-optic sensor array and Cerenkov 
lights induced by fiber-optic sensor array embedded in a 
phantom. Also, angular dependence of fiber-optic sensor 
array will be investigated. It is expected that multi-
dimensional fiber-optic sensor array and CCD system as a 
light measuring device can be used for electron beam 
therapy dosimetry with high accuracy and spatial resolution. 
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In HDR prostate brachytherapy, post-treatment complications occur due to overdosing the rectum wall and urethra. 
An area of concern regarding treatment is related to how the rectal wall dose is calculated using treatment planning 
systems. Treatment planning systems can calculate the dose delivered to the rectal wall, assuming that the rectum is 
filled with water equivalent material. This assumption is not always correct, as the rectum is emptied before treatment 
begins. The aim of this research is to quantify the difference in the dose measured in an ‘empty’ rectal phantom, and 
in a rectal phantom filled with water equivalent material. Results indicate that the dose measured by the MOSkin and 
RadFET in an empty rectum is approximately 10–15% lower than the dose measured dose in a full rectum, and the 
dose calculated by the PLATO TPS, which assumes that the rectum is full. This could have implications on the design 
of HDR treatment plans. 

 
KEY WORDS: high dose rate brachytherapy, prostate cancer, rectum, rectal dose 
 
 

I. Introduction  
The use of metal oxide semiconductor field effect 

transistors (MOSFETs) in dosimetry has gained acceptance 
for dosimetry in high energy photon and electron beam fields. 
Traditionally, patient dose verification is performed using 
thermoluminescence dosimeters (TLD). While the small size 
of TLDs is desirable, they do not allow for real-time, in-vivo 
dose information to be obtained during a clinical treatment. 
Also, stringent handling and annealing procedures must be 
followed to acquire accurate, reproducible results with TLDs. 
The sensitive volume of detectors such as TLDs and fiber 
optic dosimeters is on the millimeter scale, and would only 
allow for volume averaging of the absorbed dose, providing 
poor spatial resolution. In regions with a steep dose gradient, 
such as that experienced near a high dose rate (HDR) 
brachytherapy source, thinner sensitive volumes are required 
to measure the absorbed dose in steep dose gradient 
conditions. Radiochromic films, such as EBT 
GAFCHROMIC® film from International Specialty 
Products (USA), have 34 m thick active volumes (two 17 

m layers combined) that allow for high spatial resolution 
measurements to be made, but require 6–24 hours to 
develop1), and therefore, cannot offer real-time dose 
information to clinicians during a treatment. In HDR 
prostate brachytherapy, post-treatment complications occur 
due to overdosing the rectum wall and urethra. At St. George 
Cancer Care Centre in Sydney, Australia, careful planning is 
conducted so that the rectal wall receives a dose no higher 
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than 75% of the dose delivered to the prostate gland2). The 
close proximity of the rectum to the prostate leads to a high 
probability of delivering too much dose to the rectum. 
Quality Assurance (QA) during an HDR brachytherapy 
treatment session is required to ensure that slight movements 
of the prostate and catheter during treatment don't lead to 
rectal damage. By monitoring the dose delivered to the 
rectum during treatment, the treatment can be altered or 
stopped before too much dose is delivered to the rectum or 
corrected during the next fraction. The popularity of 
MOSFET-based detectors is increasing in this field due to 
their small size, reusability, and their ability to offer real-
time dose information. While other detector systems, such as 
fiber optic dosimeters, meet these requirements, MOSFET-
based dosimeters are also capable of high spatial resolution 
due to their sensitive volume, which is typically less than 1 

m thick. 
An area of concern is related to how the rectal wall dose 

is calculated using treatment planning systems. Treatment 
planning systems (TPS) can calculate the dose delivered to 
the rectal wall, but typically assumes that the rectum is filled 
with water equivalent material. This is likely not necessary 
correct assumption by the TPS, as the rectum is emptied 
before HDR brachytherapy treatment begins. The rectal wall 
dose measured in an empty rectum should be lower than the 
dose measured in a “full” rectum due to the lack of 
backscatter material in an empty rectum. The aim of this 
research is to quantify the difference in the dose measured in 
an empty rectal phantom, and a full rectal phantom.  The 
results were compared to the dose calculated by the PLATO 
TPS, developed by Nucletron. 
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II. Materials and Methodology 
1. MOSkin Design 

Measurements in the rectal phantom were taken using the 
newly designed MOSkin™ detector, developed by the 
Centre of Medical Radiation Physics (CMRP) at the 
University of Wollongong, Australia. The MOSkin™ is 
designed to measure the dose at an air-tissue interface, such 
as the skin dose, or the dose along the rectal wall. What 
makes the MOSkin™ unique is the design of the packaging. 
It does not incorporate neither an epoxy ‘bubble’ to 
encapsulate and protect the MOSFET sensor nor wire 
bonding of MOSFET chip. Instead, a thin, flexible, and 
reproducible polyamide film is used to protect the MOSFET 
sensor rather than epoxy. Fig. 1 illustrates the design 
differences between a MOSFET-based detector that uses an 
epoxy ‘bubble’ for encapsulation, and the MOSkin. The film 
is acting  as controllable  build-up region and chip 
protection from external environment simultaneously , and is 
thin enough (7 mg/cm2) to allow for skin dose measurements 
at the basal cell layer, which is the first important 
radiosensitive layer of the skin. According to the 
International Commission on Radiological Protection 
(ICRP), the estimated depth of the basal cell layer depth is 
0.07mm 4)). When looking at MOSFET detectors that utilise 
an epoxy bulb, none have proven to be adequate at 
measuring dose at an air-tissue interface such as the rectal 
wall. 

 
Fig. 1 Illustrates the difference in the packaging design of a 
MOSFET detector with epoxy bubble, and a MOSkin. 

 
A second MOSFET detector used for comparison is the 

commercially available RadFET™  detector, designed by 
REM Oxford in the UK. In this design, the sensor is 
mounted to a thin PCB carrier and encapsulated by a black 
epoxy ‘bubble’ that physically protects the sensor and acts as 
a build-up region. The PCB of the RadFET is 55 mm long 
and 9 mm wide; the epoxy bubble is approximately 1 mm 
thick. The packaged MOSkin detector is 1 x 2.5 mm2 in area. 

The MOSFET chip itself is only 350 m thick, with overall 
thickness less than 1 mm. 

Both the MOSkin™ and RadFET™ detectors are read out 
by a portable, battery-powered reader designed by the CMRP. 
The reader allows ten MOSFET detectors to be attached 
simultaneously, and read out individually. Measurements 
presented here were obtained with the reader set to 12 V bias; 
however, the reader is also capable of applying a 5 V bias 
voltage if desired or without bias. 

 
2. MOSkin Calibration 

To convert the voltage readings reported by the reader 
into a dose value, a dose conversion factor was required for 
the MOSkin™ and RadFET™ detectors. The dose 
calibration factor was determined using a 6 MV x-ray beam 
with a 10×10 cm field size, produced by a Varian 2100EX 
linear accelerator (LINAC). The two detectors were 
positioned at the depth of maximum dose (dmax), or 15 mm, 
with the source-to-surface distance (SSD) set to 100 cm. A 
two minute wait period was incorporated between the 
irradiation and readout in order to minimise the effects of 
creep-up5) and keep readout condition for both detector the 
same. 

This calibration factor was also compared to a calibration 
factor obtained by irradiating the MOSkin in-phantom at a 
depth of 20 mm using a Nucletron microSelection Ir-192 
PDR source. 

 
Fig. 2 The phantom setup used to measure the dose delivered to the 
anterior side of a full rectal phantom. 

 
3. Phantom Design 

The dose was measured using a rectal phantom made of 
Plastic Water™ purchased from Gammasonics Pty. The 
phantom is comprised of numerous solid water slabs in a 
stacked configuration, each slab designed to serve a 
particular purpose. During irradiation, the afterloader sends 
the Ir-192 source down the source cable and into the catheter, 
which is inserted into a phantom slab designed to hold the 
catheter. The rectal phantom slab is 30 mm thick, with a 21 
mm diameter hole that acts to simulate an empty rectum. A 
cylindrical piece of plastic water was designed to fit the hole 
of the rectal phantom and simulate the conditions of a full 
rectum. This special cylindrical piece was designed with a 
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groove etched along the surface, and allows the MOSkin™ 
to fit snugly within the groove. The groove runs parallel to 
the central axis of the cylinder. The phantom was designed to 
ensure that the Ir-192 source was positioned along the 
perpendicular bisector of the detector. 
 
4. Angular Response Comparison of MOSkin and 
RadFET Detectors 

To measure the dose delivered to the inner wall of a rectal 
phantom when it is filled with water equivalent material, the 
MOSkin™ is first placed within the groove of the cylindrical 
piece, which is inserted into the hole of the rectal phantom 
slab. By rotating the cylinder clockwise or anti-clockwise, 
the MOSkin™ can be positioned at any point along the inner 
wall of the phantom. In this experiment, measurements were 
taken with the detector positioned at the “anterior” side of 
the rectal phantom. In this discussion, the “anterior” wall of 
the phantom is defined to be the point on the rectal wall 
closest to the Ir-192 source. The relative position of the Ir-
192 source and the detector is illustrated in Fig. 2. The 
distance between the source and anterior wall was kept at a 
constant 18.6 mm distance. A moderate distance was chosen 
because placing the detector closer to the source would mean 
that the detector is located in a steeper dose gradient, where 
a slight uncertainty in our detector placement, or distance 
measurement may have a large effect on the absorbed dose. 
Placing the detector further away would decrease the 
uncertainty of the measurement.  

To measure the dose delivered to the anterior wall of an 
empty rectal phantom, the detector was carefully positioned 
at the inner wall of the phantom, held in place using an 
adhesive tape. The dose was measured without the 
cylindrical piece inserted into the phantom. 

 
III. Results 
1. Detector Calibration 

A dose calibration factor was found for six individual 
MOSkin detectors, along with the RadFET. The MOSkin was 
found to have a mean dose calibration factor of 402.4±15 
cGy/V. The variation in the calibration factor calculated for 
each MOSkin detectors was very small. The RadFET had a 
mean calibration factor of 662.7±26 cGy/V. 
 
2. Absorbed Dose in Full and an Empty Rectum 

First, the dose delivered to the wall of the rectal phantom 
was measured when the cylinder was inserted. With the 
cylindrical piece inserted into the rectal phantom, the 
MOSkin and RadFET detectors measured a rectal wall dose 
of 35.9 and 33.7 cGy, respectively. The PLATO TPS, which 
assumes that the rectum is filled with water, empirically 
calculated the dose to be 37.1 cGy. When comparing the 
experimental results to the PLATO TPS, a discrepancy of   
-3.1±2% and -9.1±2% was observed using the MOSkin and 
RadFET, respectively. Ideally, the dose measured by the two 
detectors should be identical to the dose determined by the 
TPS, since measuring the dose in a full rectal phantom is 

analogous to using the detectors to simply measure the depth 
dose in a block of solid water. 

Next, the dose delivered to the wall of an empty rectal 
phantom was measured.  The dose measured at the anterior 
wall using the MOSkin and RadFET was 30.4 and 29.2 cGy, 
respectively. The MOSkin dose measurement was 18.1±2% 
less than the dose calculated by PLATO, while the RadFET 
result was 21.2±2% less. The results indicate that the dose 
measured by the MOSkin and RadFET in an empty rectum is 
approximately 10-15% less than the dose measured dose in a 
full rectum, and the dose calculated by the PLATO TPS, 
which assumes that the rectum is full. A summary of the 
results is shown in Table 1. 

Table 1  Absorbed dose measured in an empty rectal phantom, 
and in a rectal phantom filled with a water-equivalent material. 

 CMRP MOSFET RadFET PLATO

 

Measured 
(cGy) 

% Diff. 
from 

PLATO

Measured 
(cGy) 

% Diff. 
from 

PLATO

Dose 
(cGy) 

Empty 30.4 -18.0% 29.2 -21.2% 37.1 
Full 35.9 -3.1% 33.7 -9.1% 37.1 
 
These measurements were performed without considering 

an important factor regarding the RadFET design. The 
distance from the Ir-192 source to the anterior side of the 
rectal wall is 18.6 mm, but the RadFET is only capable of 
measuring dose at 19.6 mm distance away from the source 
due to the 1 mm of epoxy material covering the RadFET’s 
sensor. The 1 mm difference in the source-to-detector 
distance should account for the smaller dose value obtained 
using the RadFET in the full rectum, which was 9.1% lower 
than the dose calculated by the PLATO TPS. 

To verify that the extra 1 mm distance, rather than a 
poorly performing RadFET, was the cause of the low reading, 
PLATO TPS was used to determine the dose at a distance of 
19.6 mm. This value was then compared to the RadFET dose 
obtained earlier at a distance of 18.6 mm.  At 19.6 mm, 
PLATO calculates the dose to be 33.4 cGy, which is very 
similar to the 33.7 cGy obtained earlier by the RadFET. The 
1 mm of epoxy material appears to be the cause of the 
discrepancy between the RadFET and the TPS. It is 
confirmation of importance in HDR brachytherapy QA to 
have detector with minimal build up in conjunction with 
very high spatial resolution that was achieved in MOSkin.  

 
IV. Conclusions 

Results indicate that the dose measured by the MOSkin 
and RadFET in an empty rectum is approximately 10–15% 
lower than the dose measured in a full rectum, and the dose 
calculated by the PLATO TPS. This could have implications 
on the design of HDR treatment plans, as treatment planning 
systems have likely overestimated the dose to the rectum, 
since patients are treated with empty bowels rather than 
completely full. 

Furthermore, MOSFET-based detectors packaged in an 
epoxy bubble resin appear less suitable for rectal wall 
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dosimetry in HDR brachytherapy due to the thick for 
existing dose gradient and not reproducible epoxy build-up 
material that encapsulates the MOSFET sensor. As a result 
of the epoxy material, the RadFET is unable to accurately 
measure the absorbed dose at the depth of interest because 
the sensitive part of the sensor cannot be moved to the 
proper position without removing the epoxy material. This 
can be mentioned about most detectors used in vivo for rectal 
wall dosimetry due to failing of requirements of packaging 
design or small size of the dosimetric volume. The MOSkin 
is appeared the most suitable dosimeter for such QA. 
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Mammographic Application 
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Isotropic light spread in the scintillator film decreases the spatial resolution of scintillator-based digital X-ray 
imaging systems such as digital radiography and mammography. Pixelation of the scintillator film could be a good 
solution to overcome this limitation. This has been demonstrated with pixilated CsI:Tl layers which was made by 
thermal evaporation process on a pre-patterned substrate or which was post-patterned by laser after preparation. 
Additionally, in order to minimize cross-talk between pixels and to maximize light collection efficiency, a reflection 
material can be coated on the top and side surfaces of each pixilated scintillator block. In This paper, several materials 
such as Al, and quarter-wave multilayer reflector with SiO2 and TiO2 were considered as the reflector materials of 
pixilated CsI:Tl scintillator blocks. Through a serious of simulations given below on these simple 2-dimensional 
scintillator blocks coated by a reflector, reflectivity, cross-talk, and modulation transfer function were calculated to 
find the optimum reflector. 

 
KEY WORDS: Modulation Transfer Function, pixelated CsI:Tl, reflectors, quarter-wave multilayer reflector, 
Digital Mammography 
 
 

I. Introduction  
Digital Mammography is one of the diagnostic methods 

for breast cancers in women. Digital Mammographic 
imaging detectors are usually based on scintillators and 
photo-sensors. The quantum efficiency of the detectors can 
be improved by adding scintillating materials which have a 
high x-ray absorption coefficient and convert x-ray photons 
into visible light.1,2) However, isotropic light spread in the 
scintillator film decreases the spatial resolution of 
scintillator-based digital X-ray imaging systems such as 
digital radiography and mammography. Pixelation of the 
scintillator film could be a good solution to overcome this 
limitation.3,4) This has been demonstrated with pixilated 
CsI:Tl layers which was made by thermal evaporation 
process on a pre-patterned substrate or which was post-
patterned by laser after preparation. Additionally, in order to 
minimize cross-talk between pixels and to maximize light 
collection efficiency, a reflection material can be coated on 
the top and side surfaces of each pixilated scintillator block 
by using chemical vapor deposition (CVD), Atomic Layer 
Deposition (ALD), etc. However its thickness should be 
optimized i.e., thick enough to work as reflector but thin 
enough not to absorb much incident X-rays.  

SiO2, TiO2, Al, and the combination of SiO2 and TiO2
5) 

are commonly used as optical reflectors. The refractive index 
of SiO2, TiO2, and Al in visible wavelength is 1.46, 2.4, and 
1.3, respectively. SiO2 and TiO2 are dielectric coating 
materials while Al is a metallic coating material which 
reflects or absorbs visible light. Physical characteristics of 
these reflectors and CsI:Tl scintillator are listed on Table 1. 

*Corresponding Author, Tel No: +82-42-869-3821, Fax No: +82-
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Table 1 characteristics of reflectors and CsI:Tl 

 Aluminum SiO2 TiO2 CsI:Tl
Density (g/cm3) 2.7 2.2 4 4.51
Refractive index 

(at 550 nm) 1.3 1.46 2.4 1.8 

Quarter-wave 
thickness- /4n (nm) 105 94 57 . 

 
The aim of this paper is to model the characteristics of 

pixelated CsI:Tl having reflectors with Monte Carlo 
simulation tools such as MCNPX6) and DETECT7) for x-ray 
and visible photon transport, and optimize reflectors for 
performance improvement in pixilated CsI:Tl scintillator. 

 
II. Methodology 

Overall simulation diagram in this study was shown as 
Fig. 1 in which the upper-right figure is a cross-section view 
of pixilated CsI with side reflectors and the bottom-right 
figure is a side view of CsI pixel with top reflector. The 
source-to-detector distance (SDD) was 65 cm and the focal 
spot size of Mo target was 0.3 mm. The CsI:Tl scintillator 
pixel width is 50 m and reflector width between pixels is 10 

m as shown in Fig. 1. Reflectors can be SiO2, TiO2, and Al 
on the top of CsI:Tl or gap between pixels. Quarter-wave 
thickness, 94 nm and 57 nm of SiO2 and TiO2 were used for 
a stack of multilayer reflector. 25 × 25 array of pixilated 
CsI:Tl scintillator was designed for MTF calculation. 1.5 
mm thick 5  tiled tungsten edge for over-sampling was used 
MTF measurement. 

X-ray source for mammography is different from 
conventional chest radiography. So, X-ray source spectrum 
for mammography was calculated with SRS-78 program.8) 
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Molybdenum whose characteristic X-ray energy is 17.5 and 
19.6 keV, was used for the target and filter of X-ray tube. Its 
average of X-ray energy is 17 keV. Additionally, a 500 m 
thick Beryllium window was used. Fig. 2 is the X-ray 
spectra used in MCNPX simulation. 

 
Fig. 1 Simulation diagram and pixelated CsI:Tl pixel structure 
 

 
Fig. 2 X-ray spectra calculated by SRS-78 for mammography 
 
In MCNPX simulation, deposited X-ray energy in each 

pixel was calculated and light photons as much as deposited 
energy were generated in DETECT in which light spread 
was applied. Finally, 25 × 25 edge images were obtained for 
MTF calculation. 

 
III. Result 
1. Determination of CsI:Tl Thickness 

Fig. 3 shows absorbed X-ray energy with respect to the 
thickness of CsI:Tl scintillator. Absorption of 17.5 keV X-
ray energy is saturated at thinner CsI:Tl thickness rather than 
19.6 keV. And used X-ray spectra is almost absorbed at 200 

m. In this study, the thickness of CsI:Tl scintillator was 
determined as 150 m which absorbs more than 90 % X-ray 
energy. 
 
2. X-ray Transmission through Reflectors 

X-ray photons are transmitted through materials or 
absorbed by the Lambert-Beer law, 

 

/ ) x(II 0   (1) 
Where  is material density, /  is the mass absorption 

coefficient. The transmission of the X-rays through reflectors 
was calculated for thicknesses to 1.5 m with different X-ray 
energy. Higher than 15 keV X-ray penetrates almost 100 % 
through 1.5 m thick Al, SiO2, and TiO2, but low X-ray 
energy was absorbed due to K-edge. At used mammographic 
X-ray spectra, more than 99 % was transmitted through them. 

 
Fig. 3 Absorbed X-ray energy with different CsI:Tl scintillator 
thickness 

 

 
Fig. 4 Transmission with different X-ray energy 

 
3. Reflectivity 

Aluminum is usually used as a metallic coating material, 
while SiO2 and TiO2 are dielectric coating thin films. Al is a 
common reflection material which is used for visible light 
reflection. If optical thickness, t = nd in which n is refractive 
index and d is physical thickness, is bigger than /4, it’s 
enough thickness for optical reflectors. On the other hand, 
SiO2 and TiO2 reflect or refract visible light photons on their 
interface with other materials in which reflection and 
refraction depends on refractive indices of interface and 
incident angles of visible photons. So, SiO2 or TiO2 solely 
can not be a good reflection material. But SiO2/TiO2 
multilayer can behave as a good reflector in quarter-
wavelength thickness ( /4n). Quarter-wave thickness of SiO2 
and TiO2 is 94 nm and 57 nm. 
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Fig. 5 shows the reflectivity of aluminum with respect to 
incident angles, when aluminum thickness is 105 nm and the 
material of incident interface and substrate are CsI:Tl whose 
refractive index is 1.8. As shown in Fig. 5, reflectivity is 
higher than 86 % in all incident angles and about 87 % in 
average. And at incident angle higher than 80  the 
reflectivity heavily increases. 

 

 
Fig. 5 Reflectivity of aluminum with respect to incident angles of 
visible photons 

 

 
Fig. 6 Reflectivity of SiO2/TiO2 multilayer with respect to the 
number of quarter-wave layer  

 
The reflectivity of SiO2/TiO2 multilayer follows the 

equation below ; 
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in which nH, nL and nS are High refractive index and low 

refractive index, and refractive index of the substrate, 
respectively. m is the number of multilayer. 

Fig. 6 shows the reflectivity of SiO2/TiO2 multilayer. As 
the number of SiO2/TiO2 multilayer increases, the 
reflectivity also increases and is almost constant after 5 
layers. 

Light collection efficiency in different reflector types was 
shown in Fig. 7. The side reflector of Al has the best light 

collection efficiency. SiO2/TiO2 quarter-wave multilayers 
(M3~M6) as a top reflector have better light collection 
efficiency than solely used SiO2, TiO2, and Al. 

 

 
Fig. 7 Light collection Efficiency with respect to different reflectors 

 
4. Modulation Transfer Function (MTF) Calculation 

First of all, in order to decide the side reflector, MTF of 
side reflectors SiO2, and TiO2 were calculated without top 
reflectors. It is no doubts that aluminum is the best for the 
side reflector because Al reflects or absorbs visible photons 
and rarely transmits photons which mean minimum cross-
talk. But there’s no thin film fabrication processes having 
good step coverage characteristics to fill Al between CsI:Tl 
pixels, so Al was excepted as a side reflector. 

5  tilted tungsten was used for MTF measurements to 
obtain pre-sampled Edge Spread Function (ESF). Fig. 8 is an 
obtained 25 x 25 image and shows how to calculate MTF. 11 
lines ( 1/tan ) of 5  tilted tungsten images were sampled and 
differentiated to obtain pre-sampled Line Spread Function 
(LSF) which will be Fourier-transformed for MTF 
calculation. 

 
Fig. 8 Obtained 25 x 25 images and the method to calculate MTF 
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Fig. 9 MTF with SiO2 and TiO2 side reflectors 

 
As shown in Fig. 9, MTF of SiO2 is higher than TiO2 in 

overall spatial frequency. It means that SiO2 is a better side 
reflector than TiO2. 

After deciding SiO2 as a side reflector, MTF was 
calculated with different top reflectors such as Al, and 
SiO2/TiO2 quarter-wave multilayer (M1~M6). The result was 
shown in Fig. 10. MTFs were not much different between 
the types of top reflectors. Top reflectors did not affect 
spatial resolution of the detector. 

 
Fig. 10 MTF in different top reflectors in SiO2 side reflector 

 
IV. Conclusions 

In this study, Pixilated CsI:Tl scintillator with reflectors 
for mammographic application was modeled with Monte 
Carlo method and its characteristics were analyzed with 
MTF calculation. Al is a good reflector solely, however 
there’s no Al filling method having good step coverage 
characteristics in thin film fabrication process. Pixelatd 
CsI:Tl with the side reflector of SiO2 has the better MTF 
than TiO2. 

Top reflectors rarely affected spatial resolution as seen by 
MTF, but will affect light collection efficiency which can 
improve Signal-to-Noise Ratio (SNR). 3 to 6 stacks of 
SiO2/TiO2 multilayer reflector can be used for top reflector 
which can improve Detective Quantum Efficiency (DQE) of 
detector systems. 
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Five alpha particle detectors based on a 4H semi-insulating SiC substrate wafer were made for the fusion 
diagnostics of the burning plasma. About 50 nm thick aluminum films were made as the ohmic-contact type 
electrodes on the 380 m thick substrate by an evaporation process. The characteristics of the detectors were 
examined by using a standard Am-241 alpha source. Each detector was irradiated with alpha particles and the electric 
charge induced in the detector was measured in the temperature range from room temperature up to 573 K. For all the 
detectors, the alpha particle detection signals were clearly observed with an oscilloscope at the bias-voltage higher 
than 500 volt. Two of the present detectors measured alpha particles with an energy resolution of about 25% at the 
temperature beyond 550 K and they are to be used for the measurement of escaping particles in plasma experiments. 
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I. Introduction  
The fusion energy has the potential to solve many of the 

world's energy problems and many researchers and engineers 
have made efforts to develop a fusion reactor. The self-
heating by alpha particles due to the fusion reaction is the 
key to maintain the self-sustainable thermonuclear plasma in 
a fusion reactor. It is, therefore, important to measure 
confined/escaping alpha particles under high temperature of 
the burning plasma. A radiation detector made of a diamond 
with wide bandgap has been used for fusion diagnostics1,2). 
The diamond detector has very good features of high-
temperature operation, high radiation resistance and others. 
However, it is not easy to have a high-purity crystal, and 
such a large crystal is very expensive. 

The silicon carbide (SiC) has good thermal stability and is 
expected as one of the particle detection materials used at 
high temperature. The detector characteristics of ohmic 
contact3), Schottky contact4-6), p-n junction7) and pin 
junction8,9) have been examined to develop a SiC radiation 
detector. The purpose of this paper is to show fundamental 
data from some experiments at high temperature for the 
development of the SiC detector. At first, this paper 
describes the way of making an ohmic-contact type SiC 
detector and then shows results on the response of the 
detector to alpha particles at high temperature. 

 
II. Experimental  

The 4H semi-insulating SiC wafer (Cree Inc.) of 380 m 
in thickness was cut into plates of 10×10 mm2. About 50 nm 
thick aluminum films were made as the ohmic-contact type 
electrode on the SiC plate by an evaporation process. The 
aluminum was deposited on both sides of the SiC plate and 

*Corresponding Author, Tel No: +81-6-6879-7909, Fax No: +81-6-
6879-7363, E-mail: ishikawa@nf.eie.eng.osaka-u.ac.jp 

the area of each aluminum-deposited circular electrode was 
6mm in the diameter. 

A schematic illustration of the SiC radiation detector is 
shown in Fig. 1. The SiC substrate was placed on a ceramic 
plate (MACOR, Corning Inc.) with a built-in heater. The 
aluminum films of 300 nm in thickness were made as the 
ground electrode on the ceramic plate by an evaporation 
process. A silver paste was used for the electric contact. To 
monitor the temperature of the detector, the thermocouple 
was attached on the ceramic plate. The SiC radiation 
detector with the ceramic heater was set in the vacuum 
chamber for the examination of its response to alpha 
particles. 

 
Fig.1 Schematic illustration of SiC radiation detector 

 
Fig. 2 shows a schematic drawing of the experimental 

setup for the measurement of the response of the SiC 
detector to alpha particles. The measurement system is 
composed of a high voltage power supply (HV), a charge-
sensitive preamplifier (CSA), a linear amplifier (LA), a 
multi-channel pulse height analyzer (PHA) with a personal 
computer (PC) and a digital oscilloscope (DO) to observe 
waveforms of output signals from the CSA. The vacuum 
chamber was evacuated with a rotary pump and it was 
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stopped during the measurement. The ceramic heater was 
driven by a DC power supply and the temperature of the SiC 
detector was monitored with a thermocouple followed by a 
thermometer. 

 

 
Fig. 2 Schematic drawing of experimental setup for measurement 
of response of SiC detector to alpha particles 
 

The relation between the bias voltage and leakage current 
was measured for the examination of the ohmic 
characteristics of the SiC detectors. All the SiC detectors 
showed almost linear I-V characteristics in the voltage 
region from -500 V to 500 V and were ascertained to have 
good ohmic-contact. The resistance of the SiC detectors 
ranged from 1 to 3 ×1012  at room temperature. 

The standard Am-214 alpha source was set in the vacuum 
chamber and the pulse height distributions of the SiC 
detectors for alpha particles were measured with the system 
shown in Fig.2. The bias voltage was changed from –500 V 
to 1000 V. 

III. Results and Discussions 
For all the detectors, the alpha particle detection signals 

were clearly observed with the digital oscilloscope at the 
bias-voltage higher than 500 V. Larger pulse signals were 
obseved for the positive bias voltage. 

Fig. 3 shows the relation between the bias voltage and the 
charge collection efficiency (CCE). The CCE was relatively 
calculated from the peak position of alpha particles in the 
pulse height distributions. The CCE increased with the bias 
voltage and became saturated in the high voltage region. It is 
clear from the figure that the loss of charge carrier is 
sufficiently reduced in the voltage region over 700 V. Large 
noises due to the local breakdown were occasionally 
observed for the three SiC detectors in the voltage region 
over 700 V. The other two SiC detectors worked well at the 
bias voltage of 1000 V. Thus, the bias voltage was kept at 
700 V in the experiments on the temperature effect. 

In order to examine the effect of the temperature, the two 
SiC detectors were heated from 300 to 573 K in the vacuum 
chamber at a pressure of 1 × 10 3 Torr. 

 
Fig. 3 Relation between bias voltage and charge collection 
efficiency  

 
Fig. 4 Example of observed output pulse shape from CSA for alpha 
particle detection with SiC detector at 425 K 

 
Fig. 4 shows an example of observed output waveforms 

from the fast charge-sensitive amplifier for alpha particle 
detections with the SiC detector at 425 K. The signal of 
alpha particles from the standard Am-241 source was clearly 
observed at 425 K. 

Fig. 5 shows the pulse height distributions of the SiC 
detector for 241Am alpha particles at high temperatures. The 
energy resolution hardly changed even when the temperature 
increased from 350 K to 425 K, though the background noise 
level increased at 425 K. The energy resolution was assumed 
to be about 25 %. Moreover, the detection signals of alpha 
particles were well observed even when the temperature of 
the SiC detector became 550 K, although the energy 
resolution became poor. The leakage current began to 
increase rapidly at 573 K. 
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Fig. 5 Pulse height distributions of SiC detector for 241Am alpha 
particles at high temperatures 

 
The present SiC detectors were fairly inferior in the 

energy resolution to a commercially available Si surface 
barrier detector. However, the above results show that the 
SiC detector works better than the Si surface barrier detector 
at high temperature and is useful for the alpha diagnosis of a 
fusion reactor.  

We have also developed the p-n junction type SiC detector. 
To realize higher energy resolution, the p-n junction is to be 
made by using our ion irradiation system with a 200 kV ion 
implanter10) and simultaneous laser irradiation system11) for 
the annealing. 

IV. Conclusions 
The ohmic-contact type alpha particle detectors based on 

the 4H semi-insulating SiC substrate were made for the 
fusion diagnostics of the burning plasma. The characteristics 
of the detectors were examined by using the standard alpha 
source. The detectors were irradiated with alpha particles 
and the induced charge was measured in the temperature 
range up to 573 K. The detection signals of alpha particles 
were clearly observed at the bias voltage higher than 500 V. 
The two SiC detectors made in this work detected Am-241 
alpha particles with an energy resolution of about 25 % at 
the temperature beyond 550 K and they are to be used for the 

measurement of escaping particles in plasma experiments. 
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A modular type storage system that has an enhanced storage density has been developed. It has storage density 
more than twice larger than silo type which stands alone. The storage module can accommodates 40 cylinders in 4 
rows of 10, with 24 located close to periphery of the module and 16 located internally at some distance from the 
peripheral walls. As for IAEA Safeguards, the module is equipped with a comprehensive set of receptacles into which 
the IAEA can install seals and verification equipment. The Safeguards equipment, coupled with related measures for 
physical protection, will facilitate the timely detection of any diversion of significant quantities of nuclear material 
from the spent fuels stored in the modules. Nevertheless, due to its generic design feature it makes very difficult to 
provide re-verification of the loaded or under loaded cylinders inside module. along with an unattended monitoring 
system re-verification is an IAEA safeguard requirement to measure the gamma dose rate and spectrum of each 
irradiated fuel basket once the storage cylinders are loaded with spent fuel. The gamma profile is read by lowering a 
detector inside the tube so that it can be registered at the level of each basket.  For the 24 peripheral storage cylinders 
this method of measurement is retained on the side wall of the module.  However, an alternate method is required for 
the 16 internal dry fuel storage cylinders since they are located some distance from the module walls and thus 
surrounded by storage cylinders. 

 
 

I. Introduction  
A new module contains 40 dry fuel storage cylinders, 

each of which houses 10 CANDU spent fuel baskets.  The 
storage cylinders are arranged in 4 rows of 10, with 24 
located close to periphery of the module and 16 located 
internally at some distance from the peripheral walls. 
Re-verification is an IAEA safeguard requirement to 
measure the gamma dose rate and spectrum of each 
irradiated fuel basket once the storage cylinders are loaded 
with spent fuel.  This is required to monitor the presence of 
spent fuel in the storage cylinders(see Fig. 1 and Fig. 2). To 
achieve this, re-verification tube, running inside the module 
walls, is provided for each storage cylinder.  The gamma 
profile is read by lowering a detector inside the tube so that 
it can be registered at the level of each basket.  For the 24 
peripheral storage cylinders this method of measurement is 
retained on the module.  However, an alternate method is 
required for the 16 internal dry fuel storage cylinders since 
they are located some distance from the module walls and 
thus surrounded by storage cylinders.  This paper describes 
the re-verification method proposed for the internal cylinders 
and reviews changes recommended for the peripheral 
re-verification tubes along with arrangement of collimation 
to reduce signal to noise ratio. 

 
II. Re-verification Structure to the New Module 
1 IAEA Requirements for the Re-verification System 

*Corresponding Author, Tel No: +82-42-861-5687, E-mail: 
yoonjh156@hanmail.net 

In order for IAEA safeguards to obtain data to properly 
check the existence of spent fuel in module, IAEA is 
suggesting requirements1) as follows; 

 Detector location relative to the basket must be 
reproducible, for instance by use of a tube guiding 
motion of the probe.  

 Radiation recorded must originate from the basket and 
the background radiation from surrounding baskets 
must be negligible or corrected. 

 
Fig. 1 Process of Spent Fuel Storage from S/F Bay to Storage 
Module 
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Fig. 2 Schematic Drawing of Re-verification System for S/F 
Storage  
 

 Pattern indicating presence of all loaded baskets in the 
storage tube must be visible. 

 Radiation signature should change when significant 
change occurs in storage tube loading (i.e. retrieval of 
spent fuel from a basket must result in a decrease in the 
recorded signal. 

 Easy Motion without risk of blockage for a 25 cm long, 
3 cm diameter object which is a size of typical detector 
IAEA inspectors carry.  

 Motion of probe from bottom to top at a constant 
distance from the cylinder. 

 Protection of interior corrosion which can block the 
movement of detector inside the tube. It contains water 
drainage system.  

 
2 Description of the Re-verification System 

There are 40 dry fuel storage cylinders with 24 located 
close to the walls of the module and 16 located internally. 
The re-verification method used for peripheral storage 
cylinders is a conventionally proven design and, therefore, 
has been retained on the new module. The central 
re-verification concept, as illustrated in Fig. 3 employs 4 
freestanding square columns to measure the dose rate of fuel 
baskets in the surrounding 16 storage cylinders. The 
shielding portion of each column consists of a central hollow 
steel column surrounded by a square concrete column(see 
Fig. 4). The re-verification tube is positioned in the concrete 
column at the centre of a quarto set of cylinders.  In order 
to maximize the signal from a specific fuel basket, the 
columns are provided with viewing tubes, called collimators, 
which are used to increase the signal from the basket being 
measured. The collimators are fixed in a spiral manner from 
the bottom of the concrete column, each one aimed at the 
position of a designated fuel basket. The collimators provide 
a direct path from the designated fuel basket to a moving 
detector in the re-verification tube. The gamma profile is 

read by lowering a detector inside the re-verification tube so 
that it can be registered at the level of each basket. The 
arrangement of background shielding and direct reading via 
the collimators helps to maximize the radiation signal from 
each viewed basket while minimizing background radiation 
originating from the surrounding fuel baskets. The central 
metal shielding is necessary to reduce the overall cross 
section of the column so that it can fit into the available 
space between the storage cylinders. Various collimator 
configurations have been analyzed in the radiation shielding 
analysis report and the resulting recommendations form the 
basis of the present concept. 

 
Fig. 3 Position of Re-verification Tube inside the Module  

 
Fig. 4 Structure holding Re-verification Tube inside Concrete 
Column 

 
Forty collimators, installed over the height of the concrete 

column, are positioned such that each one is aimed uniquely 
at a targeted irradiated fuel basket in the storage cylinder. 
The dimensions of each collimator are 7.5 x 3.8 centimetres 
and are made from 1.6mm thick stainless steel. The 
collimators pass through the concrete column and the inner 
steel shielding to the central re-verification tube. Except for 
the very thin external caps, this provides an unshielded path 
from the targeted fuel basket up to the detector in the 
re-verification tube. The gamma dose rate is read by 
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of safeguards seal. However, there are 40 collimators in a 
column, discrimination of signal from noise is needed to 
obtain cleaner Re-verification results 
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KAERI (Korea Atomic Energy Research Institute) has been developing ion chambers which are used for an area 
radiation monitoring system. Those ion chambers will be placed in the area where it is necessary to monitor radiation 
dose all the time. The areas are nuclear plant site, research reactor site, radiation waste disposal site etc.. KAERI is 
developing a few different types of ion chambers for the above-mentioned purposes. One is an ion chamber having 
cylindrical shape with the active volume of 1 l. Another one is also a cylindrical type ion chamber with the active 
volume of 10 l. The smaller ion chamber of those 2 detectors will be installed in the place where a compact detector 
is required. Those ion chambers can be filled with gases such as air or Ar or Xe. The characteristics of those two ion 
chambers can be analyzed by simulation study. The simplified design of air-filled detectors (1.2 l and 13.7 l) was 
made and simulation study was performed by using the code EGSnrc. The energy of parallel radiation beam was 
varied from 50 keV to 1.5 MeV to analyze the expected ionization currents and dose as function of beam energy. The 
100 keV and 1 MeV point source beams were adopted to investigate the angular dependence of radiation dose 
absorbed in the detector. We also investigated the change of characteristics of the 1.2 l ion chamber when the type of 
filled gas is changed from air. The radiation dose was obtained for the cases of Ar and Xe. The same study was also 
performed when the pressurized air (2 bar) was filled in the detector. 

 
KEYWORDS: area radiation monitoring, Monte Carlo simulation, EGSnrc, ion chamber, gas radiation 
detector 
 
 

I. Introduction  
Radiation detectors can be used widely in many areas 

such as medical diagnosis and therapy, components analysis, 
gauge industry, image sensing, explosive detection and 
nuclear industry. Some different types of detectors are 
adopted according to the application area. For example, 
scintillation detectors and semiconductor detectors are used 
for the fine components analysis and spectroscopy. 

Although there are some different types of detectors for 
the different application areas, the gas ion chamber is still 
popular in the field of area radiation monitoring. Since the 
ion chamber can be fabricated and used conveniently with 
stability, it is installed and operated in the nuclear power 
plant site or other places where the area radiation monitoring 
is needed for a long time. 

KAERI (Korea Atomic Energy Research Institute) has 
been developing gas ion chambers which are used for the 
area radiation monitoring system1). The gas ion chambers 
have the cylindrical shape in general. The size of active gas 
volume of the detector is decided based on the noise level 
and sensitivity. KAERI considered an air-filled gas ion 
chamber with the active gas volume of 1 l. If the radiation 
monitoring area requires a higher sensitivity, a larger active 
volume detector can be considered. Therefore, KAERI also 
considered an air-filled ion chamber with the active volume 
of 10 l. If a higher sensitivity is required for the smaller gas 

*Corresponding Author, Tel No: +82-42-868-8924, Fax No: +82-
42-868-2971, E-Mail: tysong@kaeri.re.kr 

active volume, the pressure of the filled gas should be 
increased or the gas type be changed to Ar or Xe. 

When gas ion chambers are developed, a simulation study 
is necessary to estimate the sensitivity of the detectors. We 
can investigate not only the sensitivity but also other detector 
characteristics such as dependence on the radiation beam 
energy and radiation source angle. The design of a detector 
can be optimized based on the results of the simulation 
analysis. 

EGSnrc2) code was used for the simulation analysis. 
Based on the simulation analysis, the ion chambers for the 
area radiation monitoring were fabricated and tested3). 

 
II. Methodology 

The ion chamber consists of an anode (collecting 
electrode), a cathode and a filled gas. There are other 
detailed parts related to the supporting structure. Since the 
purpose of this study was to investigate the general 
characteristics of the ion chambers, the detailed parts were 
omitted and the design of detector was simplified. Fig. 1 
shows the simplified design of two detectors with different 
gas active volumes. The cylindrical cases are made of 
polyethylene with the thickness of 5 mm. The inner surface 
of the polyethylene case is coated with carbon and plays role 
of a cathode.  

The anode is also made of polyethylene coated with 
carbon. The anode of the smaller detector has a cylindrical 
shape. In case of the larger detector, the anode is a 
cylindrical shell. The length and diameter of the anodes were 
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decided based on the electrical field applied inside the 
detectors. The distance between the anode and the top of the 
detector was set to be 45 mm for the smaller detector so that 
the distance between the anode and the side of cylinder is 
same as the distance between the anode and the top of the 
detector. In case of the larger detector, the distance between 
the anode and the top of the detector is 80 mm. Since the 
diameter of the anode cylinder shell is 60 mm, the distance 
between the anode and the side of cylinder is 75 mm. 

 
Fig. 1 The simplified design of two ion chambers for the simulation 
analysis  

 
The bottom of the detector is made of stainless steel with 

the thickness of 10 mm. The anode is isolated from steel by 
introducing teflon as an insulator. The gas active volume of 
the detectors are 1.2 l and 13.7 l for the smaller and larger 
detectors respectively. Those volumes correspond to the air 
mass of 1.4 g and 16.5 g respectively.  

A simulation code should be selected to perform a 
simulation analysis. We considered both EGSnrc code and 
MCNP4) code. MCNP is a code developed for not only 
electron/photon but also neutron transport. EGSnrc is a code 
upgraded from EGS4 and developed for electron/photon 
transport. Since the analysis of ion chambers is restricted to 
electron/photon transport, EGSnrc was chosen for the 
simulation analysis. In addition, EGSnrc is well developed 
for the analysis of RZ geometry detectors. 

The analysis was performed mainly in four aspects. 
Firstly, the sensitivity of the detector was investigated.  The 
photon beam energy was set to be 50 keV, 300 keV, 750 keV 
and 1.5 MeV to estimate the current production in the air 
active volume. Secondly, an absorbed dose was calculated at 
different photon beam energies. The beam energy was varied 
from 50 keV to 1.5 MeV to estimate the relationship 
between the absorbed dose of the detectors and beam energy. 
Thirdly, the angle of the photon point source was varied 
from 0 degree to 90 degree to evaluate angle dependence of 
the absorbed dose. Finally, the gas of the 1.2 l detector was 

changed from air to Ar or Xe to estimate the effect of gas 
type on the absorbed dose. In addition to that, the pressure of 
air was changed from 1 bar to 2 bar to calculate the change 
of the absorbed dose. 

EGSnrc was run with histories between 1,000,000 and 
100,000,000 according to the simulation cases. The number 
of history was decided to have the statistical error less than 
5%. 

 
III. Results and Discussion 
1. Sensitivity of Detectors 

An ion chamber collects charges produced in the gas 
volume. Therefore, the signal of an ion chamber is the DC 
current. Since a detector has a noise, the signal should be 
much greater than a noise. A noise can be measured as a 
leakage current after a detector is fabricated. A noise level 
varies according to the fabrication status, but the normal 
noise level of the ion chamber shown in Fig. 1 is a few tens 
fA5). The noise of the detector is assumed to be 100 fA and 
the radiation flux to produce the noise level current is 
calculated by simulation.  

EGSnrc can not produce current information directly. 
Instead, EGSnrc produces absorbed dose information. But 
the absorbed dose can be converted into the current by 
dividing the dose by W-value which is the average energy 
needed to produce one electron-ion pair.  

The radiation beam energy was set to be 50 keV, 300 keV, 
750 keV and 1.5 MeV to estimate the current production in 
the air active volume. The radiation source is the parallel 
beam incident on the top of the detector. Table 1 summarizes 
the results.  

 
Table 1 The radiation flux needed to produce the current of 

noise level (100 fA) 

Beam Energy 
(keV) 

Noise Level Flux 
for the 1.2 l 

Detector 
(cm-2 sec-1) 

Noise Level Flux
for the 13.7 l 

Detector 
(cm-2 sec-1) 

50 7.18 x 102 3.88 x 101 
300 2.83 x 102 1.46 x 101 
750 1.21 x 102 7.38 x 100 

1500 6.54 x 101 4.06 x 100 
 
According to the results of Table 1, 50 keV radiation of 

7.18x102 cm-2 sec-1 can produce 100 fA in the 1.2 l detector. 
Since 100 fA is the assumed noise level current, the signal 
should be much greater than 100 fA. For example, the signal 
should be 10 times the noise. This means that the minimum 
flux to be measured by 1.2 l detector is 7.18x103 cm-2 sec-1. 
In case of 13.7 l detector, the minimum flux of 50 keV beam 
is 3.88x102 cm-2 sec-1, which is much lower than the 1.2 l 
detector case. This means that the larger detector can have a 
higher detector sensitivity. As the beam energy increases, the 
minimum flux decreases. 

 
 

497

Supplement 5, June 2008



2. Dependence of Dose on Source Energy 
A radiation beam deposits its energy in the gas active 

volume of the detector. The deposited energy produces 
electron-ion pairs to show signals as a form of current. 
Therefore, the deposited energy was calculated as a form of 
absorbed dose. The photon beam energy was varied from 50 
keV to 1.5 MeV. The beam is the parallel beam coming from 
the top of the detector which is same as the sensitivity 
calculation case. 

Fig. 2 shows the dose as a function of the photon beam 
energy. The dose was calculated as a value per unit incidence 
fluence, which is 1 photon per cm2. Both 1.2 l and 13.7 l 
cases show the absorbed dose varies linearly as the beam 
energy increases. But the linearity is not shown at low beam 
energy region. The deposited energy can be calculated by 
multiplying the dose by air mass. The deposited energies are 
0.22 MeV and 3.62 MeV for 1.2 l and 13.7 l detectors 
respectively.  

 
Fig. 2 The absorbed dose of 1.2 l and 13.7 l ion chambers in the 
active gas volume as function of photon beam energy  
 
3. Dependence of Dose on Source Angle 

The ion chamber developed by KAERI has RZ symmetry. 
Therefore, the signal is not changed although the radiation 
source is rotated around the anode axis with the fixed 
distance from the center of the ion chamber. But the detected 
signal is changed if the source is rotated in the way shown in 
Fig. 3. 

To investigate the effect of source angle on the absorbed 
dose, we calculated the relative dose while varying source 
angle from 0o to 90o. The point radiation source is located at 
the same distance from the center of the ion chambers. The 
fixed distances were set to be 12 cm and 26 cm for 1.2 l and 
13.7 l ion chambers respectively. The doses were simulated 
at angles of 0o, 15o, 30o, 45o, 60o, 75o and 90o. The absorbed 
dose was calculated at two different source energies, which 
are 100 keV and 1 MeV.  

Fig. 4 and 5 show source angle dependence of the 
radiation absorbed dose. The dose values are normalized to 
the 0o case of each beam energy. 

 
 

 

Fig. 3 Variation of point source angle from 0o to 90o for the 
simulation of dose dependence on the source angle  

 

Fig. 4 Angle dependence of dose of 1.2 l ion chamber  
 

 
Fig. 5 Angle dependence of dose of 13.7 l ion chamber  

 
In both cases, the dose decreases as the source angle 

increases. The decreasing rate of dose is greater for 100 keV 
beam than 1 MeV beam at an angle less than about 45o. 
When the angle is greater than 45o, the situation is reversed. 
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4. Change of Filled Gas 
Table 1 shows that the sensitivity of 1.2 l ion chamber 

filled with air is much lower than 13.7 l ion chamber. The 
filled gas can be changed to improve the sensitivity of 1.2 l 
ion chamber. One method is to increase the pressure of air. 
The other method is to change air into denser gases like Ar 
or Xe. 

Simulation analysis was performed to study the effect of 
gas change on the sensitivity of 1.2 l ion chamber. Three 
different gas types were examined, which are 2 bar air, Ar 
and Xe. We adopted a parallel photon beam incident on the 
top of the ion chamber and the beam energy was varied from 
50 keV to 1.5 MeV. Fig. 6 shows the deposited energy in the 
active gas volume as the function of beam energy. 

 
Fig. 6 Deposited energy in the active gas volume of the 1.2 l ion 
chamber according to the gas type and beam energy  

 
The deposited energy of Ar and Xe decreases first and 

then increases as the beam energy increases. The same 
situation is expected for air, but it is not shown in Fig. 6 
since it happens at energy lower than 50 keV. According to 
the results, the sensitivity of Ar and Xe is especially good at 
the low beam energy region. 

The charge production of the ion chamber can be 
calculated by dividing the deposited energy by W-value, 
which is 33.8 eV and 26.4 eV for air and Ar respectively. 

 

IV. Conclusions 
KAERI has been developing ion chambers which are used 

for an area radiation monitoring system. The simplified 
design of air-filled detectors was made and simulation study 
to investigate the detector characteristics was performed. 

The sensitivity of the detector was investigated. It was 
shown that 50 keV photon of 7.18x102 cm-2 sec-1 could 
produce 100 fA in the 1.2 l detector. In case of 13.7 l detector, 
the needed flux to produce 100 fA was 3.88x101 cm-2 sec-1 
for the 50 keV photon. An absorbed dose was calculated at 
different photon beam energies. The beam energy was varied 
from 50 keV to 1.5 MeV to estimate the relationship 
between the absorbed dose of the ion chambers and beam 
energy. The angle of the photon point source was varied 
from 0 degree to 90 degree to evaluate angle dependence of 
the absorbed dose. Finally, the gas of the 1.2 l ion chamber 
was changed from 1 bar air to 2 bar air or Ar/Xe to estimate 
the effect of gas type on the absorbed dose. 
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Development of the In-situ Monitoring System for Pipe Internal Contamination 
Measurement in the Decommissioning Site 
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The in-situ monitoring system of pipe internal (IMSPI) was developed for transporting a variety of survey tools 
into pipes. Tools available for use with the system include alpha, beta and gamma-ray detectors and video cameras. In 
the IMSPI, phoswich detector for simultaneous measurement of alpha- and beta-particles and CdTe detector for 
gamma-rays were used. The phoswich detector composed with ZnS(Ag) and plastic dual scintillator was 
manufactured, which could be applicable in the contamination monitoring systems. The IMSPI used a helical gear 
and automatic controller to transport radiation detectors and video cameras into pipes. And the membrane inserted 
into a pipe to transfer the characterization tools through the piping, providing a clean conduit through which the 
detectors and camera could travel. 

 
KEYWORDS: pipe internal, contamination monitoring, phoswich detector, decommissioning, alpha and beta 
particles 
 
 

I. Introduction  
With respect to nuclear wastes, the amount of wastes 

being produced during decommissioning of nuclear facilities 
is much higher than the total wastes cumulated during 
operation. And, the process of decommissioning has a strong 
possibility of personal's exposure and emission to 
environment of the radioactive contaminants, requiring 
thorough monitoring and estimation of radiation and 
radioactivity. 

Most of the wastes generated in the process of 
decommissioning are classified as low-level radioactive 
waste except those whose radionuclide contamination is 
confirmed. To be released from the decommissioning site, 
those low-level wastes must prove to be free of radionuclides. 
The internal surfaces of small diameter piping, however, are 
not accessible by conventional monitoring devices, making it 
hard to be monitored for contamination measurement. 
Therefore, this kind of particularity of piping triggered the 
development of new detection system that is applicable to 
direct measurement of radioactive contamination inside 
piping. So countries advanced in decommissioning 
technology, such as USA and Japan, has developed remote-
controlled detection systems that are suitable for radioactive 
contamination in piping1,2). But there is no technology for 
simultaneous measurement alpha and beta particle in the 
pipe internal. 

A detection system for monitoring the internal surface of 
pipe has to hold a function of detecting various radioactive 
contaminants including /  particles and -rays as well as a 
function applicable to small diameter pipes, so that it is 
possible for the pipes to be determined whether recycled or 
disposed through in-situ measurement. And, as a detector 
unit of the system has to be movable inside pipe, the unit 

*Corresponding Author, Tel No: +82-42-868-8210, Fax No: +82-
42-868-2499, E-Mail: bumja@kaeri.re.kr 

should not be contaminated by the contaminants or sludges 
inside piping during both moving and detecting processes. 

In this research, a detection system that is suitable for 
detecting radioactive contamination inside piping is 
developed. The developed system is composed of both a 
detector unit for simultaneous detection of /  particles and 
-rays and a transport and controlling unit for movement of 

the detector inside piping. 
 

II. Methodology 
The detector consists of two components, one as a 

phoswich detector3) for simultaneous detection of /  
particles and the other as a CdTe detector for -ray detection. 
The phoswich detector is made of both a cylindrical type 
scintillation composite for alpha particles4) and a plastic 
scintillator for beta particles5). Scintillations emitted from the 
two scintillators are quantified using photomultiplier 
tube(PMT). The signals of alpha- and beta-particles were 
distinguished using pulse shape discrimination(PSD) method. 

The zero crossing method of PSD has widely used in the 
phoswich detectors. Measurement of the zero crossing time 
of the bipolar pulse determines the particle type. The 
distribution of zero crossing times can be used to determine 
a PSD figure of merit M. 

 
/( )a bM T t t  (1) 

 
T is the separation between the time peaks and ta and tb 

are the respective full width at half maximum (FWHM) of 
the zero crossing time distributions for particle a and b, 
respectively. 

As shown in Fig. 1, the IMSPI consists of a inspection 
part to monitor inside piping, a detection part to load the 
detector unit, and a transportation part to move the whole 
system. The inspection part is composed of CCD camera for 
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identifying contaminants such as sludge and LED for 
illuminating inside piping. The transporting part is 
manufactured to be remote controlled, using helical gear and 
wheels. 

 
Fig. 1 Conceptual Diagram of the IMSPI 

 
And, the gamma ray detector using CdTe semiconductor 

is applicable to both detection and analysis of a gamma-ray 
emitting nuclides. A program for automatic operation system 
is developed for measurement and estimation of radiological 
contamination, which can be controlled using a personal 
computer. 

 
III. Results and Discussion 
1. Phoswich Detector 

Variation of detection capacity with geometric positioning 
of detector unit (configuration of a detector unit) is measured 
for designing the phoswich detector. One phoswich as shown 
in Fig. 2 is formed by loading a ZnS(Ag) scintillator 
composite for alpha detection and a plastic scintillator for 
beta detection separately into a unit3). The other comprises a 
dual scintillator sheet for simultaneous detection of alpha 
and beta particles6). In the dual scintillator sheet, the 
thickness of the ZnS(Ag) and plastic scintillator layer was 10 
mg/cm2 and 0.25 mm, respectively. 

Each radiation must be discriminated in a phoswich 
detector to allow simultaneous measurement of different 
type radiations using single-detector system. The pulse-
shaped discrimination and pulse-height discrimination were 
generally used to discriminate each radiation. Pulse heights 
generated by alpha- and beta-rays were discriminated using 
the energy level discriminator for the pulse-height 
discrimination method. But, the accurate measurements can't 
be performed because of overlap of alpha and beta events for 
low level activity. Therefore, the pulse-shape discrimination 
method is generally used to discriminate each other. The 
pulse-shape discrimination is the method discriminating rise-
time of scintillation formed in each scintillator. The pulse-
shape distribution spectra for alpha- and beta-ray measured 
with the phoswich detector are shown in Fig. 3. 

In the detection capacity for measurement of radioactive 
contamination, the phoswich formed by separate loading into 

a detector unit is superior to that prepared from one double-
layer scintillator. In this case, the detection efficiencies were 
1.0 and 0.5% for alpha and beta particles, respectively. And 
the M was 3.2. 

 

 
Fig. 2 Conceptual diagram of the phoswich detector for 
simultaneous alpha- and beta-particles counting in a pipe 
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Fig. 3 Pulse-shape distribution of alpha- and beta-rays measured 
with phoswich detector in a pipe 

 
2. Manufacture of the System 

The transportation and detector unit is designed to be 
fitted into small diameter piping of 2" diameter. To reduce 
the size, the CdTe detector for gamma-ray detection and the 
monitoring part are placed side by side in the front of unit, as 
shown in Fig. 4. 

 Transportation part is supported using three wheels to 
buttress the detector unit inside piping, and its moving is 
manipulated by a remote-controlled helical gear. 

 Inspection part is designed for the system to be observed 
through a display monitor, using a CCD camera and an 
illuminating device, and to hold CdTe detector unit for 
gamma ray detection. 

 Detection part is made up a detectable system that the 
phoswich detector is mounted on. 

 
The transporting part measures 43 mm in diameter and 

278.5 mm in length, and is composed of stainless steel and 
AL2024. It can also perceive and transmit video signals for 
monitoring inside piping. The main control unit has a built-
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in digital video recorder of 20G byte, the recorder's image 
being transmitted to a PC. 

 

 
Fig. 4 Picture of the IMSPI 

 
3. Feasibility Test in the Decommissioning Site 

In a nuclear facility, piping is essential to transport of 
liquid substances, including wastes. Generally to evaluate 
the radioactive contamination, piping exposed to the outside 
can be cut into pieces and monitored. But, piping buried in a 
wall or underground has to be dug up using a core driller and 
monitored, which can bring out a considerable time 
consumption, worker's exposure to radiation, and extra cost.  
By using the IMSPI developed in this research, the piping 
buried in a wall, as constituents of the KRR 2, is 
characterized in terms of radioactive contamination, which is 
shown in Fig. 5. 

There is possibility of the detector contamination in the 
pipe. So, the clean and cylindrical plastic film with thickness 
4 mg/cm2 was used for protecting the detector from the 
contaminants inside pipe. The detector was inserted into the 
cylindrical film. The decrease of the alpha efficiency was 
less than 20%. 

 

 
Fig. 5 The radioactive contamination measurement of the liquid 
waste transporting pipe in KRR-2 

IV. Conclusions 
A detection system that is applicable to small diameter 

piping is developed. The system has a cylindrical shape to be 
fitted into 2” piping. It consists of both a detection unit that 
simultaneous measurement of the alpha and beta-ray 
contamination as well as gamma-rays and a transporting and 
controlling unit for system moving. 

In monitoring the contamination on the internal surfaces 
of small diameter pipe, the developed system is reliable, 
enabling both the buried and the unburied piping to be 
surveyed. It will be applicable to decommissioning site of 
the nuclear facility in the near future. 
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Nonlinear optics crystals are vital fundamental materials in optoelectronic technology, and also important for other 
fields, such as information, energy resource, medical application, etc. Lithium borate system has attracted 
considerable attention because this system contains many important nonlinear optics crystals, such as 2Li2O–3B2O3, 
L2O–B2O3, Li2O–2B2O3, Li2O–3B2O3, etc. This study fabricated a Li2O-B2O3 glass scintillators with TMO (transition 
metal oxide) activators. The crystal structure of the fabricated Li2O-B2O3 glass scintillators were confirmed, and 
experiments were conducted to study the absorption curve by density of the added activators, photorefractive effect, 
band-gap energy, emission spectrum and elemental composition. Also, the purpose of this study is to develop a glass 
scintillator with improved performance by improving on it through continued researches and experiments. Further 
researches on light efficiencies of the glass scintillator prepared in this study for neutron irradiation should be 
performed. In addition, by changing compositions for glass scintillator showing good performance, it will also be 
carried out to calculate compositional ratios for neutron glass scintillators and to prepare ones with best performance. 

 
KEYWORDS: neutron detector, neutron glass scintillator, Lituim Borate glass 
 
 

I. Introduction  
Nonlinear optics crystals are vital fundamental materials in 
optoelectronic technology, and also important for other 
fields, such as information, energy resource, medical 
application, etc. Lithium and boron had larger neutron 
absorption cross-sections in the thermal neutron region. 
Lithium borate system has attracted considerable attention 
because this system contains many important nonlinear 
optics crystals, such as 2Li2O–3B2O3, L2O–B2O3, Li2O–
2B2O3 (LB2), Li2O–3B2O3 (LB3), etc1-4). In consideration of 
production costs and manufacturability, when the ratio 
between Li2O and B2O3 is 8:2, it is sintered as L20-B2O in 
the phase-change curve as illustrated in Fig. 2. As shown in 
Table 2, it was confirmed through analysis of XPS 
components. 

This study a Li2O-B2O3 glass scintillator with TMO 
(transition metal oxide) added as an activator was fabricated 
to develop a scintillation detector for detection of neutrons. 
The crystal structure of the fabricated Li2O-B2O3 glass 
scintillator was confirmed, and experiments were conducted 
to study the absorption curve by density of the added 
activators, photorefractive effect, band-gap energy, emission 
spectrum and elemental composition. Also, the purpose of 
this study is to develop a glass scintillator with improved 
performance by improving on it through continued 
researches and experiments. 

 
II. Fabrication and Measurement of Lithium Borate 
Glass 

In this study TMOs (Transition metal oxides), i.e. Al2O3, 
MnO2, NiO, Fe2O3, TiO2 and V2O5 were added as activators 

*Corresponding Author, Tel No +82-31-201-2913, Fax No: +82-31-
202-5973, E-Mail: xray10@korea.com

to the main materials, Li2CO3 and H3BO3. As for the best 
heating conditions, repeated experiments set the melting 
temperature at 950 , and melting time at 90 minutes as 
shown in Fig. 1 and similarly, the effect of heat treatments 
on the crystallization behavior of the glass is shown in Fig. 2.  

 

  

 

 
Fig. 1 Preparing procedures of glass scintillator 
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Fig. 2 The binary Li2O-B2O3 phase diagram1) 

 

 
Fig. 3 Prepared glass scintillator specimen 

 
Spectroscopic ellipsometry (V-VASE) was used to 

measure the transmittance and band-gap energy of the 
fabricated scintillator in Fig. 3, and a spectrophotometer 
(HITACH U3000) was used to measure the absorption curve. 
325nm He-Cd laser light was used to measure the 
photoluminescence of the scintillator at normal temperature. 
A lens was used to concentrate the emitted light, and 1m 
monochromator and GaAs photomultiplier were used to 
analyze the spectrum. To reduce the noise of the measured 
signals, the standard 'Lock-in measurement method' was 
used, and the frequency speed of the Chopper was 300ms. 
The diameter of the laser beam was approximately 0.3 mm, 
and the intensity of light was about 20 mW. 

As for the ESCA operating conditions for analysis of the 
element composition of the Li2O-B2O3 glass scintillator, a 
vacuum of 5 × 10-8 torr (with x-ray on, flood gun off) was 
created, and corrected with the C 1s (284.5 eV) value. 
Monochromatic Al-K (15 kV, 100W, 400 micrometer) as an 
X-ray source was used, and the elements in the samples were 
simply identified with the pass energy at 50 eV, and the step 
size at 1.0 eV for the wide scan. To obtain detailed 
information about certain elements on this basis, an 
appropriate analysis area was selected and a narrow scan was 
performed. Here, for the narrow scan, the pass energy was 
20 eV, and the step size was 0.1 eV. Thermo VG's analysis 
program called Advantage was used for analysis. 

 

Table 1. Measured densities and Band-gap energy 

No. Scintillator Density 
[g/cm3] 

Band-gap 
energy[eV] 

1 Li2O-B2O3-Al2O3 2.132 5.62 

2 Li2O-B2O3-V2O5 2.038 3.434 

3 Li2O-B2O3-TiO2 2.153 4.93 

4 Li2O-B2O3-MnO2 2.335 4.07 

5 Li2O-B2O3-Fe2O3 2.277 4.094 
6 Li2O-B2O3-NiO 2.070 3.37 

1 2 3 4 5 6

1.50

1.55

1.60

1.65  Al2O3

 MnO2

 V2O5

 NiO
 TiO

2

 Fe
2
O

3

R
ef

ra
ct

io
n 

in
de

x

Energy (eV)  
Fig. 4 Photorefractive indices 
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Fig. 5 Wavelength of the absorption spectrum 

 
III. Results 

The XRD analysis of the Li2O-B2O3 glass scintillator 
fabricated in this study, and the X-ray analysis of 
crystallization of the samples confirmed that they were 
amorphous substances. The result suggests that each element 
is formed independently and does not have any crystal 
structure. The densities of Li2O-B2O3 glass were 
systematically measured by Archimedes principle5). The 
density was 2.0~2.3 g/cm3 as shown in Table 1, and the 
photorefractive effect of the Li2O-B2O3 glass scintillator 
measured by Spectroscopic ellipsometry (SE) was 1.48~1.55 
as shown in Fig. 4. The wavelength of the absorption 
spectrum of the Li2O-B2O3 glass scintillator measured by 
UV-VIS Spectrophotometry ranged between 300 and 350nm 
in Fig. 5, and the central wavelengths of the emission 
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spectrum pumped to the absorption edge were Al2O3 434nm 
and 592nm, MnO2 425nm and 602nm, NiO 434nm, Fe2O3 
434nm and 760nm, TiO2 518nm, and V2O5 555nm 
respectively. The materials with the best emission intensity 
were Al2O3 and MnO2, and the material with the best 
emission intensity near 400nm of interest to the authors was 
Al2O3, whose emission wavelength was 434nm in Fig. 6. 
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Fig. 6 Emission spectra and wavelengths 

 
The measurements of the element composition of the 

Li2O-B2O3 glass scintillator based on ESCA showed that Li 
and B, main materials, accounted for about 10% and 40% 
respectively, O about 50%, and the remainder was analyzed 
quantitatively by means of TMO as shown in Table 2 and 
Fig. 7 and 8. 

 
Table 2. Compositions of glass scintillator according to TMO 

No. Scintillator 
Element ratio 

O Li B TMO

1 Li2O-B2O3-Al2O3 49.79 10.98 38.8 0.44 
2 Li2O-B2O3-V2O5 51.43 12.15 36.38 0.04 
3 Li2O-B2O3-TiO2 51.51 10.08 38.27 0.14 
4 Li2O-B2O3-MnO2 52.12 9.92 37.85 0.12 
5 Li2O-B2O3-Fe2O3 49.16 13.17 37.67 - 
6 Li2O-B2O3-NiO 51.03 10.92 38.05 - 

 
Fig. 7 Li2O-B2O3-TiO2 wide scan using ESCA 

 
Fig. 8 Results from Ti-2p3 and Ti-2p1 narrow scan based on Li2O-
B2O3-TiO2  

 
IV. Discussions 

The analysis of the characteristics of this glass scintillator 
and its comparison with commercial glass scintillators with 
lithium revealed that part of the data satisfied the 
requirements for a scintillator for detection of neutrons, and 
its performance was good enough to be used as a neutron 
detector. However, compared to commercial glass 
scintillators, its physical properties and overall performance 
were not sufficient. In addition, additional R&D must be 
dome in terms of the composition of a scintillation detector 
and a neutron detection system and applicability. 
Accordingly, if the performance of two glass scintillators 
were compared, and continued R&D were conducted to 
analyze the physical properties of Li2O-B2O3

 glass 
scintillators and improve their performance, it would be 
possible to develop a glass scintillator which is more 
economical than glass scintillators containing lithium, and 
performs as well. The fabrication technology and data on 
basic characteristics can be utilized for fabrication of several 
inorganic scintillators with outstanding performance. The 
characteristics of the Li2O-B2O3

 glass scintillator analyzed in 
this study can be used for detection of neutrons. 

 
V. Future Works 

Further researches on light efficiencies of the glass 
scintillator prepared in this study for neutron irradiation 
should be performed. In addition, by changing compositions 
for glass scintillator showing good performance, it will also 
be carried out to calculate compositional ratios for neutron 
glass scintillators and to prepare ones with best performance. 
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Whole Body Counting System in Radiation Accidents 

 
Wi-Ho HA*, Ji Seok KIM, Hyun Ki KIM, and Chang Woon CHOI 

 
National Radiation Emergency Medical Center,  

Korea Institute of Radiological and Medical Science, Seoul, Korea 
 
 

A whole body counter is used for assessment of internal dose in the body by directly measuring the radiation 
emitted from the body. It is the most reliable and standard method of monitoring for internal exposure. National 
Radiation Emergency Medical Center in Korea Institute of Radiological and Medical Science constructed the 
transportable whole body counting system with chair geometry. The system uses HPGe detector as in-vivo monitoring 
device. Good energy resolution of the system was obtained with the HPGe detector. Although chair geometry used in 
the system has poor uniformity of the detector response, it is more suitable than other geometries as transportable 
system for accidental monitoring of internal contamination. In this study, relative response of the single torso detector 
according to position of the detector was analyzed to determine counting distance between subject and detector and to 
promote conventional calibration method for whole body counting system. Activities in each part of the phantom 
were measured to obtain detector response, and counting efficiency under various conditions was analyzed to 
improve performance of the in-vivo monitoring system. It was found that single torso detector in chair geometry is 
not sensitive to activity above the neck and below thighs. Therefore, transportable system can be more conveniently 
calibrated by using only parts of the torso and arms among whole body phantoms at the scene in the vicinity of 
radiation accident. 

 
KEYWORDS: whole body counter, in-vivo monitoring, internal contamination, radiation emergency 
 
 

I. Introduction  
Major accidental release of radionuclides has the potential 

for significant radiation exposure in large populations.1) 
Rapid monitoring for internally contaminated people is 
required in radiation emergency. If the release contains 
radionuclides which emit high energy gamma ray, the most 
suitable mean of providing this monitoring is whole body 
counter (WBC).2) But, WBC system may be costly and time-
consuming because fixed installations are usually used. 
These problems can be reduced appreciably by the use of 
mobile system.3)  

Transportable WBC system for in-vivo monitoring during 
radiation emergency was constructed at National Radiation 
Emergency Medical Center in Korea Institute of 
Radiological and Medical Science. The system is shown in 
Fig. 1. 

In this system single high purity germanium (HPGe) 
detector is used as torso detector. It is impossible that 
activity distribution in whole body is determined by only 
single torso detector. In order to effectively resolve this 
problem and optimize counting geometry in the system, an 
analysis of relative response of the torso detector according 
to position of the detector has been required. A compromise 
between sensitivity and uniformity of detector response is 
necessary in designing a WBC system.4) In this study, 
analysis on the relative response of the torso detector 
according to subject-detector distance was performed to 

*Corresponding Author, Tel No: +82-2-970-1430, Fax No: +82-2-
970-2404, E-Mail: lovin@kirams.re.kr 

determine optimal counting distance and to promote 
conventional calibration method for WBC system. 

 

 
Fig. 1 Transportable WBC system. 

 
II. Materials and Methods 
1. Transportable WBC System 

Bed geometry is the most widely used configuration in 
WBC system.5) In radiation accidents, the mobile system 
need to be relatively light and portable for access to remote 
regions.4) Chair geometry is an alternative for quick 
monitoring. WBC system with chair geometry has been 
utilized as it requires much less space than bed geometry and 
is easier for the subjects to access.2)  

The single torso detector is located in position that the 
detector centre is 35 cm above the seat of the chair and the 
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front face is 38 cm from the backrest. This position 
recommended by Youngman can be used for reference 
adults.2) Counting geometry of the system is shown in Fig. 2. 

 

 
Fig. 2 Geometry of transportable WBC system. 

 
The chair-type WBC system consists of a gamma ray 

spectrometer with lead shielding. The system uses p-type 
HPGe coaxial detector (CANBERRA Model GC9021). The 
use of germanium detector has improved the performance of 
counting system, especially the ability to distinguish among 
and between gamma rays that have similar energies.6)  

Relative efficiency of the HPGe detector compared with a 
3×3 inch NaI(Tl) detector is 90%, and measured resolution 
of the detector is 2.1 keV at the 1,332 keV gamma emission. 
The germanium crystal is a cylinder of 80 mm in diameter 
and 63 mm in length. 

The backrest and the seat of the chair consist of 4 cm lead 
in thickness. The HPGe detector is covered with the lead of 
5 cm thickness. Collimator in front of the detector is also 
made by lead, and an opening angle of the collimator is 90 . 
The chair leg and frames of the system are built of steel. The 
total weight of the system is about 600 kg. Table 1 shows 
weight of each component. 

 
Table 1. Weight of the system components. 

Component Weight (kg) 
Detector Shield 60 

Chair Shield 250 
Detector and Electronics 20 

Body Frames 170 
Bottom Frame and Wheels 100 

Total 600 
 

2. Background Reduction 
The environmental radioactivity is the main contributor to 

the background of gamma spectrometry.7) It is obvious that 
the evaluation of background spectrum is basically important 
to have an idea about minimum detectable activity (MDA) 
which depends on the background radiation level.2) In order 
to consider the effect of background radiation as well as 
transportability of the system, thickness and size of the lead 
shield was analyzed in the previous study.8.9) Background 
gamma spectra reduced by the shielding effect are shown in 
Fig. 3. Although X-ray peak of low energy was produced by 
lead used in the system, natural background radiation 

spectrum in unshielded system was considerably reduced 
through the lead shield of the chair and the detector.  

 
Fig. 3 Background gamma spectra under the various shielding 
conditions. 

 
3. Conventional Calibration of Chair-type WBC 

WBC system was calibrated using a phantom where the 
activity is homogenously distributed. BOMAB(Bottle 
Manikin Absorption) phantom have traditionally used for 
WBC calibration.10) A BOMAB phantom consists of ten 
parts as head, neck, upper and lower torsos, 2 arms, 2 thighs 
and 2 shins. The walls of the BOMAB phantom are 
polyethylene and the interior sections are filled with a mixed 
radionuclide. 57Co, 60Co, 88Y, 109Cd, 113Sn, 137Cs, 139Ce and 
203Hg are included in the radionuclide standard source for 
calibration.  

The effect of moving the detector 5 cm above or below 
the normal position indicates that counting efficiency is not 
sensitive to the actual detector height in chair geometry.2) 
However, the distance between subject and detector is 
important parameter to determine counting efficiency of the 
system. Therefore, counting efficiencies according to 
subject-detector distance were obtained through the 
measurements. The counting time was 86,400 seconds for 
calibration. The counting efficiencies for the horizontal 
distance of the detector are shown in Fig. 4.  

The horizontal distance exactly represents distance 
between backrest of the chair and front face of the detector. 
It is confirmed that the counting efficiency generally 
decreases as the distance is increased.  

 
Fig. 4 Counting efficiencies for the horizontal distance of the 
detector. 
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Uniformity of the detector response is poor in chair 
geometry.5) Relative response according to the horizontal 
distance of the detector was analyzed to evaluate detector 
performance at the standard position for reference adults and 
determine optimal position of the detector. 

 
III. Results and Discussion 
1. Detector Response 

In order to evaluate contribution to counting efficiency 
from each part of the phantom in chair geometry, the relative 
response of the detector at 7 parts was considered according 
to position of the detector.  

The relative response of the detector was analyzed by 
using activity in the BOMAB phantom. Activities were 
respectively measured at each part of the BOMAB phantom 
filled with standard source for calibration. Each part was 
replaced in every measurement. The measurements at each 
part were conducted for 3,600 seconds, respectively. In this 
result, the measurements for Cs-137 (661.7keV) were 
analyzed. Table 2 shows the results of the measured activity 
and the detector response.  

 
Table 2 Activity measured at the 7 parts and percentage response 
of the detector at the various distances. 

Part of Phantom 
(Volume, cm3) 

Measured Activity (Bq) 
Uncertainty (Bq) 

(Percentage Response, %) 
33 cm 38 cm 43 cm 

Head 
(3,525) ND* 

3.84E+02 
6.26E+01 

(2.18) 
ND 

Neck 
(1,030) ND 

3.86E+02 
6.53E+01 

(2.19) 
ND 

Upper Torso 
(16,970) 

1.59E+04 
4.34E+02 

(79.86) 

1.25E+04 
3.01E+02 

(70.69) 

1.06E+04 
3.14E+02 

(67.90) 

Lower Torso 
(9,990) 

1.61E+03 
1.01E+02 

(8.04) 

1.89E+03 
1.16E+02 

(10.75) 

2.17E+03 
1.26E+02 

(13.90) 

Arms 
(7,600)  

2.41E+03 
1.77E+02 

(12.10) 

2.50E+03 
1.81E+02 

(14.20) 

2.84E+03 
1.84E+02 

(18.20) 

Thighs 
(12,100) ND ND ND 

Shins 
(7,490) ND ND ND 

* ND : Not Detectable 
 
At 33 cm, percentage response in the torsos is 87.9%. On 

the other hand, response in other parts except the torsos is 
very low because of a solid angle reduced by the detector 
collimator. Of course, volume of the torsos is larger than 
others. Total torso volume is 3.5 times larger than arms. 
Response in the torsos is 7.3 times much higher than arms. It 
was found that uniformity of the detector response is poor 

especially at short distance in chair geometry. At 43 cm, 
response in the parts except the torsos is 18.2%. Response in 
the torsos is 4.5 times much higher than arms. It is more 
similar with volume ratio than other positions. It was found 
that the longer distance between subject and detector, the 
more stable uniformity of response in chair geometry. But, 
total measured activity in this position is lower than the 
others because of the low counting efficiency which causes 
the increase of the MDA. Therefore, this position is 
unsuitable in aspect of sensitivity of the detector. At 38 cm, 
response in the parts except the torsos is above 18.5%. In 
addition, activities in the head and the neck could be 
measured in this position. It was found that 38 cm is the 
most reasonable position through results compared with both 
relative response and counting efficiency in the other 
positions.  

As a result of the measurements, it was confirmed that 
relative response of single torso detector in all parts except 
the torsos is relatively lower than response in the torsos. 
Torso detector was not sensitive to activity above the neck 
and below thighs. Especially, activity below thighs was not 
measured at all positions. 

 
2. Calibration Method for Transportable WBC System 

In this study, alternative calibration method in chair 
geometry was considered to more conveniently calibrate the 
transportable system for preparedness of radiation 
emergency.  

It was known that relative responses of the torso and arms 
were relatively high. From this result, counting efficiency at 
38 cm in distance was measured by using 4 different 
phantom arrangements containing standard source for 
calibration. The counting time was 86,400 seconds for each 
measurement. The counting efficiency under 4 different 
calibration conditions is shown in Fig. 5. The results 
represent the counting efficiency against total activity in 
whole body phantom. 

 

 
Fig. 5 Counting efficiencies under 4 phantom arrangements for 
calibration.  

 
It was found that counting efficiencies under 3 conditions 

except calibration using only torso had very similar pattern. 
Consequently, it was found that all parts of the phantom 
were not necessary to calibrate the system in chair geometry. 
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The transportable system could be calibrated by using only 
parts of torso and arms of the BOMAB phantom. 

 
VI. Conclusions 

In this study, the relative response of the torso detector for 
transportable WBC system with chair geometry was 
analyzed through obtaining the measurements of the 
activities according to position of the detector. Although 
detector response in chair geometry has poor uniformity, it is 
most commonly used for accidental monitoring of internal 
contamination due to relatively small volume and weight. It 
was found that single torso detector in chair geometry was 
not sensitive to activity above the neck and below thighs. 
Therefore, all parts of phantom are not necessary to calibrate 
the system. The system could be calibrated by using only 
parts of torso and arms of the BOMAB phantom. In case that 
system calibration should be conducted at the scene in the 
vicinity of radiation accident, this method would be more 
convenient. But, in order to obtain efficiency curve against 
whole body, total activity value uniformly distributed in all 
parts of the phantom should be known in advance.  
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The CMOS SPADs (Single Photon Avalanche Diodes) integrated with active quenching circuits were fabricated 
on same chip using AMIS 0.7 μm high voltage CMOS process without any process modifications. The SPADs have 
N+/P-substrate structure and their diameter of photo sensing area are 25 μm, 50 μm, 100 μm, 400 μm, and 800 μm. 
The avalanche multiplication is occurred at 10.7 V, and the photocurrent gain at 11 V reverse bias voltage is about 
1000. In zero bias condition, the maximum quantum efficiency appears at 650 nm wavelength, and it corresponds to 
around 30 %. The active quenching circuit is composed of a comparator, three monostable, and two MOS switch. As 
a circuit simulation results, the comparator and the monostable generate ~ 22 nsec and ~ 1 nsec delayed output pulse, 
respectively. The dead time of the active quenching circuits integrated with SPADs is about 100 nsec as a measured 
result. 

 
KEYWORDS: active quenching, avalanche photodiodes, CMOS integrated circuit, photodetectors, single 
photon counting 
 
 

I. Introduction  
Single photon counting techniques are widely used in 

many applications and it is required that the sensor has high 
sensitivity or gain to detect very low light. Until recently, the 
most widely used detector has been the photomultiplier tube 
(PMT). Although PMTs are sensitive to light and have very 
high gain, they are bulky and fragile. In addition, the PMTs 
require high voltages to operate and are extremely sensitive 
to magnetic fields that can disturb the path of the 
photoelectrons. 

To overcome these drawbacks of the PMTs, silicon based 
avalanche photodiodes (APDs) have been considered as an 
alternative to PMTs. Since a few years, silicon APDs are 
commercially available with outstanding characteristics. 
Therefore, the silicon based APDs are being currently 
replaced PMTs in nuclear imaging applications, such as 
positron emission tomography (PET)1). However, silicon 
APDs have also several disadvantages. Since it is fabricated 
using special non-planar process, the production cost is very 
high and it is impossible to integrate readout circuit on the 
same chip. So, off-chip electronics are necessary to operate 
the APDs, whole system become very complex. Many 
researchers have been trying to overcome these problems by 
investigating the APDs in a conventional CMOS process. 
The APDs fabricated in conventional CMOS process have 
several advantages such as possibility to integrate the driving 
and signal processing circuit on the same chip, low cost 
production, and high gain characteristics, that is, high signal 
to noise ratio2), 3). 

According to operation condition, APDs have two modes 
which are proportional mode and Geiger mode. In 
proportional mode, APDs are biased slightly below 
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breakdown voltage and amplification electronics such as 
charge sensitive preamplifier are needed for converting and 
amplifying the generated signal charge to voltage. In this 
configuration, the sensor can be affected by noise that is 
generated by electronics, so the signal to noise ratio can be 
deteriorated. In Geiger mode, APDs are biased above the 
breakdown voltage and very high electric field exists in the 
depletion region formulated in p-n junction of the device. 
When a single photon enters into this region, it has enough 
energy and triggers a multiplication process. The avalanche 
current having tens of milliampere is generated and digital 
pulse is initiated by this current for counts. The APDs 
operated under such condition are called single photon 
avalanche diodes (SPADs). In order to detect the subsequent 
photon and prevent from damage by avalanche current that 
cause overheat, the quenching circuit lowering the bias 
voltage of the SPADs below the breakdown voltage is 
required4,5). 

In this work, several sizes of SPADs integrated with 
active quenching circuit on same chip that are fabricated 
using conventional standard CMOS process are introduced. 
And, the experimental results such as gain and quantum 
efficiency of the CMOS SPADs and timing characteristics of 
the active quenching circuit are shown. 

 
II. CMOS SPADs 

The CMOS SPADs were fabricated using commercially 
available AMIS 0.7 μm high voltage CMOS process without 
any process modifications. This process has three metal 
layers and two poly layers. Generally, the shape of the 
photodiode is square, but it is known that the early 
breakdown is occurred and the much leakage current flows 
at the corner in this case. So, the shape of the SPADs was 
designed with round. SPADs have N+/P-substrate structure 
as shown in Fig. 1, and the five kinds of pixels were 
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implemented. The diameters of the each pixel are as follows: 
25 μm, 50 μm, 100 μm, 400 μm, and 800 μm. All of round 
pixels are surrounded with field terminating rings in order to 
isolate from another pixels or signal processing blocks. The 
fabricated sample of the CMOS SPADs is shown in Fig. 2. 

 
Fig. 1 The cross section of the N+/P-substrate structure CMOS 
SPADs. 

 

 
Fig. 2 Photograph of one of the test sample of CMOS SPADs 
fabricated using AMIS 0.7 μm high voltage process. 

 

 
Fig. 3 Dark current for CMOS SPADs with 25 μm, 50 μm, 100 μm, 
400 μm, and 800 μm diameter. 

 
Photocurrent gain and quantum efficiency are very 

important factors determining the performance of the CMOS 
SPADs. To calculate photocurrent gain, the dark current and 
the photocurrent must be measured since photocurrent gain 
is the ratio of the photocurrent at applied reverse bias voltage 
to the photocurrent at zero reverse bias voltage. The dark 
current was measured from zero bias to breakdown voltage 
under reverse bias condition. In Fig. 3, as the bias voltage 
and the active area diameter of the sensor increases, the dark 
current also increases and the breakdown voltages decrease. 
The photocurrent was measured when the light source with 

550 nm wavelength and 120 nW power. The measured 
photocurrent is sum of dark current and real photocurrent. 
Therefore, to calculate the photocurrent gain, the differences 
of the measured photocurrent and dark current were used. As 
shown in Fig. 4, the avalanche multiplication is occurred at 
~ 10.7 V, and the photocurrent gain at 11 V reverse bias 
voltage is about 1000. 

 
Fig. 4 Photocurrent gain for CMOS SPADs with 25 μm, 50 μm, 
100 μm, 400 μm, and 800 μm diameter when the light source with 
550 nm wavelength and 120 nW power is illuminated. 
 

The quantum efficiency was measured from 400 nm to 
1000 nm wavelength with 50 nm steps under zero bias 
condition using the monochromatic light source that consists 
of a tungsten halogen lamp, a monochromator, and an 
integrating sphere. To measure the power of the incident 
light to the samples, the calibrated photodiode was used. The 
quantum efficiency peaks at 650 nm wavelength and the 
value is about 30 %, since the absorption length of the light 
with 650 nm fits with the depth of the P body layer which is 
active region. 

 
III. Integrated Active Quenching Circuit 

The active quenching circuit is composed of a comparator, 
three monostable, and two MOS switch as shown in Fig. 5. 
When a photon enters into the SPAD biased above avalanche 
breakdown voltage, very large current flows through SPAD, 
and then passive quenching begins by quenching resistor RQ 
connected to the anode of the SPAD. At the same time, a 
voltage pulse is generated on the load resistor RL. This pulse 
enters into the input of the comparator, and the comparator 
outputs short pulse when the level of the pulse is higher than 
the reference voltage. The output pulse of the comparator 
inputs two monostables. One is for generation of the count 
pulse that is used for photon count entering SPAD. The other 
is for active quenching. This quenching pulse closes the 
MOS switch Mquench, and the anode of the SPAD is 
connected to Vquench. Also, this pulse inputs third monostable 
that is reset monostable. The reset pulse generated by reset 
monostable closes the MOS switch Mreset, the anode of the 
SPAD is connected to ground in order to wait the subsequent 
photons6). 
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Fig. 5 Block diagram of the active quenching circuit. 

 
The active quenching circuit was designed through circuit 

simulation using HSpice that is integrated circuit simulator. 
The model parameter supplied by process foundry was used 
for simulation. In Fig. 6, the simulation results for 
comparator are shown. When the rectangular pulse with 5 V 
amplitude and reference voltage with DC 0.8 V is entered 
into negative and positive input of the comparator, 
respectively, about 22 nsec delayed pulse outputs. Fig. 7 
shows the output of the three monostable to comparator’s 
output. Sequentially downward, there are output of the 
comparator, quench monostable, count monostable, and reset 
monostable. The monostable generate output pulse with 
about 1 nsec delay for the falling edge of the input pulse. 

 
Fig. 6 Simulation results of the comparator. 

 

 
Fig. 7 Simulation results of the quench, count, and reset 
monostables. 

 

 
Fig. 8 Photograph of one of the test sample of active quenching 
circuit fabricated AMIS 0.7 μm high voltage process. 

 
Fig. 9 Anode voltage of the SPADs with respect to the quench and 
reset signal. 

 

 
Fig. 10 Anode voltage of the SPAD using passive quenching. 
 

 
Fig. 11 Anode voltage of the SPAD using active quenching. 

 
The fabricated active quenching circuit using AMIS 0.7 

μm high voltage process is shown in Fig. 8. The reference 
voltage of the comparator and pulse width of the monostable 
can be controlled externally. 

In Fig. 9, test results for anode of the SPAD, count 
monostable output, quench monostable output, and reset 
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monostable are shown. At the beginning of quenching, 
passive quenching is accomplished, and then active 
quenching is followed when quenching signal is enabled. At 
the last sequence, if the reset signal is enabled, the bias of 
the SPAD is recharged above avalanche breakdown voltage. 

The result of the active quenching is compared to the 
passive quenching in Fig. 10 and Fig. 11. The dead time of 
passive quenching circuit is 30 μsec, whereas that of the 
active quenching is 100 nsec. 

 
IV. Conclusion 

The CMOS SPADs integrated with active quenching 
circuits were fabricated on same chip using AMIS 0.7 μm 
high voltage CMOS process without any process 
modifications. To characterize the CMOS SPADs, dark 
current, photocurrent gain, and quantum efficiency were 
measured. The avalanche multiplication begins at 10.7 V, 
and the photocurrent gain at 11 V reverse bias voltage is 
about 1000. The wavelength of the incident light having 
maximum quantum efficiency is 650 nm and the quantum 
efficiency is around 30 %. Also, to characterize the active 
quenching circuits, the output signals of the functional 
blocks such as count monostable, quench monostable, and 
reset monostable were measured. And, the formation of the 
signal at the CMOS SPAD’s anode was measured with 
respect to the output signals of the functional blocks using 

oscilloscope. The dead time of the active quenching circuits 
integrated with SPADs is about 100 nsec. 
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It is recognized that the microbeam is powerful system to understand the interaction of ionizing radiation with 
cells. Especially, electron microbeam system is useful to investigate the effect of low-LET radiation for cells. 
Electron microbeam has been developed in KIRAMS. It can irradiate the small volume in cell level by collimator and 
electromagnetic field and give local dose to individual cell by controlling the number of electrons. When the electron 
microbeam irradiates the individual cell, however, there is a possibility to change the current and intended trajectory 
of electron beam. Because this possibility introduces the uncertainty of dose, it is necessary to monitor the trajectory 
and current of electron beam. This study deals with development of real time monitoring device to confirm beam 
quality and to control if necessary during experiment. Consequently we designed dual monitoring device to solve 
various factors. And we optimize the design by simulation. 

 
KEYWORDS: electron microbeam, current, trajectory, simulation, real time measuring device 
 
 

I. Introduction  
Microbeam system, which has been developed to study 

effects of low dose radiation on human body, is currently 
being researched actively in many countries such as USA, 
U.K., and Japan.1) The Korea Institute of Radiological and 
Medical Sciences (KIRAMS) has been operating a electron 
microbeam system since 2002. In particular, the electron 
microbeam system of KIRAMS deserves attention because 
this device can irradiate the exact volume of target cells and 
imitate the secondary electrons generated inside the human 
body. The electron microbeam system is shown in Fig. 11). 

 
Fig. 1 Electron microbeam system 

 
The electron microbeam system is consisted of an 

electron gun, a vacuum chamber for transmission, a cell 
irradiating plate, and a hardware for cell image capture and 
cell position control. The propagation of electron microbeam 
is made to be parallel to the human cell irradiation. The 

*Corresponding Author, Tel No: +82-2-970-1430, Fax No: +82-2-
970-2404, E-Mail: aerobone@hanmail.net 

position of electron beam and beam focusing are controlled 
by the electromagnet. As shown in Fig. 21), the electron 
microbeam system radiates a predetermined amount on the 
target cell by the process of passing through the final 
collimator.  

 

 
Fig. 2 Observation of the electron beam alignment by illuminating 
the fluorescent material  

 
The final collimator has a 10μm-diameter pinhole. As it is 

very small, it is very hard to align the electron-beam to the 
hole while corresponding to the influence of terrestrial 
magnetism and the change of environment, beam current and 
energy. In addition, the electron-beam has its own inherent 
fluctuation. As time passes, the thermal effect and space-
charge effect are added to them. Therefore, the prediction of 
the energy and the beam current level becomes very difficult.  

Of course the electron-beam can be measured using a 
Canberra B50AM PIPS detector, but a real-time 
measurement is not possible during cell investigating 
experiment because the PIPS detector interferes with the 
propagation of electron-beam.  
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Accordingly, KIRAMS has devised a system that can 
determine the energy and the beam current in the real-time, 
and can analyze the causes and can feedback the beam 
quality.  

 
II. Design 

Electrons can deviate from their intended trajectory easily 
because of their light mass. However, the device with a hole 
at the center possesses a symmetric structure, which is 
beneficial to solve the trajectory deviation problem.  

 
Table 1. Factors of problem and solution in holed-device 
Change Factors Detecting Solution 

Energy peak 
to noise ratio 

Internal 
scattering 

Trajectory 
tracking 

Electromagnet 
control 

Current 

Thermal 
effect 

Real time 
current 

measurement 

Source 
voltage 
control 

Beam 
position 

Trajectory 
tracking 

Electromagnet 
control 

Beam 
focus 

Trajectory 
tracking 

Electromagnet 
control 

Space 
charge 
effect 

Real time 
current 

measurement 

Source 
voltage 
control 

 
Table 1 lists a number of variables. Not only to measure 

the current but also to restore the current to the normal level, 
the causes of change should also be known. For example, in 
the case of a holed-device, when focal width is increased 
without any specification, the measured current can be 
misunderstood as the emission current has increased. In that 
case, to restore the electron-beam to the normal status, the 
focal width must be reduced, but sometimes the emission 
current may be mistakenly reduced. Accordingly, in the 
measurements reported in this thesis, not only the current 
level but also the trajectory of electron-beam will be 
monitored when real-time electron-beam monitoring is done.  

After the electron microbeam is shot from electron gun in 
mono-energetic condition with the energy range of 1~100 
keV, the electrons are scattered from the collimator and the 
structure of device, and the beam quality gradually becomes 
worse. When electrons undergo scattering, they are mainly 
scattered from collimator of the internal components and 
thereby the most are accumulated in the collimating material.  

Therefore, the energy peak to noise ratio can be estimated 
based on the level of scattering by installing a Keithley 6517 
electrometer, an electron measuring device, at the location of 
maximum scattering. In this concept, the electrons’ trajectory 
may be inferred by analyzing the locations where the 
electrons get accumulated, and beam quality feedback 
becomes possible based on the estimated trajectory.  

Fig. 3 describes the pattern of electron-beam entering the 
trajectory-tracking device, as well as the measurement 
circuits. The four divisional trajectory-tracking devices emit 
a signal in proportion to the incident electrons, and an 
increase of the signal in one direction indicates the change of 

the beam position toward that orientation, and increases in 
all the four directions indicate the enlargement of the beam 
focal width. Also, measurement of the beam scattering 
provides a good indication on the beam quality. 

 
Fig. 3 Real time trajectory-tracking device 

 
It is common to make a current measurement of the 

electron microbeam using Faraday Cup. However, the 
method is not adequate for a real-time monitoring. So, 
proportional values are obtained by comparing the count of 
the electrons incident on the final collimator against the PIPS 
detector’s measurement, and finally the current of electron 
microbeam in the absence of PIPS detector is estimated. 

 

 
Fig. 4 Real time current measuring and trajectory tacking device 
 
Fig. 4 shows the electron microbeam entering into the 

current measuring device through the orbit tracking device. 
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There are two important reasons in utilizing such a dual 
system for the current measurement. 

The first reason is to measure the current of electron 
microbeam that is finally irradiated into the cell in a more 
direct way. The second reason is to control the diverse 
factors in order not to be generated independently or 
complexly. In this dual system, only after the orbit of 
electron-beam has been checked first and there is no 
abnormality in it, the current can be measured. Thus, the 
influence of orbital change on the current can be excluded. 
This kind of independent system is especially suitable in 
controlling the variables. 

 
III. Optimization of design by simulation 

It would be inconsistent to put some material in progress 
of electron microbeam in order to make a better beam. The 
current detecting device will not cause any problem since it 
is an original part of the beam device. However, the orbit-
tracking device can be problematic. Accordingly, an 
optimum condition for the measurement employing the 
device in which the beam does not deteriorated was searched 
through a simulation.  

The simulation condition was as follows: a parallel beam 
with 500μm diameter, 30keV, vacuum and cupper-made 
components. The simulation code was Beamnrc code. The 
size of the optimized orbit tracking device is shown in Fig. 5. 

 
Fig. 5 Change of electron energy peak by size of hole in trajectory 
tracking device 

 
Fig. 5 shows the energy peak values of electrons 

irradiating on the cell, in which the hole size of the trajectory 
tracking detector was used as the parameter. It indicates that 

the energy peak is lowered when the hole size is smaller than 
150μm. On the other hand, the peaks are adequate when the 
hole size is 200μm. If the hole size is further increased the 
amount of the electron-beam entering is too low for the 
measurement. Fig. 6 shows that the hole size should be less 
than a certain amount. In the case of Fig. 6 the limit value 
was set at in which the minimum value readable by the 
electrometer was used as the base quantity, under an 
assumption that the measurements would be made every ten 
seconds. Since the minimum measurable quantity of the 
electrometer is 2nC when the micro-beam’s emission current 
is about 1 nA, at least 15% of the initial emission electron 
value should incident on each part of the orbit tracking 
detector. Adequate hole size was 200μm, and the bevel 
angles of the device in a range of 30 to 60 degrees were all 
adequate. 

 

 
Fig. 6 Signal limit and entering probability 

 
IV. Conclusion 

The current can be measured more precisely as compared 
to a system measuring only the current, if the trajectory 
tracking device’s hole size is set at 200μm and a current 
detector is employed at the location of the last collimator. 
This is because such a dual system can take care of various 
factors that would be overlooked in the system that measures 
only the current value. Also, the dual system is capable to 
find problems caused on the trajectory of the electron-beam, 
thus proving information necessary for restoring the beam 
back to the normality and necessary for stopping any 
electrons that would undesirably irradiate the cell. Errors in 
the simulation data do not exceed 5%.  
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In radiotherapy, interest in real-time dosimetry stems from the desire to monitor the dose delivered to the target 
volume and the surrounding normal tissue to enable clinicians to track the progress of the treatment, and prevent 
surrounding tissue from receiving too much radiation dose. In this study, the dosimetric performance of the new 
MOSkin dosimeter and a Bicron BCF-20 scintillating fiber was compared to depth dose measurements taken with a 
Farmer-type ionization chamber. The performance of the MOSkin and BCF-20 detectors in the build-up region of the 
depth dose curve, where the dose gradient is steep, is also compared to readings taken with an Attix chamber.  At 
depths greater than 15 mm, the MOSkin readings deviated from the ion chamber readings by up to 4%, while the fiber 
optic dosimeter always remained within 3% of the ionization chamber reading.  In the build-up region, the MOSkin 
proved quite capable of measuring the dose at build up when compared to the Attix chamber results, while the fiber 
optic dosimeter was not able to measure the dose in this region with a high level of precision due to the thick 
sensitive volume of the scintillating crystal. 

 
KEYWORDS: MOSFET detector, fiber optic dosimetry, scintillator, depth dose, Attix chamber 
 
 

I. Introduction  
In radiotherapy, interest in real-time dosimetry stems from 

the desire to monitor the dose delivered to the target volume, 
and the dose delivered to the surrounding normal tissue that 
receive unnecessary dose. The information provided by a 
real-time dosimetry system would enable clinicians to track 
the progress of the treatment, and prevent surrounding 
normal tissue from receiving a dangerous level of radiation 
dose. 

Scintillator-based fiber optic dosimetry systems have 
gained acceptance in dosimetry because they’re water 
equivalent, provide linear dose response, and can measure 
dose in real-time. The ability to acquire dose information 
during the treatment procedure would allow for a treatment 
to be adjusted or stopped if the dose was not being delivered 
correctly, or if the dose to the surrounding organs was higher 
than expected. They can be made quite small, with 1 mm 
thick crystals now being common. Smaller 0.5 mm thick 
crystals are also available, which means fiber optic 
dosimeters offer a sensitive volume with a thickness 
comparable to or better than that of TLDs1). Their water 
equivalence is a valuable characteristic, as ion chambers 
introduce complicated issues related to the difference in the 
physical characteristics of the surrounding material, and that 
of the ion chamber. The main issue with fiber optic 
dosimetry has always been the background radiation due to 

*Corresponding Author, Tel No: +61-2-4221-4574, Fax No: +61-2-
4221-5944, E-Mail: anatoly@uow.edu.au 
**B. Lee is currently a visiting fellow at CMRP on subbatical 

Cerenkov radiation.1,2) Cerenkov radiation is produced when 
charged particles, (electrons in this case) pass through the 
fiber at a speed greater than the speed of light in the fiber. 
The Cerenkov radiation produced when a high energy 
photon beam is delivered from a linear accelerator (LINAC) 
has a wavelength in the 400–480 nm range, which is in the 
violet and blue end of the visible spectrum. Since the amount 
of Cerenkov produced in the fiber is not directly 
proportional to the dose delivered to the fiber, the Cerenkov 
contribution to the signal is considered background noise.2, 3, 

4) Methods such as background subtraction and optical 
filtering are used to reduce the majority of this noise2, 3). 

MOSFET-based dosimeters utilize a different technology 
to measure dose, but share many characteristics with fiber 
optic dosimeters such as small size, water equivalence for 
MV X-ray, and the ability to measure dose in real-time. 
MOSFET dosimeters have the added benefit of a micron-
scale sensitive volume, allowing them to measure the 
absorbed dose in steep dose gradient conditions.5,6) Larger 
detectors can only measure a volume average dose, which 
lacks precision and results in a large uncertainty in the 
measurement like ionization chamber and TLD detectors in a 
build up region of MV X-ray from LINAC . In an X-ray 
field delivered by a medical LINAC, the thin sensitive 
volume of the MOSFET proves invaluable in the build-up 
region of the depth dose curve, where the dose gradient is 
very steep. MOSFETs have proven to be effective 
dosimeters in external beam radiotherapy, intensity 
modulated radiotherapy, microbeam radiotherapy, and in 
diagnostic radiology. They can provide accurate integrated 
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dose readings, but their reading becomes less accurate when 
the mean energy spectrum of the beam is less than 250 keV.  
Below 200 keV, the MOSFET begins to over respond and 
demand calibration in the same field 6,10) 

This paper aims to investigate the performance of the new 
MOSkin™ dosimeter and a fiber optic dosimetry system 
when irradiated on a LINAC. The MOSkin™ was designed 
at the Centre for Medical Radiation Physics (CMRP), 
University of Wollongong, Australia, while the fiber optic 
dosimetry (FOD) system utilizes a BCF-20 scintillating 
crystal from Saint-Gobain Crystals (Bicron). The Korean 
team at Konkuk University designed and produced the FOD 
probe and computerized reader.  

 
II Materials and Methods 
1. MOSFET Detector Design 

The MOSkin™ is a MOSFET-based detector with a 
unique design that allows it to accurately measure the dose at 
an air-tissue interface, such as the dose delivered to the skin 
during breast treatment, or the dose delivered to the rectal 
wall during HDR brachytherapy. What makes the MOSkin™ 
unique is the proprietary patented design of the packaging. 
Rather than incorporating an epoxy resin “bubble” to 
encapsulate and protect the MOSFET sensor, a thin, flexible, 
and reproducible polyamide film is placed on top of the gate 
oxide to seal and protect the sensor. The film acts as a build-
up layer, and is thin enough and reproducible  to allow for 
skin dose measurements at an equivalent depth of 70 m, 
which is the approximated depth of the basal layer, 
according to the International Commission on Radiological 
Protection (ICRP)7). The basal layer represents the first 
important radiosensitive layer of the skin. 

The packaged MOSkin detector is 1 x 2.5 mm2 in area. 
The MOSFET chip itself is only 350 m thick, with overall 
thickness less than 1 mm. It is read out by a portable, 
battery-powered reader that allows ten MOSkin detectors to 
be attached simultaneously, and read out individually via 
five channels. Some MOSkin detectors actually contain two 
independent MOSFET sensors on one chip: a high 
sensitivity with a thicker oxide, and a lower sensitivity 
sensor with a thinner oxide similar as in a RadFET™ REM 
chip. The reader allows for either a 0V, 5 V or 15 V bias 
voltage to be applied to the gate during irradiation. MOSkin 
measurements presented here were obtained using a MOSkin 
prototype with a single thin oxide MOSFET, while the 
reader was set to 15 V bias. 

 
2. Fiber Optic Dosimetry System 

The optical fiber dosimeter used in this study is the 
Bicron BCF-20, an organic scintillator produced by Saint-
Gobain Crystals. When the radiosensitive scintillating 
element is irradiated, it emits a green light with an emission 
peak at 492 nm. This signal is sent down the length of the 
fiber optic cable towards a photodiode or photomultiplier. 
The amount of light emitted by the scintillator depends on 
the dose rate delivered by the LINAC. The radiosensitive 
scintillating volume was 1 mm diameter and 10 mm in 

length, and is optically coupled to a 10 m long 
polymethylmethacrylate (PMMA) optical fiber (model CK-
40) produced by Mitsubishi Inc. The cable has a refractive 
index of 1.49. The other end of the fiber is connected to a 
Hamamatsu S1336-18BK photodiode, which produces a 
photocurrent which is  amplified by current  amplifier. 
The output signal from the amplifier is sent to a laptop 
computer via a data acquisition (DAC) system based on 
from National Instruments card.  The computer collects the 
data and graphically displays the average current and  
integral charge incoming pulse using a software program 
created in LabVIEW 7. 

 
3. Depth Dose Determination 

The dosimetric ability of the MOSkin and the BCF-20 
fiber optic detectors were compared to dose readings taken 
with a CC13 ion chamber from Scanditronix. The depth dose 
distribution of the x-ray beam was measured in a water-
equivalent phantom made from Solid Water  material 
(Gammex RMI), with the detectors placed inside the 
phantom. The detectors were irradiated with a 6 MV photon 
beam delivered by a Varian 2100EX linear accelerator 
(LINAC). The detectors were irradiated from a direction 
normal to the phantom surface, with the detectors placed at 
the centre of the radiation field throughout the experiments.  
The dose was measured at depths ranging from 0 mm (at the 
surface of the phantom) to 100 mm, using radiation field 
sizes of 5 5, 10 10, 20 20, and 40 40 cm2 and SSD of 100 
cm. The ion chamber has a finite water-equivalent depth due 
to the thickness of the walls, so dosimetry at shallow depths 
(<0.5 mm) is not possible. The response of each detector was 
normalised to the response measured at 15 mm depth (dmax), 
where the dose is a maximum. 

The dose measurements taken in the build-up region (0–
15 mm) are also compared to readings taken with an Attix 
chamber, which is the only type of ionization chamber 
designed to measure dose in regions with a steep dose 
gradient, and better suited than the CC13 chamber in build 
up region. Previous research has shown that parallel plate 
ion chambers can over-respond by up to 30% in the build-up 
region when irradiated by a high energy photon beam8). 
Gerbi has shown that Attix chambers provide surface dose 
results comparable to an extrapolation chamber, over-
responding by less than 1% when irradiated by a 6 MV 
photon beam at normal incidence. 

 
III. Results and Discussion 

The depth dose measurements obtained with the MOSkin, 
fiber optic dosimeter, and the Attix chamber for the four 
field sizes used in this experiment are shown in Figs. 1 to 4. 
At depths greater than dmax, the response of the MOSkin is 
lower than the CC13 chamber, but within 4% up to the 
maximum measured depth of 10cm. This is related to the 
changing of the electron stopping power ratio of water to 
SiO2 with changing of the average electron energy with 
depth when using a MOSFET detector. Similarly, Chuang9) 
has observed agreement with the ionization chamber to 
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within 3% for depths up to 340 mm. The 4% discrepancy 
observed here may be due to poor statistics, as the mean 
response was calculated using only two readings at each 
depth. The BCF-20 FO dosimeter over-responded when 
compared to the ion chamber readings within 3%. 

 
Fig. 1 Depth dose distribution measured using each detector  when 
irradiated by a 5 5 cm photon beam. 

 

 
Fig. 2 Depth dose distribution measured using each detector when 
irradiated by a 10 10 cm photon beam. 
 

 
 Fig. 3 Depth dose distribution measured using each detector  
when irradiated by a 20 20 cm photon beam. 
 

 

Fig. 4 Depth dose distribution measured using each detector  when 
irradiated by a 40 40 cm photon beam. 

 
In build up region 0–4 mm response of  MOSkin less 

then  FOD and both of them under-responded when 
compared to the ionization chamber, which is related to the 
large size of FOD used and Farmer IC and error associated 
with this.  Previous comparison of Monte Carlo simulations, 
ATTIX IC and bare MOSFET response demonstrated perfect 
agreement 5,10 in a build up region that is supporting 
assumption above. 

Table 1 shows the PDD values obtained when the 
MOSkin, fiber optic dosimeter, and Attix chamber were 
placed on the surface of the phantom and irradiated at field 
sizes of 5 5, 10 10, 20 20, and 40 40 cm2. The MOSkin 
response is more comparable to the Attix chamber than the 
response of the FOD used in this work.  This isn’t 
unexpected, as the radiosensitive scintillator core is 1 mm in 
diameter, which is large for accurate surface dosimetry. For 
example, using a 5 5 cm2 field size, the surface dose 
measured by FOD is greater than the dose delivered to the 
surface (0 mm) by a factor of 3 while MOSkin is accurately 
predicting dose at depth 0.07mm as designed. It should be 
noted that Attix chamber as designed provide dose at depth 
less then 0.07mm , i.e. closer to the surface like 
extrapolation chamber.  

 
Table 1 Percentage Surface Dose values obtained using various 
field sizes in cm2. 

 Percentage Depth Dose (%) 

 5x5 10x10 20x20 40x40 

BCF-20 37.1 41.7 42.4 61.9 
MOSkin 11.4 17.7 29.6 47.1 

Attix chamber 10 16 27 42 
 

IV. Conclusions 
In this study, the depth dose distribution within a water 

equivalent phantom was measured using the newly 
developed MOSkin  detector, and a BCF-20 fiber optic 
dosimeter.  The results were compared to the response of a 
Farmer-type ionization chamber.  The response of the 
detectors in the build-up region of the depth dose curve was 
then compared to the results from an Attix chamber, a type 
of parallel plate ionization chamber capable of measuring 
dose in regions with a steep dose gradient. 

Both the MOSkin and BCF-20 fiber optic dosimeter are 
capable of measuring depth dose and both are very useful for 
quality assurance in radiation therapy, but the MOSkin 
performs better within the build-up region, where the 
scintillator’s 1 mm thick sensitive volume becomes a 
limiting factor in the level of precision and accuracy 
attainable in regions with a steep dose gradient. 
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A microcalorimeter with the superconducting transition edge sensor (TES) with a Au absorber of 5.0 m thick was 
fabricated for the energy dispersive measurement of LX-ray photons emitted from transuranium elements. The TES 
microcalorimeter and a superconducting quantum interference device (SQUID) amplifier chips were cooled by 
operating a compact 3He-4He dilution refrigerator without consuming liquid helium by loading a Gifford-McMahon 
(GM) cooler. Since the cold stages of the GM cooler are tightly coupled to the heat exchangers of the dilution 
refrigerator, the TES and SQUID chips suffered from mechanical vibrations induced by a reciprocating motion of the 
displacer of the GM cooler. Detection signals of LX-ray photons emitted from an 241Am source were observed by 
operating the TES microcalorimeter in severe noise environment induced by mechanical vibrations. 

 
KEYWORD: transition edge sensor (TES), microcalorimeter, LX-ray measurement, liquid helium free 3He-4He 
dilution refrigerator 
 
 

I. Introduction  
Plutonium isotopes are handled with special care in such 

nuclear fuel cycle plants as recycling plants, mixed oxide 
fuel fabrication plants. For the radiation protection of 
workers in such plants, it is necessary to estimate the internal 
exposure dose with high precision by monitoring the amount 
of the intake of plutonium isotopes. The in vivo counting of 
the LX-ray photons is employed for the direct estimation of 
the amount of the intake of plutonium isotopes. The 
emission probability of LX-ray photons in the -decay of 
plutonium isotopes is one of the most important parameters 
for high precision estimation of the amount of the intake of 
plutonium isotopes by using the in vivo counting. The 
energies and emission probabilities of LX-ray photons 
emitted from plutonium and americium isotopes are listed in 
Table 1. 

 The value of the emission probability is estimated by 
analyzing an experimental energy spectrum of LX-ray 
photons emitted from the plutonium isotopes1). The width of 
the full energy peaks of LX-ray photons in the energy 
spectrum is desired to be narrow for the precise estimation of 
the emission probability. It is necessary to obtain the value of 
the full width at the half maximum (FWHM) below 100 eV 
for full energy peaks in the experimental energy spectrum of 
LX rays emitted from the plutonium isotopes. 

In this work, a microcalorimeter with a superconducting 
transition edge sensor (TES) with a thick energy absorber 
was developed for the energy dispersive measurement of X-
ray photons of the energy of 10 to 20 keV with the excellent 

Corresponding Author, Tel No: +81-92-802-3484, Fax. No: +81-
92-802-3484,E-mail: ueno52@kune2a.nucl.kyushu-u.ac.jp 

energy resolution below 50 eV of FWHM value. The TES 
microcalorimeter was cooled by a liquid-helium-free 3He-
4He dilution refrigerator for detection of LX-ray photons 
emitted from an 241Am source. 

 
Table 1 Energies and emission probabilities of LX-ray photons 
emitted from 241Am and 239Pu. 

 
 

522

Journal of NUCLEAR SCIENCE and TECHNOLOGY, Supplement 5, p. 522–525 (June 2008)



523

Supplement 5, June 2008



output of the SQUID amplifier was analyzed by using a fast 
Fourier transform (FFT). Fig. 3 shows the analyzed result of 
the noise spectrum. Components of 1.2 Hz and higher 
harmonics correspond to reciprocating motion of the 
displacer. 

 
IV. Detection of LX-ray photons emitted from 241Am 

The fabricated TES microcalorimeter chip was mounted 
on the TES holder of the liquid-helium-free 3He-4He dilution 
refrigerator for the measurement of the electrical resistance 
and temperature (R-T) characteristics. A lock-in amplifier 
was employed for the electric resistance measurement with 
the four-wire method. The lock-in frequency was taken to be 
77 Hz for reduction of the severe noise contribution. Values 
of the bias current were taken to be 1, 5 and 10 A for 
suppressing the thermal disturbance caused by the Joule heat 
generation. The temperature of the TES microcalorimeter 
chip was controlled by using a PID controller in the 
temperature range from 160 to 200 mK with a 5 mK step. 
Fig. 4 shows obtained R-T characteristics. Although a steep 
growth of the electric resistance does not appear in Fig. 4 
owing to the wide step of the temperature increment, the 
phase transition region is found in the temperature region 
from 170 to 185 mK. The TES microcalorimeter chip is 
found to have the electric resistance of 50 m  in the normal 
conducting state. 

 

 
Fig. 4. R–T characteristic of the TES microcalorimeter with the 
absorber thickness of 5.0 m. 

 

 
Fig. 5. Circuit diagram of the TES microcalorimeter and the 
SQUID amplifier chips. 

 

The SQUID amplifier chip was placed on the TES holder 
with being adjacent to the TES chip for a reduction of a 
noise voltage generated in the wirings connected to the 
SQUID input. Fig. 5 shows a circuit diagram of the TES 
microcalorimeter and the SQUID amplifier. A constant bias 
current was supplied to the TES-SQUID circuit from a 
precise current source outside the refrigerator, while the TES 
microcalorimeter was biased with a constant voltage 
generated by a shunt resistance of 7 m . 

 
Fig. 6. Voltage signal pulse of the TES microcalorimeter in 
detection of LX-ray photon emitted from 241Am source. 

 

 
Fig. 7. The pulse height distribution of detection signal pulses of 
LX-ray photons emitted from 241Am source. 

 
An 241Am source was placed in front of the TES 

microcalorimeter. The intensity of the 241Am source was 3.7 
MBq. The surface of the 241Am source was covered with a 
polyimide tape with sufficient thick for stopping  particles. 
Voltage signal pulses of the SQUID amplifier were observed 
at the mixing chamber temperature of 120 mK by supplying 
the bias current of 600 A as shown in Fig. 6. The rise- and 
decay time constant of the signal pulses are 3 and 160 s, 
respectively. The decay time constant of 160 s implies the 
electrothermal feed back operation of the TES 
microcalorimeter. Fig. 7 shows a pulse height distribution of 
the voltage signal pulses processed through a low-pass filter 
with the cut-off frequency of 50 kHz. A vertical axis 
indicates the number of counts of a pulse height within the 
bin-width of 1 mV. Peaks in Fig.7 are labeled with 
corresponding LX-ray photons by referring the LX-ray 
energy emitted from 241Am listed in Table 1. The signal 
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current generated by the TES microcalorimeter is evaluated 
to be 2.5 A / 10 keV by using a conversion gain of the 
SQUID amplifier. In the pulse height distribution, a poor 
energy resolution may be caused by insufficient reduction of 
various noise contributions in the liquid-helium-free 3He-4He 
dilution refrigerator. However, the TES microcalorimeter 
with the 5.0 m thick absorber was demonstrated to operate 
the detection of LX-ray photons emitted from the 241Am 
source. 

 
V. Conclusion 

The TES microcalorimeter with a Au absorber of 5.0 m 
thick was fabricated for the energy dispersive measurement 
of LX-ray photons emitted from transuranium elements. The 
TES microcalorimeter and The SQUID amplifier chips were 
cooled by operating the liquid-helium-free 3He-4He dilution 
refrigerator with loading the GM cooler. The TES and 
SQUID chips suffered from mechanical vibrations induced 

by a reciprocating motion of the displacer of the GM cooler. 
Detection signals of LX-ray photons emitted from 241Am 
source were observed by operating the TES 
microcalorimeter in severe noise environment induced by 
mechanical vibrations. 
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Study of Recoil-Proton-Detector System Using Organic and Inorganic Scintillators 
for High Energy Neutron Measurement 
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An optimized design for a recoil-proton-detector system is studied to measure (n, xn) cross sections of incident 

energies up to 300 MeV. The detector system is composed of a radiator to convert a neutron into a recoiled proton and 
a phoswich-type detector to detect the recoiled proton. The radiator is made of an NE213 liquid organic scintillator. 
The phoswich-type detector includes a BGO scintillator surrounded by an NE102A plastic scintillator. Optimal design 
is investigated by varying dimensions of the radiator and the phoswich detector. Calculations of detector properties 
are performed by the PHITS. The detector system is shown to have a capability to measure (n, xn) cross sections 
effectively.  

 
KEYWORDS: recoil proton detector, neutron, radiator, phoswich-type detector, PHITS 

 
 

Evaluated nuclear data is important to research and 
development of spallation neutron sources and accelerator-
driven systems. Nuclear data are evaluated by determining 
internal parameters of models to reproduce experimental 
values. Cross sections of proton incidence1–3) have been 
measured in large energy ranges from 10-30 MeV to 3 GeV. 
However, the number of cross section data on neutron 
incidence is much less than that on proton incidence. In the 
energy region grearer than 100 MeV, cross sections of 
neutron incidence have almost never been reported yet.4) 
Most nuclear data on neutron incidence have been evaluated 
by using calculation model parameters of proton incidence. 
Therefore, evaluated nuclear data on neutron incidence 
above 100 MeV need to be compared with experimental data. 

A neutron-incident-neutron-production (n, xn) cross 
section using a continuous-energy neutron source has been 
measured at the WNR facility of the Los Alamos Neutron 
Science Center (LANSCE). At incident neutron energies 
greater than 100 MeV, a phoswich-type5) recoil-proton-
detector system has been tested. 6) The detector system is 
composed of a polyethylene radiator and a phoswich-type 
detector comprising a NaI (Tl) and plastic scintillators as the 
core and the surrounding materials, respectively. Cross 
section measurements using the detector system needed a 
long time to obtain a suf cient number of events because the 
detector system had low measurement ef ciency.  

In this paper, the optimal design for a high-energy 
neutron-detector system with a capability of neutron 
measurement up to 300 MeV is studied. The detector system 
has a structure similar to that of the former system. We 
search for the optimal design by varying dimensions on a 
radiator and a phoswich detector. Moreover, the feasibility of 
the detector system for measuring the (n, xn) cross section is 

*Corresponding Author, Tel. +81-092-802-3484, Fax. +81-092- 
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discussed when simulating (n, xn) cross section experiment. 
 

II. Detection Principle and Material of Detector  
The detector system includes a radiator and a 

phoswichtype detector. A schematic of the detector system is 
shown in Fig. 1. The measurement principle is that an 
incident neutron is converted into a recoiled proton in a 
radiator, and the energy of the recoiled proton is measured 
by a phoswich-type detector. An NE213 liquid organic 
scintillator is used as a radiator, and a phoswich-type 
detector is adopted to the construction of a BGO scintillator 
surrounded by a 1.0 cm thick NE102A plastic scintillator.  

To discriminate events by protons recoiled in the radiator, 
a scintillator is appropriate as a radiator material to obtain a 
signal from the radiator. The NE213 liquid organic 
scintillator is introduced to reduce the energy loss caused by 
nuclear reaction in the radiator and increase the number of 
hydrogen. Since BGO scintillator has a larger density, the 
detector system has smaller dimensions and a larger solid 
angle than those of the NaI (Tl) scintillator.  

The unfolding method is applied to analyses of the (n, xn) 
cross section. If the detector response function has a peak, 
then the unfolding process is simpli ed. The peak appears in 
the response function while discriminating events which 
recoil protons fully stop in the BGO scintillator from events 
escaping from the BGO scintillator. It is possible to apply the 
phoswich structure, which is feasible for selectively 
analyzing full stop events, because the decay time of the 
BGO scintillator is much longer than that of the plastic 
scintillator. 
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Fig. 1 Schematic of detector system. 

 
III. Analysis of Recoil Protons from Radiator  

Optimal designs of the detector system are searched by 
focusing attention on the number of protons produced in the 
radiator. The calculations are performed by the PHITS,7) 
which is a three-dimensional Monte Carlo simulation code. 
For the sake of simplicity, the radiator has a cylinder shape 
and the phoswich-type detector has the shape of a sliced 
cone. The simulations are implemented without placing a 
veto and a E detectors. Analyses for 300 MeV neutrons are 
carried out because the maximum incident neutron energy is 
the most important in this study. 

Properties of recoil protons produced in a radiator are 
observed on the energy distribution and the number of recoil 
protons crossing the incident plane of the BGO scintillator 
by perpendicularly irradiating the radiator with a 300 MeV 
neutron beam. The neutron beam has a circular cut-plane 
equal to the radiator radius. In the calculation, the radiator is 
treated to examine characteristics of recoil protons. The 
optimization is carried out by varying dimensions of the 
radiator radius, Rr, and thickness, Tr, a distance D from the 
radiator to the phoswich-detector incident plane, and the 
BGO scintillator radius, Rb, at the incident plane. The 
variation ranges of dimensions and the top view of the 
detector system are shown in Table 1 and Fig. 2, 
respectively. Energy distributions for recoil protons are 
shown in Fig. 3. A peak is observed at a slightly lower 
energy than the incident energy. The peak is attributed to 
forward elastic scattering of hydrogen.  

The number of recoil protons is one of the essential 
factors used to improve neutron-detection ef ciency because 
the number of protons corresponds to neutron detection 
ef ciency. In measurement of (n, xn) cross sections, the 
number of neutrons incident upon the radiator changes 
according to the solid angle of the radiator. The solid angle 
depends on radiator radius and distance from the sample to 
the radiator. The distance is uncertain because collisions of 
neutrons with protons may occur anywhere in a radiator. For 
simplicity, the distance is determined by regarding points as 
the center of the radiator.  

The radiator thickness contributes to the solid angle. The 
solid angle is derived from the half thickness of the radiator 
and the distance between the sample and the incident plane 
of the radiator. The distance from the sample to the incident 

Table 1 Dimensions of elements of detector system. 
Variation Element Minimum[cm] Maximum[cm] 

Rr 1.5 6.5 
Tr 1.0 13.0 
D 0.0 10.0 
Rb 1.0 10.0 

 

Fig. 2 Top view of detector system. 
 

plane of the radiator is de ned as the same value as that 
obtained in an experiment.8) Therefore, the solid angle is 
obtained from the radiator radius and thickness. The 
effective neutron-detection ef ciency is derived from the 
product of the neutron-detection ef ciency and the solid 
angle for the radiator. The effective neutron-detection 
ef ciency in the case with the Rr and Tr held constant is 
indicated in Fig. 4. Since it is possible to measure most 
protons crossing an incident plane of the BGO scintillator, 
which have various energies, response functions of the 
detector system depend on the proton energy distributions. In 
analyses of (n, xn) cross sections, the unfolding method 
needs to be introduced to search the neutron ux from the 
sample. To simplify the unfolding method, a method for 
evaluating peaks of proton energy distributions is needed. A 
Gaussian form is not suitable to t the peak because the 
shape of the peak differs from that of a Gaussian form. In 
addition, the proton energy distributions have various spectra, 
as shown in Fig. 3. 

A method to evaluate peaks is proposed for all proton 
energy distributions. The trend of a peak is sharper as the 
fraction of the peak area to the total area of the proton 
energy distribution is larger. The method is introduced to 
calculate the ratio of the area by adding the proton energy 
distribution from the high-energy region to the total area of 
the proton energy distribution. The recoil proton energy 
when the ratio is equal to 0.5 is used as the index of the 
method. The index in the case where the Rr and Tr are held 
constant is presented in Fig. 5.  

The optimal design is determined by the evaluated value 
and the effective neutron-detection ef ciency. The condition 
of the optimization is that dimensions of the detector have 
the highest effective neutron-detection ef ciency when the 
index is greater than 250 MeV. As a result, the Rr, Tr, D, and 
Rb are 5.5, 9.0, 10.0, and 6.0 cm, respectively. The maximum 
energy of recoil protons produced in the radiator is 300 MeV 
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Fig. 3 The energy distribution for the proton crossing the incident 
plane of the BGO scintillator 

Fig. 4 The effective neutron detection efficiency in the case of Rr 
=3.5, Tr =9 cm 

 
when irradiating the radiator with 300 MeV neutrons. The 
BGO scintillator needs to have suf cient length to fully stop 
300 MeV protons. Hence, 15 cm is chosen as the length of 
the BGO scintillator. To detect more protons, the shape of 
the phoswich-type detector has a taper. The gradient of the 
taper is dependent on the neutron detection ef ciency 
including the phoswich-type detector. The gradient of the 
taper is determined by connecting the center of the radiator 
and the edge of the BGO scintillator incident plane with a 
straight line, as shown in Fig. 2, because points at which 
recoil protons are produced in the radiator are at the center of 
the radiator in the derivation of the solid angle.  

The neutron-measurement ef ciency of the optimized 
detector system for full stop particles is calculated by the 
PHITS. The neutron-measurement ef ciency of the 
optimized detector system and that of the existing NaI (Tl) 
phoswich detector system calculated by the PHITS is shown 
in Fig. 6. In the energy region less than about 80 MeV, the 
neutron measurement ef ciency of the optimized detector 
system is low relative to that of the NaI (Tl) phoswich 
detector system. This is due to using the radiator of the 

Fig. 5 Index value of peak in case of Rr = 3.5, Tr = 9 cm.  

Fig. 6 Neutron-measurement ef ciency of optimized detector 
system and that of NaI (Tl) phoswich detector system

5) 
calculated by 

PHITS.  
 
optimized detector system, which is thicker than that of the 
NaI (Tl) phoswich detector system. That is because more 
recoil protons are stopped in the radiator in the case of low-
energy incident neutrons and using a thicker radiator. In the 
energy region greater than 100 MeV, the optimized detector 
system has a larger neutron-measurement ef ciency than that 
of the NaI (Tl) phoswich detector system. Thus, the 
optimized detector system is applicable to measuring 
neutrons that have energies from 100 to 300 MeV. 

 
IV. Unfolding Test  
To research feasibility of optimized detector system, the 300 
MeV incident (n, xn) cross section measurement is simulated. 
Aluminum is used as a sample material because it is used as 
a construction material of buildings. The unfolding method 
is used for the derivation of the energy spectra of neutrons 
emitted from the sample at the (n, xn) cross section 
measurement. Energy spectra of the optimized detector 
system obtained by neutrons emitted from the sample and 
the response functions of the optimized detector system are 
needed for the unfolding test.  

Calculations of the response functions are performed by 
irradiating the radiator of the optimized detector system with 
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Fig. 7 Response functions of detector system. 
 
a neutron beam. Response functions are regarded as the 
deposited energy distribution in the BGO scintillator when 
recoil protons enter the scintillator. Only the recoil protons 
fully stopped in the BGO scintillator are discriminated by 
eliminating events with the deposited energy in the NE102A 
plastic scintillator of the phoswich detector. Response 
functions are calculated by varying neutron incidence energy 
from 20 to 300 MeV at intervals of 20 MeV. Response 
functions are shown in Fig. 7. In the experiment, the detector 
system was set at an angle of 15 degrees from the sample.8) 

 
In the calculation of response functions, the response of the 
optimized detector system to neutrons from the sample is 
calculated by irradiating the center of the sample with a 300 
MeV neutron beam.  

The energy spectra of emitted neutrons are derived from 
unfolding the energy spectrum obtained by neutrons emitted 
from the sample. For the unfolding, the energy spectrum of 
neutrons emitted from the sample is,  

, , inE E E elR R

where , ,ER , , inER , and E  stand for the response of 
the detector system to neutrons from the sample, response 
function matrix, a response function at the same incident 
energy as that when irradiating a sample with the neutron 
beam, and the energy spectra of neutrons emitted from the 
sample, respectively. The symbol el  is the component of 
elastic scattering. Seeking the value of the el  is dif cult, 
so that value is treated as a constant.  

The following moving source model9) is used for the E . 
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where quantities E , p, and m are the kinetic energy in the 
laboratory system, the momentum of an emitted neutron in 
the laboratory system frame, and the neutron mass, 
respectively. Three components of i = 1 to 3 correspond to 

Fig. 8 300 MeV (n, xn) double-differential cross sections for 
aluminum calculated by simulating experiment and PHITS. 
 
individual processes of the cascade, the preequilibrium, and 
the evaporation, respectively. The last term of Eq. 2 
indicates the element for the quasi-scattering. Symbols iA , 

i , and iT  are called the amplitude, the velocity, and the 
temperature parameters of components i, respectively. The 

GA , GE , and G  are adjustment parameters for the quasi-
scattering. The quasi-scattering includes quasi-elastic and 
quasi-inelastic scatterings. 

In the process of unfolding, (n, xn) double-differential 
cross sections are parameterized using the moving source 
model running a least mean-square approximation program. 
Results of the unfolding test with respect to four components 
and the 300 MeV incident (n, xn) double-differential cross 
sections for aluminum calculated using the PHITS are 
indicated in Fig. 8. Good agreements are seen between the 
result of the unfolding test and the calculated data.  

 
V. Summary 

The optimal detector system to measure (n, xn) cross 
sections is searched by varying of dimensions of the detector 
system. The applicable energy range to measure neutrons is 
from 100 to 300 MeV. The optimized detector system has up 
to seven times as much neutron-measurement efficiency as 
that of the NaI (Tl) phoswich detector system. By simulating 
the (n, xn) cross section experiment and analyses with the 
unfolding method, it has been shown that the detector system 
has the feasibility for measuring the (n, xn) cross sections 
efficiently. For further work, another index for simpler 
unfolding method is desired to evaluate a peak of the recoil 
proton energy distribution.  
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Presently the gamma scintillation camera is widely used in various industrial, environmental and medical 
diagnostic fields. Two major performance parameters, spatial resolution and noise, are primarily determined by the 
collimator. The imaging performance of the simple collimator, single pin-hole, and a coded-aperture collimator, 
uniformly redundant array (URA), are analyzed in this study. Though parallel-hole collimators are used in some 
medical applications, in principle its performance is equivalent to that of a single-hole collimator and moreover its 
use is limited to the near-field application only. A coded aperture imaging (CAI) techniques have been proposed for 
gamma-ray imaging especially for far-field applications such as the astrophysics study or environmental monitoring 
in order to overcome these limitations of a pin-hole or a parallel-hole collimator. 

In this study, the simulated gamma images using a monte carlo code, MCNP, were acquired with two different 
energy windows and two-type and four-different collimators. For the evaluation of spatial resolution and noise power 
spectra, modulation transfer function (MTF) and normalized noise power spectra (NNPS) were computed for all 
images. In the result, we found that MTF and NNPS can reflect the different properties of different gamma camera 
systems. 

 
KEYWORDS: gamma camera, URA, MTF, NNPS, collimator, energy window, performance evaluation 
 
 

I. Introduction  
Recently the gamma scintillation camera is widely used in 

various industrial, environmental and medical diagnostic 
fields. The concerns about precise and effective evaluation 
of gamma imaging system performance increase as the 
components of those systems improve. Evaluation of gamma 
imaging system performance has a long history. The spatial 
resolution of an imaging system can be described by the full 
width at half maximum (FWHM) from the line spread 
function (LSF). The FWHM is widely used to measure the 
spatial resolution of a gamma scintillation system.1) However, 
the FWHM has the possibility to ignore the effect of 
scattered radiation on spatial resolution. An alternative way 
to describe resolution is to use modulation transfer function 
(MTF). The spatial resolution can be described in spatial 
frequency domain by MTF.2) 

The noise power spectrum (NPS) of a scintillation camera 
can be described in the viewpoint of stochastic and non-
stochastic terms.3) The non-stochastic term dominates the 
results in the lower spatial frequencies. The stochastic term 
is the constant level of frequency independent white noise. 
When the spatial frequency increases, the total noise power 
spectrum decreases and approaches the level of white noise. 
4) 

In gamma imaging systems, the collimator is an essential 
component to produce images of radiating objects. The basic 
and widely-used types of collimators are generally pin-hole 
and parallel-hole. Additionally, the coded-apertures are an 

Corresponding Author, Tel No: +82-42-869-3821, Fax No: +82- 
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alternative type of collimators. Coded apertures were 
initially developed as a way of improving the signal to noise 
ratio (SNR) of collimating imagers and have already been 
applied in the past, mainly in astronomy and space 
applications, but also in physics, and nuclear medicine.5) 

In this study, the performance evaluation of a simulated 
gamma camera system with three pinhole (1, 2, 4mm-hole 
diameter) collimators and a coded aperture collimator using 
uniformly redundant array (URA) was performed. 

 
II. Material and Methods 
1. Gamma Camera System 

The performance of a gamma camera system was 
described as shown in Fig. 1 using monte carlo simulation 
program, MCNP. The properties of components of the 
gamma camera system totally influence on the image quality. 
In this simulation study, the influence caused only by 
collimators and a scintillator were studied. The position-
sensitive photo-multiplier tube (PSPMT) and signal post-
process were assumed as ideal processes. 

 

 
Fig. 1 Geometry for the imaging performance simulation of a 
gamma camera system 
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The PSPMT is widely-used component in small gamma 
camera systems instead of PMTs array. The scintillator is a 
sodium-iodide single crystal with 100mm 100mm 10mm 
dimension. 

 
2. Source 

The gamma energy of sources was 140keV, which is the 
energy of Tc-99m. Two kinds of source geometry were used. 
The one is a cylinder (30mm-long and 1mm-diameter) for 
the acquisition of LSFs. The other is a disk (50mm-diameter 
and 1mm-thickness) for the acquisition of uniform flood 
images. 

 
3. Collimator 

The pinhole collimators with three different hole diameter 
(1, 2, 4mm) and a coded aperture collimator using URA 
were used to produce gamma images as shown in Fig. 2. All 
collimators were designed with lead (3mm thickness) and 
have 60mm 60mm dimension. 

 

 
(a)                            (b) 

Fig. 2 Geometry of (a) the pinhole and (b) URA collimator 
 
The URA-based coded aperture had been designed by 

Fenimore and Cannon.6) The governing equation of 
producing URA is 

 

 (1) 
where 

 (2) 
 
The matrix A means the array of coded aperture and 1 is 

hole and 0 is opaque. The basic array used in this study had 
dimensions r=13 by s=11. The mosaic of a basic pattern was 
used as shown in Fig. 2(b). The decoding process can be 
easily performed using array G, which is 

 

 (3) 
 

4. Energy Window 
In the output signal of gamma camera, the wide energy 

spectrum is observed because of the interacting properties 
between gamma rays and materials though mono-energetic 
gamma rays are emitted from gamma sources. Therefore, 
band-pass filtering of output signal by the energy window 
influence the image quality. In this study, the comparison of 
image qualities between 100% (0~150keV) and 15% 
(130~150keV) energy window was performed. 

 
5. MTF Computation 

The line images were acquired using a cylinder source. 
The major steps for obtaining MTF were as follows. 

 
(a) LSF acquisition: The line profile containing 

maximum pixel value was acquired and tail data 
below 10% of peak value of that profile was cut-off 
and linear extrapolation was performed to condition 
the data for spectral estimation.7) 

(b) MTF computation: The MTF was obtained from the 
fast fourier transformation (FFT) of the LSF and 
normalization to unity at zero spatial frequency. 

 
6. NNPS Computation 

The normalized NPS described the normalized spectral 
decomposition of the variance of pixel-to-pixel fluctuation8) 
The uniform flood images were acquired using a disk source. 
We developed the program for NNPS computation using 
MatlabTM. The major steps were as follows. 

 
(a) ROI definition: The ROI is only 17 17 pixels at 

center. The edge data was ignored for the statistical 
reliability. 

(b) Normalization: The pixel values at the ROI were 
converted to relative noise by dividing data by their 
mean value. 

(c) 2D NNPS computation: The NNPS of each ROI was 
obtained from the two-dimensional FFT of the data 
using the formula8) 

 

2
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),(
d

dFFT
E

NN
pp

vuNNPS yxnn
D

yx

yx  (4) 

 
where p is detector pixel dimension, N is ROI 
dimension, and d is the pixel value. 

(d) 1D NNPS computation: For an easier comparison, 
one-dimensional NNPS was computed by averaging 
the 2D NNPS spectrum samples over circular regions 
of the same width and increasing radius in the 
frequency space.9) 

 
III. Results and Discussion 
1. Spatial Resolution Analysis 

The MTF curves with four-different collimators and two-
different energy windows were given at Fig. 3. Using 100% 
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energy window, the MTF values are: 1mm-pinhole; 0.98 at 
0.6 lp/cm and 0.94 at 1.2 lp/cm; 2mm-pinhole; 0.95 at 0.6 
lp/cm and 0.80 at 1.2 lp/cm; 4mm-pinhole; 0.84 at 0.6 lp/cm 
and 0.47 at 1.2 lp/cm; URA; 0.91 at 0.6 lp/cm and 0.67 at 1.2 
lp/cm. The spatial resolution, MTF value, was inversely 
proportional to the diameter of pinhole at the range of 0.5~2 
lp/cm. We found that the spatial resolution of URA was 
equivalent to that of 3mm-diameter pinhole collimator. It 
was verified that an ideal URA collimator would not affect 
the MTF, as verified by Fenimore.10) But the real URA 
collimator affected the measured MTF. The MTF decrease of 
a URA collimator was caused by scatter effect at the edges 
of 286 holes. 

The energy window of the gamma camera system 
generally affects the MTF values except using URA 
collimator. The narrow window contributes to better spatial 
resolution because of the decrease of influence of scatter 
effect on the resultant image. These scatter effect are mainly 
observed in the scintillator. The comparison of MTF curves 
between 100% and 15% energy window were shown in Fig. 
3. The MTF of 15% window was higher than that of 100% 
window except URA because of using narrow window. We 
found that gamma camera resolution with a URA collimator 
was little affected by energy window because no MTF 
difference was observed between different energy windows. 

 

 
Fig. 3 Simulated MTF curves with four different collimators and 
two different energy windows 

 
2. Noise Analysis 

The different patterns of noise power spectra were 
observed for the different type collimators, pinhole and URA. 
In the range of 0.5~5 lp/cm, the noise power spectra of 
pinhole systems are flat as shown in Fig. 4(a) and 4(b). It 
means that the stochastic noise component is dominant at the 
pinhole systems. The stochastic noise of the gamma camera 
in this study was almost totally Poisson because of digital-
type images. So the magnitude of noise decreases as pinhole 
diameter increases. Under the poisson assumption, the 
relationship between average count level and NNPS was 
given as follows4) 

 

 

x
pvuNNPS

2

),(  (5) 

where p is detector pixel pitch and x is average count level. 
 
The average magnitude of noise spectra decreases as the 

width of energy window decreases. This means that narrow 
energy window contributes to lower scatter effect as 
previous description. The decreasing ratios of average noise 
are: 1mm-pinhole; 0.25; 2-mm pinhole; 0.35; 4-mm pinhole; 
0.27. 

In the case of URA collimator system, higher magnitude 
of noise was observed at lower spatial frequency. The 
difference of noise patterns between pinhole and URA 
system were caused by the existence of non-stochastic noise 
and higher efficiency of URA collimator. At lower frequency, 
non-stochastic noise component are more prominent at the 
URA collimator because of complex geometry of URA. 
Meanwhile, the stochastic noise component dramatically 
decreases because of higher count level. So the total noise 
power spectra of a URA collimator system were given as Fig. 
4. 

 

 
Fig. 4 Simulated NNPS curves with four different collimators using 
(a) 100% and (b) 15% energy window 
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IV. Conclusions 

The objective and effective evaluation of imaging 
performance is more important because of technical 
development of gamma camera system. In this study, we 
computed two factors, the modulation transfer function and 
normalized noise power spectra, of a simulated gamma 
camera system with 4-different collimators. We found that 
these factors reflect the properties of each system 
quantitatively and effectively. 

The ratio of output signal to noise ratio to input signal to 
noise ratio, detective quantum efficiency (DQE), is widely 
used for the evaluation of x-ray medical imager. This DQE 
can be obtained by simple computation with MTF, NNPS. 
Recently, an attempt of evaluating the performance of 
gamma camera systems with DQE computation was 
published by Starck.4) The result of this study can be useful 
reference for DQE analysis of gamma camera. 
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A ZnSe crystal based on a -  compound semiconductor has various physical properties: electroluminescent, 
photoelectric, luminescent and scintillation. Activated ZnSe crystals are highly-efficient scintillators, and they are 
already being applied to the detecting units of a X-ray introscopy and a dosimetric system. ZnSe-based scintillators 
have a high absolute light output, and their radiation spectra matches well with the Si-photodiode spectral sensitivity. 

The present study was performed by using a polished ZnSe and CsI(Tl). ZnSe is a low-density crystal(5.42 g/cm3). 
The emission wavelength of ZnSe(Te) is 610 nm and ZnSe(O) is 592 nm. We have fabricated 10x10x1 mm and 
10x10x2 mm ZnSe crystals in which the activators were doped with tellurium and oxygen. ZnSe and CsI crystals 
were mounted on a S3590-08 HAMAMATSU PIN photodiode and an R3479 HAMAMATSU PMT. Teflon tape as a 
reflector for the PIN photodiode and PMT. Gamma-ray spectrum measurements were performed by using 241Am, 
57Co, 133Ba and 137Cs radio isotopes. We have compared the measured spectra of ZnSe and CsI under the same 
conditions. 

 
KEYWORDS: ZnSe, scintillator, PMT, photodiode, pulse height spectrum 
 
 

I. Introduction  
An ideal behavior of a scintillator would be characterized 

by a proportionality between the energy deposited in the 
crystal and the number of scintillation photons. The 
measurement of the absolute light output of a scintillator is 
very complex and difficult. Photons created by nuclear 
radiation in the scintillator are affected by many processes 
that reduce their number before they are converted into 
photoelectrons in photomultipliers(PMT) or electron-hole 
pairs in Si photodiodes.1) 

One of the recent important steps is development of a new 
type scintillator based on zinc selenide. Development of the 
scintillator ZnSe has effectively filled the gap in the 
“scintillator-photodiode” detector series for modern radiation 
detector.2) For example, scintillators based on ZnSe crystals 
have conversion efficiency of semiconductor scintillator 
ZnSe(Te) is 1.1-1.3 times higher, and radiation stability 3-4 
orders higher as compared with crystals CsI(Tl).2-4) Now, the 
ZnSe scintillators based on the II-VI compound 
semiconductor doped with various activators were 
investigated.5) 

In our study, we measured pulse height spectrum of ZnSe 
doped tellurium and oxygen in PMT, large area avalanche 
photodiode (LAAPD) and Si-PIN-Photodiode, and compa-
red with spectra of ZnSe and CsI crystals. 
 

 

*Corresponding Author, Tel No: +82-2-2220-2345, Fax No: +82-2-
2296-2354, E-Mail: ykkim4@hanyang.ac.kr

II. Experiments 
All the measurements were done with CsI(Tl), ZnSe(Te) 

and ZnSe(O) crystal. The ZnSe crystals were delivered from 
the national academy of sciences of Ukraine in two samples 
ZnSe(Te) and ZnSe(O) : They were doped tellurium and 
oxygen activator in ZnSe crystal. An over-view of all the 
crystals used is given in Table 1. The light collection 
efficiency is a function of the crystal size and its shape.  

 
Table 1. Tested scintillators 

Crystal Activator concentration 
(mass %) 

Size[mm3] Surface 
finish 

CsI(Tl) - 11x12x1.77 Polished 
ZnSe(Te) 0.2 10 x 10 x 1 Polished 
ZnSe(Te) 0.2 10 x 10 x 2 Polished 
ZnSe(Te) 0.2 10 x 10 x 3 Polished 
ZnSe(O) 0.02 10 x 10 x 1 Polished 
ZnSe(O) 0.02 10 x 10 x 2 Polished 
ZnSe(O) 0.02 10 x 10 x 3 Polished 
 
The all samples were polished on both large surfaces, and 

the crystals were glued onto the PMT and LAAPD with RX 
688 silicon grease of REXON Components, Inc.. The 
crystals were wrapped with several layers of white Teflon 
tape. We have also used a 630-70-73-510 window-less 
silicon LAAPD of the Advanced Photonix, Inc., 19 mm 
diameter R3479 photomultiplier tube of Hamamatsu and 
S3590-08 Si-PIN-photodiode of the Hamamatsu. The R3479 
PMT has range from 185 nm to 650 nm, and wave-length of 
maximum response is 420 nm. 
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The preamplifier was used for CR-150-AC-BNC board 
and CR-110 charge sensitive preamplifier chip of the 
Cremate, Inc.. CR-110 preamplifier chip is low noise charge 
sensitive preamplifier for use with various types of radiation 
detectors including semiconductor detector, PIN-photo-
diodes, avalanche photodiodes(APDs) and gas-based 
detectors.6) Amplifiers were used ORTEC 572A amplifier 
with PMT and ORTEC 673 Spectroscopy amplifier with 
photo-diode. Multi channel analyzer was ORTEC 919E. To 
prevent radiation incidence on Si-PIN-photodiode, we 
manufactured and used lead collimator of 5 mm thick and 
with hole of 2 mm diameter. Light guide of 10 x 10 x 10 
mm3 size was manufactured with lucite, and lucite was 
polished on all surfaces. 

 
III. Results 

The main part of the measurements was carried out for 
57Co radiation source. To get the best possible pulse height 
spectrum, the gain and the shaping time constant on the 
amplifier were optimized for each scintillator. ZnSe(O) and 
CsI(Tl) were measured at 6 sec, and ZnSe(Te) was mea-
sured at 10 sec shaping time constant. Detailed technical 
characteristics of ZnSe can be found in Table 2.7) 

 
Table 2. Luminescence spectrum maximum max, absorp-tion index 

, decay time  and absolute light output S of the ZnSe-based 
scintillators. 

Scintillator max, nm , cm-1 , sec S, Photon/MeV

ZnSe(Te) 640 0.08-0.15 30-80 Up to 7 104 
ZnSe(O) 600 0.05 2-8 Up to 5 104 
ZnSe(Cd) 620 0.1-0.15 5-20 Up to 4 104 

ZnSe(Cd,Te) 635 0.1-0.15 40-100 Up to 6 104 
ZnSe(O,Al) 605 0.1-0.15 3-15 Up to 5 104 

1. PMT Experiments 
To measure energy spectra of CsI(Tl) and ZnSe crystals, 

we used for the R3479 PMT of Hamamatsu. Spectra of 57Co 
source were measured by CsI(Tl), ZnSe(Te) and ZnSe(O) 
crystals, and we compared with the each spectra. These 
measurements were carried out at gain of 200 and negative 
1500 V. Scintillators have different decay times therefore we 
separately measured each scintillators. The spectra of 
ZnSe(O) and CsI(Tl) were measured at shaping time 
constant of 6 sec, and ZnSe(Te) was measured at shaping 
time constant of 10 sec, respectively.  

In general quantum efficiency of bialkali photocathodes in 
PMT is about 25 % at 400 nm, and this is lower numerical 
value than quantum efficiency of PIN-photodiode.8,9) The 
results of PMT measurement are shown in Fig. 1. We found 
energy peaks of 57Co in spectra of ZnSe(O) and CsI(Tl) 
crystals, but the energy peaks in ZnSe(Te) were not found 
except 3 mm thick. The best responses were observed from 
ZnSe(O) of 2 mm and 3 mm thick.  

These results indicate that ZnSe(O) has better response 
than ZnSe(Te) or CsI(Tl) at PMT, and 122.06 and 136.47 
keV energy peaks from 57Co source were not separated from 

the spectra of ZnSe crystals. 
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Fig. 1 Energy spectra of -rays from a 57Co source measured with 
samples coupled to the R3479 PMT in the 572A amplifier. 
Activators of ZnSe(Te) and ZnSe(O) are 0.2 mass% and 0.02 
mass%, respectively. (1) is log scale of spectra of ZnSe(Te) at 10 

sec and linear scale of spectrum of CsI(Tl) at 6 sec. (2) is linear 
scale of spectra of CsI(Tl) and ZnSe(O) at 6 sec shaping time 
constant: (a) CsI(Tl), (b) ZnSe(Te) of 1 mm thick, (c) ZnSe(Te) of 2 
mm thick, (d) ZnSe(Te) of 3 mm thick, (e) CsI(Tl), (f) ZnSe(O) of 
1 mm thick, (g) ZnSe(O) of 2 mm thick and (h) ZnSe(O) of 3 mm 
thick. 

 
2. LAAPD Experiments 

The measurement of LAAPD carried out with the 
windowless 630-70-73-510 LAAPD of the Advanced 
Photonics, Inc.. 630-70-73-510 LAAPD has quantum 
efficiency of 69-77 % at 400nm, dark current of 110-269.4 
nA and rise time of 11-16.2 ns.10) The LAAPD was 
calibrated with 5.9 keV X-ray of 55Fe source which was 
directly irradiated on active area of LAAPD. We used Teflon 
film of two layers as reflector. There experiments were 
carried out at positive 1800 V, gain of 100 and shaping time 
constant of 10 sec. The sample crystals were coupled to a 
LAAPD with optical silicon grease of the Saint-Gobain. 

Fig. 2 shows the energy spectra of 57Co source measured 
with the ZnSe(Te) of 2 mm thick and ZnSe(O) of 1 mm and 
2 mm thick crystals. In LAAPD experiment, we not 
measured ZnSe(Te) of 1 mm thick because energy peaks of 
ZnSe(Te) of 2 mm thick were not observed with LAAPD.  

These results were indicated that ZnSe(O) has better 
response than ZnSe(Te), and ZnSe(O) of 2 mm thick has 
better light output than ZnSe(O) of 1 mm thick. With 
LAAPD, We measured decay time of ZnSe(Te) and had 
observed decay time of not less than 100 sec. Therefore 
energy peaks of 57Co source in ZnSe(Te) are not measured. 
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Fig. 2 Energy spectra of 57Co by using a LAAPD. Activators of 
ZnSe(Te) and ZnSe(O) are 0.2 mass% and 0.02mass%, respectively. 
(a) noise of LAAPD, (b) ZnSe(Te) of 2 mm thick, (c) ZnSe(O) of 2 
mm thick and (d) ZnSe(O) of 1 mm thick. 

 
3. PIN-photodiodes Experiments 

Quantum efficiency of 3590-08 PIN-photodiode is about 
85 % at 540 nm.9) With photodiode, we measured spectrum 
of 57Co source with CsI, ZnSe(Te) and ZnSe(O), respectively. 
The spectrum was measured at 50 V and for live time of 
10,000 sec. We manufactured lead collimator of 32�26.5 �5 
mm3 size with hole of 2 mm dia and lucite of 10�10�10 
mm3 size as light guide. Lead collimator and lucite light 
guide were prevent radiation from irradiating on PIN-
photodiode. Refractive index of lucite is 1.5. 
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Fig. 3 Pulse height spectrum of -ray form a 57Co source measured 
with CsI(Tl), ZnSe(Te) and ZnSe(O) crystal coupled to S3590-08 
PIN-photodiode. 
 

These results were shown in Fig. 3. The spectrum of 

CsI(Tl) was not separated for energy peaks of 122 and 136 
keV of 57Co source. This result was shown that CsI(Tl) has 
good light output, but the resolution of CsI(Tl) is not good. 
Spectra of ZnSe(Te) and ZnSe(O) were shown that the ZnSe-
based scintillators have better resolution than CsI(Tl). 
However, light yield of used ZnSe(Te) and ZnSe(O) is not 
more than CsI(Tl). Thus energy peaks of 57Co source were 
not clearly separated. 

 
IV. Conclusions 

Results form this study show that ZnSe(O) have 
substantial advantages for radiation detection in the 20-200 
keV range as compared with CsI(Tl). 

ZnSe-based scintillators have excellent properties of high 
conversion efficiency, low afterglow and good light yield. 
According to the earlier studies ZnSe(Te) exhibits a very 
high light output of the maximum 80,000 photons/MeV. 
However, measured light output of ZnSe(Te) is much lower  
about 40,000 photons/MeV than the 80,000 
photons/MeV.11,12) 

The light collection efficiency is a function of the crystal 
size and its shape. It is affected by the self-absorption of the 
light in the crystal and by the reflector material used.1) For 
increasing of thickness of ZnSe(O), light collection 
efficiency of ZnSe(O) was increased. 

The obtained results for the ZnSe(O) scintillator have 
demonstrated the possibility for radiation detection coupled 
with PMT and PIN-photodiode. 
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Absolute proton beam energy measurement with Si(Li) detector has been performed in the MC-50 cyclotron. It is 
known that the measurement of the absolute energy of the medium energy proton with high accuracy is very 
important for some experiments concerned with nuclear physics, space device test, etc. For the absolute particle 
energy measurement, the semiconductor detector has been recognized as a very useful tool because of their total 
particle energy absorbing characteristics. In the case of a scintillation detector, a part of particle energy can be lost 
through quenching process during penetrating the detector material and it could be a reason to increase the energy 
measurement error. The thicknesses of Si(Li) detector and BGO scintillation detector were 5mm and 30mm, and the 
sizes of active area are 75mm2 and 49mm2. Even though, the Si(Li) detector was originally designed and fabricated 
proper to the operation at the atmosphere, Si(Li) detector was installed in the vacuum chamber with the 50um 
thickness Al beam entrance window for more accurate measurement. The energy calibration of Si(Li) detector was 
done with 241Am alpha sources. The proton beam energies from the cyclotron are 35MeV and 45MeV, and the beam 
current is below 0.5nA. The proton beam energy extracted through the 2mm thickness Al exit window was changed 
and controlled by Al degrader and air thickness between exit window and detector. The change of proton beam 
energy property such as mean energy and energy spread has been measured using Si(Li). The results are compared to 
the calculated results by Monte-Carlo code simulation and measured results by the BGO scintillation detector. 

 
KEYWORDS: proton beam energy measurement, Si(Li) detector, Monte Carlo simulation, BGO scintillation 
detector, absolute energy measurement 
 
 

I. Introduction  
The PEFP (Proton Engineering Frontier Project) of 

KAERI (Korea Atomic Energy Research Institute) 
constructed a dedicated beam line at the MC-50 cyclotron of 
KIRAMS (Korea Institute of Radiological And Medical 
Sciences) in 2004 to support some basic and pilot studies of 
proton beam utilization in the fields of nuclear physics, 
biological technology and space technology. The beam line 
was designed to control the proton energy using degrader 
system which was composed of several Al sheets with 
various thicknesses from 0.02~2mm and to irradiate the 
proton beam to the samples in the air. 

In some experiments, such as nuclear physics and space 
device test, the measurement of proton energy incident to the 
sample with high accuracy is very important.  

 The semiconductor detectors and scintillation detectors 
have been widely used for the particle energy 
measurements.1-4) The semiconductor detectors can be used 
for the absolute particle energy measurement because they 
absorb the full energy of the incident particle. On the other 
hand, in the case of scintillation detectors, the incident 
particle can lose their energy during penetrating the 
scintillation material through quenching processes. So, we 
have to consider the response function compare to the results 

*Corresponding Author, Tel No: +82-42-868-8602, Fax No: +82-
42-868-8131, E-Mail: kimkr@kaeri.re.kr 

of absolute energy measurement through the calibration 
process over the proton energy range which we interested in.  

The absolute energy measurement performed at the MC-
50 cyclotron using Si(Li) detectors and BGO scintillation 
detector. In this paper, we discuss the difference between 
these two cases and calculated energy using Monte Carlo 
simulation code, SRIM2003. 

 
II. Experiments 
1. 50 MeV Beam line at the MC-50 Cyclotron 

The 50 MeV beam line was installed at the MC-50 
cyclotron of KIRAMS to support basic and pilot studies on 
proton beam utilization technologies in 2004.5) It was 
designed to be suitable for application to space and 
biological technologies. The beam line is composed of a 
collimator, a Faraday cup, a vacuum drift tube, bellows for 
easy alignment, a BPM (Beam Profile Monitor), an exit 
window for the external beam coated with a phosphor 
material, a scattering system, an energy degrader, PMMA 
rotating modulator for SOBP (Spread-Out Bragg Peak), a 
target stage, an dose measurement system, an energy 
measurement system, etc. as shown in Fig. 1. 
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Fig. 1 Photograph of the 50 MeV proton beam line established at 
the MC-50 cyclotron of KIRAMS. 

 
2. Experimental Setup for Si(Li) 

The 35 MeV incoming proton beam passes through 2 mm 
thick Al window and loses energy down to 27.5 MeV. Then 
the 27.5 MeV proton beam is collimated by using 1 mm Al 
collimator, and passes through 44.5 cm of air, Al degrader, 
and 55.5 cm of air. The final energy of proton beam energy 
becomes 4.0~25.0 MeV with various Al thicknesses. The 
45MeV incoming proton beam passes through 2 mm thick Al 
window and loses energy down to 39.0 MeV. Then the 39.0 
MeV proton beam is collimated by using 1 mm Al collimator, 
and passes through 44.5 cm of air, Al degrader, and 55.5 cm 
of air. The final energy of proton beam energy becomes 15.6 
~ 34.7 MeV with various Al thicknesses.  

The Si(Li) detector (75 mm2 × 5 mm) was used for the 
proton energy measurement. The Si(Li) detector was 
installed in the vacuum chamber with 50 m Al window for 
high resolution measurement and a high voltage of -1000 V 
was applied to the detector.  

The analog signal from the Si(Li) detector was amplified 
by a pre-amplifier (ORTEC 142AH) and a spectroscopy 
amplifier (ORTEC 572A) and it is analyzed by the MCA 
installed in a PC. Fig. 2 and Fig. 3 depict a schematic 
diagram and photograph of the experimental set-up. 

 

 
Fig. 2 Schematic diagram of the experimental set-up for energy 
measurement using Si(Li) detector. 

 

 
Fig. 3 Photograph of the experimental set-up for energy 
measurement using Si(Li) detector. 

 
3. Experimental Setup for BGO 

For the energy measurement using BGO, the air thickness 
of air after passing through Al degrader changed 114.5 cm.  

The BGO scintillation detector (49 mm2 × 30 mm) was 
used for the proton energy measurement. The BGO crystal 
was wrapped with Teflon followed by Al foil and a metal 
package E5780 PMT of 8 mm in diameter (Hamamatsu Co.) 
was attached to the long side of the crystal. And a high 
voltage of -800 V was applied to the PMT.  

The longitudinal dimension of the crystal was 30mm, 
which was enough to stop 38 MeV protons inside the crystal. 
A 25 MHz USB2 based flash analog to digital converter 
(FADC) board was used to digitize the analog signal.6) The 
analog signal from the PMT attached to the scintillator was 
connected into the analog input of the FADC board via a 
preamplifier and an ORTEC 576 shaping amplifier and the 
signal was also monitored by using a DSO (Digital Storage 
Oscilloscope). A software threshold setting was applied to 
trigger an event by using a self trigger algorithm on Field 
Programmable Gate Array (FPGA) chip of the FADC board. 
The FADC output was recorded into a personal computer, 
and the recorded data were analyzed with C++ data analysis 
program. Fig. 4 shows a schematic diagram of the 
experimental setup for the proton energy measurement using 
BGO. 

 

 
Fig. 4 Schematic diagram of the experimental set-up for energy 
measurement using BGO scintillation detector. 

 
III. Results 
1. Energy Measurement Using Si(Li) Detector 

The pulse height spectrum measured by using Si(Li) 
detector is shown in Fig. 5 for 35MeV initial proton beam. 
After the 35 MeV proton beam passed through 2 mm thick 
Al exit window, 100 cm thick air, and 50 m thick Al 
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window, the energy reduced to 25.0 MeV. We obtained a 3.9 % 
FWHM energy straggling after a Gaussian fitting for 25.0 
MeV proton beam, which is the smallest energy straggling 
among all of energy straggling. The energy stragglings were 
measured for the various Al degrader thicknesses. When the 
Al degrader thickness was increased up to 3 mm, the energy 
straggling was increased up to 91.3 %.  

 
Fig. 5 Pulse height spectra of the Si(Li) with different degrader 
thicknesses. 
 

The energy straggling was measured by using Si(Li) 
detector for 45MeV initial proton beam. After the 45 MeV 
proton beam passed through 2 mm thick Al exit window, 
55.5 cm thick air, 2 mm thick Al degrader, 44.5 cm thick air, 
and 50 m thick Al window, the energy reduced to 30.1 MeV. 
We obtained a 3.1 % FWHM energy straggling after a 
Gaussian fitting for 30.1 MeV proton beam, which is the 
smallest energy straggling among all of energy straggling. 
The energy stragglings were measured for the various Al 
degrader thicknesses. When the Al degrader thickness was 
increased up to 6.2 mm, the energy straggling was increased 
up to 93.9 %.  

Energy degraders of 0.02, 0.05, 0.2, 0.3, 0.5, 1.0, 1.5, 2.0, 
2.3, 2.5, 3.0 mm in thickness were used to reduce the proton 
beam of initial energy of 35 MeV. And 0.5, 1.0, 1.5, 2.0, 2.5, 
3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.2 mm Al energy degraders 
were used for the 45 MeV proton beam. The mean channels 
with different degrader thicknesses were calculated by using 
Gaussian fittings. The proton energies were calculated using 
the SRIM2003. Fig. 6 shows signal output versus the proton 
energy calculated by using the SRIM code. 

The energy calibration was performed in vacuum by using 
241Am -source. The energy resolution was 2.1% for 5.486 
MeV alpha particles.7) 

 

2. Energy Measurement Using BGO Crystal 
The pulse height spectra measured by using BGO 

scintillation detector are shown in Fig. 7 and Fig. 8 for 
35MeV and 45 MeV initial proton beam. The 35 MeV and 
45 MeV proton beam energy reduced to 23.6 MeV and 36.2 
MeV after passing through 2 mm thick Al exit window, 
170cm thick air. The FWHM energy straggling of 23.6 MeV 
and 36.2 MeV were 5.72 % and 4.0 %. 

 

 
Fig. 6 Absolute energy measured by using Si(Li) versus calculated 
energy by using SRIM. 

 
For the proton beam of initial energy of 35 MeV and 45 

MeV, we measured the FWHM energy straggling with 
different Al degrader thicknesses. As shown in Fig. 7, when 
the Al degrader thickness was increased up to 2.3 mm and 
5.0 mm, the energy straggling was increased up to 69.4 % 
and 20.6 % for 35 MeV and 45 MeV proton beam. 
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Fig. 7 Pulse height spectra of the BGO with different degrader 
thicknesses. 
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Fig. 8 Pulse height spectra of the BGO with different degrader 
thicknesses. 
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4.0, 4.5, 5.0 mm Al energy degraders were used for the 45 
MeV proton beam. Fig. 9 shows signal output versus the 
proton energy calculated by using the SRIM code. 

 
Fig. 9 Pulse height versus energy for the BGO detector. 

 
For the electron-equivalent energy calibration, a 137Cs -

ray source of 662 keV energy was used. A clear full peak 
was observed, and the energy resolution was 28 % FWHM. 

 
IV. Discussions 

All of the energy straggling data measured by using Si(Li) 
detector and BGO scintillation detector are presented in Fig. 
10. There’s no big mismatch between the data from two 
detectors for the same energies. 

When the BGO crystal was wrapped with 300 m thick 
Teflon foil, 30 m thick Al foil, and 200 m thick PVC film 
to reduce the noise and light loss. These wrapping materials 
contribute the additional energy loss before the proton’s 
incoming to BGO crystal. 

 
Fig. 10 Energy straggling measured by using Si(Li) detector and 
BGO scintillation detector. 

 
 
We calculated the proton energies which are incident to 

BGO after passing through the wrapping material using 
SRIM code. These data were in good agreement with the 
electron equivalent calibrated data of BGO crystal with 
maximum 10 % error. 

For the energy measurement using BGO, we have to 
consider the energy loss effect caused by the wrapping 
material of BGO. 

 
V. Conclusions 

The absolute energies measured by using Si(Li) detector 
coincided well with the calculated value by using SRIM 
code within the maximum 10 % error range. 

There is no big mismatch between the data from Si(Li) 
and BGO detector, when we correct the energy using the 
calculated value by using SRIM on the reflection of the 
energy loss caused by wrapping material. 

The initial proton energy decides the energy straggling 
value. The better the energy straggling is, the higher initial 
energy is. The mean energy information can be provided to 
the users through the calculation using SRIM code. 
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A Feasibility Study for the Use of BGO Scintillator in Conjunction  
with a Plastic Optical Fiber for Remote Gamma Ray Dosimetry 
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A feasibility study has been carried out on a remote radiation dosimeter employing a BGO scintillator as the 
radiation sensing head and a plastic optical fiber as a light pipe. The sensor head is prepared in two sizes: the larger 
one has the size 4.7mm x 4.7mm x 10mm and the smaller one has the size 2.2mm x 2.2mm x 10mm. A low 
attenuation plastic optical fiber with 3mm diameter and 10m length is attached to the square surface of the larger 
scintillator, and the same optical fiber with 2mm diameter is attached to the smaller one. The polished scintillator is 
wrapped with white Teflon tape, and the fiber is shielded with a thermal shrink tube to block the ambient light. The 
lights generated in the sensor head are detected by a pulse-type photomultiplier tube module. Co-60 sources with 
radioactivity of 50 Ci and 1mCi are used to test the performance of the constructed dosimeter models. The total 
number of pulses is measured as a function of the distance from the sensor head to the source. MCNPX simulation is 
also carried out for the source and dosimeter arrangements to assess the feasibility of the dosimeter model. The 
dosimeter model measures fairly well the change in the number of pulses as the source-to-detector distance changes, 
but shows poor capability to measure the pulse height spectrum and source activity. 

 
KEYWORDS: BGO scintillator, remote radiation dosimeter, plastic optical fiber, MCNPX simulation 
 
 

I. Introduction  
A real-time remote monitoring of radiation doses is 

essential in high radiation field such as a gamma irradiator or 
an electron accelerator. Several methods are currently used. 
When a higher spatial resolution is required, for instance, the 
dose measurement in a human phantom for medical 
treatment planning, farmer-type ionization chambers or 
MOSFET dosimeters are frequently employed. Though very 
accurate, the ionization chamber is a delicate machine and 
hence is not robust. Most of the malfunctions occurring in 
the machine should be fixed by the manufacturer or original 
supplier, and it usually takes several weeks to have it fixed. 
A MOSFET dosimeter is convenient for simultaneous 
measurement at multiple points. The sensor head is very 
small so that it has an excellent spatial resolution. A big 
disadvantage is that its effective life time is limited and use 
of the dosimeter is impractical in a high radiation field. 

Radiation dosimeters constructed with scintillators 
combined with optical fibers can be a good alternative 
solving these problems all together. Several scintillators with 
high atomic number and high density, e.g. BGO and GSO, 
are now commercially available. Substantial sensitivity can 
be achieved using one of these scintillators even with very 
small size. The sensor head can be as small as a MOSFET 
dosimeter. The light generated in the sensor head is 
transmitted through an optical fiber to a remote signal 
processing system. With a properly chosen scintillator, the 
life time of the dosimeter can be much longer than that of a 
MOSFET dosimeter. Since the sensing part consisting of the 
scintillator head and optical fiber is entirely passive, that 

*Corresponding Author, Tel No: +82-64-754-3645, Fax No:. +82-
64-757-9276, E-Mail: jwpark@cheju.ac.kr 

means it does not have any electrical or electronic 
component, it will be much more robust than an ionization 
chamber or a MOSFET dosimeter. It can be easily 
modularized. If this module becomes bad, it can be simply 
replaced. 

A number of works has been carried out in relation to this 
subject. Lee et al.1) investigated the change of the optical 
power with different combinations of the scintillator tip and 
optical fiber length. Uritani et al.2) proposed a dosimetry 
model based on a quartz fiber and Al2O3 scintillator to 
measure the gamma ray dose in a reactor core. Cherry3) 
investigated the optical characteristics of a BGO and optical 
fiber combination with various different parameters. 
Nowotny4) proposed a tissue equivalent dosimeter model 
bade on LiF:W scintillator head and plastic optical fiber to 
be applied in diagnostic radiology. 

In this work, we present a dosimeter model employing a 
BGO scintillator as the radiation sensing head, a plastic 
optical fiber as the light pipe and a pulse type PMT module. 
Two different sizes of the scintillator are prepared and 
attached to plastic optical fibers of different diameters. The 
light pulses generated in the scintillators are measured with a 
pulse type PMT module. The dosimeter models are tested 
against 60Co sources with activity of about 50 Ci and 1mCi. 
MCNPX simulation is also carried out for the source and 
dosimeter arrangements. The simulation results and 
measured data are compared and the feasibility as a radiation 
dosimeter of the sensor models is discussed. 

 
II. Construction of the Dosimeter Model 

The dosimeter module consists of the dosimeter head, the 
light guiding optical fiber and, a PMT module. The 
dosimeter head is a BGO with chemical composition 
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Bi4Ge3O12, which has been purchased in a cube of 
10x10x10mm3 from Saint-Gobain Crystals. The cube is cut 
to prepare the sensor head in two sizes: 2.2x2.2x10mm3 and 
4.7x4.7x10mm3. Fig. 1 shows a picture of the cut pieces of 
the BGO scintillator. The surfaces of the cut pieces are 
polished with 0.5 m alumina powder to have the final sizes 
as indicated above and then wrapped with a Teflon tape. 

 

 
Fig.1 Picture of the cut pieces of the BGO scintillator. 

 
The light transmitting optical fiber, which is a product of 

Toray Industries, is prepared in 10m length and two 
diameters: 2mm (PGR-FB2000) and 3mm (PGR-FB3000). 
The core of the fiber is made of PMMA with refractive index 
1.49 and the cladding is a fluorinated polymer with 
refractive index 1.4. The attenuation of the fiber is less than 
0.2db/m for 400-600 nm lights. The fiber end faces are also 
polished with the alumina powder. The constructed 
dosimeter module is as shown in Fig. 2. The fiber with 2mm 
diameter is attached to the smaller piece of the scintillator 
and the fiber with 3mm diameter is attached to the bigger 
piece. The coupling between the fiber tip and the scintillator 
is made either by bare contact or with silicon optical grease 
(Bicron BC-630) to see the effect of each modality. The 
connection between the fiber and the PMT module is made 
by an FC connector. The PMT module (Hamamatsu H5784), 
which has an optional FC adapter, is comprised of a PMT, a 
high voltage supply circuit and an amplifier. The electrical 
current from the PMT is converted to a pulse signal by the 
amplifier. The spectral response of the PMT is from 300 to 
650nm. 

 
Fig.2 Configuration of dosimeter module and experimental setting. 

 

III. Experimental Measurement and MCNPX 
Simulation 

The voltage signal from the PMT module is amplified by 
a Canberra 2020 spectroscopy amplifier and then fed into an 
EG&G/Ortec TRUMP-8K-32 pulse height analysis (PHA) 
card installed with the MCA emulator MESRO II in a PC. 50 

Ci and 1mCi 60Co sources are used to measure pulse height 
spectra and total number of counts as a function of distance 
between the source and the dosimeter head. The 
experimental setting is shown in Fig. 2. The source is 
surrounded by a lead wall temporarily made with lead blocks 
to prevent experimenters from radiation overexposures while 
working. In order to minimize the interference of any 
possible Cerenkov radiation generated in the optical fiber, a 
lead plate of 5mm thickness placed between the dosimeter 
head and optical fiber. The measured distance is from 10cm 
to 50cm by 10cm increment and data are collected for 60 
seconds at each point. Measurement is made three times at 
each point and an average is taken. The back ground data for 
the spectrum and total count are obtained at each point 
without the source and then subtracted from the data 
measured with the source. 

For our dosimeter model to be feasible as a dosimeter, it 
should be at least capable of predicting the change of the 
total number of counts as a function of the distance between 
the scintillator and source. MCNPX simulation is conducted 
to test this capability. The volume of the scintillator is 
modeled as a cell, and the sources are represented by a point 
for the 50 Ci and by a volume for the 1mCi 60Co. With F8 
tally option specified, MCNPX calculates the total number 
of interactions scored in the scintillator. We compare the 
measured data with the simulated results. 

 
IV. Results and Discussion 

The pulse height spectra measured for 1mCi source with 
both types of scintillator at 10cm from the source are shown 
in Fig. 3. Both spectra have a couple of common features: 
peaks around the same position at very low energy channel 
and long tails over higher channels. The spectrum measured 
with the larger scintillator and thicker fiber shows much 
more counts at higher channels since it has a higher 
probability to absorb more of the gamma energy and can 
collect the lights more efficiently. Both spectra do not show 
the full energy peaks 

The pulse height spectra obtained by MCNPX simulation 
for the same case are shown in Fig. 4. The spectrum 
calculated for the larger scintillator clearly shows two 
separate photo peaks. These peaks are used to convert the 
channel number into energy. The spectrum calculated for the 
smaller scintillator, however, does not show the photo peaks. 
There exist considerable differences between the calculated 
and measured pulse height spectra. For some reason, which 
should be clarified from further study, our dosimeter model 
may be inaccurate measuring the pulse height spectrum. 

 

543

Supplement 5, June 2008



 
Fig. 3 Pulse height spectra measured for 1mCi source. 

 

 
Fig. 4 Pulse height spectra obtained by MCNPX simulation for 
1mCi source. 

 
As mentioned above, the experimental data at each point 

are obtained from the average of 3 measurements. To look 
into the reliability of the dosimeter models, a simple 
statistical analysis is conducted for the measured data. Table 
1 shows the errors of the measured data, which is obtained 
by the standard deviation divided by the average, and the 
relative errors of the MCNPX calculation. It is found that the 
dosimeter model with the larger scintillator produces more 
reliable data. Considerable errors might be involved in the 
data measured by the dosimeter model with smaller 
scintillator. 

 
Table 1 Errors involved in the measured and calculated data. 

 
 
The total number of particles detected in the sensor of a 

dosimeter is an important parameter to measure a radiation 
dose. In a gamma ray field with its energy known, the 
radiation dose delivered to a medium is directly proportional 
to the number of gamma rays interacting in the medium. Fig. 
5 and Fig. 6 compare the calculated and measured changes 
in the number of gamma rays interacting in the scintillators 
as a function of distance from 50 Ci and 1mCi 60Co sources, 

respectively. The measured data are read by the right 
ordinate while the calculated data are read by the left 
ordinate. 

 

 
Fig. 5 The change in number of gamma rays interacting in the 
scintillators as a function of distance from 50 Ci source. 

 

 
Fig. 6 The change in number of gamma rays interacting in the 
scintillators as a function of distance from 1mCi source. 

 

 
Fig. 7 Ratios in the total number of gamma rays measured and 
calculated for the two 60Co sources with the smaller BGO. 
 

 
Fig. 8 Ratios in the total number of gamma rays measured and 
calculated for the two 60Co sources with the larger BGO. 
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The measured total count profile obtained with the larger 
scintillator dosimeter model follows fairly well the calculate 
profiles. However, the total number of counts measured is 
much smaller than the calculated. Since there are substantial 
losses in the light collection, transmission, and conversion to 
electron, this decrease is deemed normal. There are some 
deviations between the measured and calculated profiles for 
the dosimeter model employing the smaller scintillator, but 
the overall shapes are acceptably similar. 

Fig. 7 and 8 show the ratios in the total number of gamma 
rays of measured and calculated for the two 60Co sources. 
Fig. 7 is for the smaller scintillator and Fig. 8 is for the 
larger scintillator. Since the activity of 1mCi source is 20 
times the activity of 50 Ci, this ratio should be also about 
that much. The MCNPX calculated results are close to this 
value. The congruity is better for the larger scintillator. 
However, the measured data fall apart from the expected 
value as the sensor-to-source distance increases. This 
tendency becomes more severe with the smaller BGO. 

 
V. Conclusions 

Two dosimeter models were constructed. One was 
employing 2.2x2.2x10mm3 BGO scintillator as a gamma ray 
sensor attached to one end of a plastic optical fiber of 2mm 
diameter and 10m length which acts as a light guide to a 
pulse type PMT module. The other was employing 
4.7x4.7x10mm3 BGO scintillator attached to a plastic optical 
fiber of 3mm diameter and 10m length. The models were 
tested with 50 Ci and 1mCi 60Co sources to measure the 
pulse height spectra and total number of pulses as a function 
of sensor-to-source distance. MCNPX simulation also was 
performed for the source and sensor arrangement to calculate 
the pulse height spectra and the total number of interactions 
occurring in the scintillator. Compared with the simulation 

result, both types of dosimeter model measured fairly well 
the change of total number of pulses as a function of source-
to-sensor distance. However, the dosimeter models did not 
accurately measure the change of activity, and the pulse 
height spectra measured with the dosimeter models 
remarkably differed from the calculated. The dosimeter 
model with the larger scintillator had generally shown 
superior dosimetric characteristics. In order to develop a 
gamma ray dosimeter, the present model, which is based on 
measuring the total number of pulses, should be improved. 
One possible alternative modality might be to replace the 
pulse-type PMT module with a current-type. 
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Development of Beta-ray Spectrometer for Radiation Emergency Accidents 
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At the national center for radiation emergency medicine, the first step in the radiation emergency response is early 
identification of unknown nuclide which might be taken in the body. In such a situation, gamma emitting nuclides are 
relatively easy to be identified by Ge detectors. As for beta emitting nuclides, "Pico beta" has been only 
commercialized installed beta ray spectrometer, which consists of a gas flow type GM counter and a plastic 
scintillator. However, it is difficult to carry the spectrometer outdoor because it has the thick lead gamma ray shield 
and also Q gas supply system. Then, the detector for a portable beta ray spectrometer with gamma ray spectrometer 
and alpha counter was developed aiming to evaluate unknown nuclides promptly in the locale in the emergency. 

 
KEY WORDS: decay time, plastic scintillator, ZnS(Ag), CsI(Tl), pulse shape, spectrum, light output 
 
 

I. Objective  
When the patient is accepted, the surface contamination 

monitoring is carried out with more than one survey meters 
by reason of detecting multiple kinds of radiation in the 
radiation emergency medicine. However, when the internal 
contamination is doubted, the rapid deployment becomes 
possible if it is able to identify unknown nuclides at this 
stage. Then, the measuring instrument which can distinguish 
all kinds of radiation with one detector was developed. 

 
II. Detector 

Different scintillators were adopted for detecting each 
kind of radiation such as ZnS(Ag) scintillator for alpha ray, 
plastic scintillator (EJ-204) for beta ray and CsI(Tl) 
scintillator for gamma ray. Light from each scintillator was 
detected with photomultiplier tube (7696) put in the same 
axis. To measure them by the same gain, it was necessary to 
reduce the light from ZnS(Ag) because it had 440% or more 
of EJ-204 light output. Therefore, ZnS(Ag) (4.0mg/cm2) 
applied to substrate (polyvinylidene chloride 
film :2.0mg/cm2) was optically coupled on the reflector 
(Teflon:8.9mg/cm2) which was wrapped around the incident 
side of plastic scintillator. The shape of CsI(Tl) scintillator 
was processed to well type to surround ZnS(Ag) + plastic 
scintillator completely. The purpose of this was not only 
gamma detection but also gamma ray shielding to plastic 
scintillator. In addition, the aluminum of 500 m thickness 
was inserted between CsI(Tl) and plastic scintillator as the 
Compton scattering electron shield. 

Originally, the scintillation efficiency of CsI(Tl) is 52000 
photons/MeV and that of EJ-204 is 10400 photons/MeV. On 
the other hand, maximum emission wavelength of CsI(Tl) is 
565 nm and that of EJ-204 is 408 nm. So, the difference of 
scintillation efficiency was compensated within 1.6 times by 
the difference of quantum efficiency of the photomultiplier 

*Corresponding Author, Tel No: +81-43-206-306, E-Mail: t-
suzuki@nirs.go.jp 

which had Bialkali photoelectric cathode. This means 
ZnS(Ag) - plastic scintillator-CsI(Tl) is almost arranged in 
same light output by adjusting the reflector of CsI(Tl). Fig. 1 
shows the structure of this detector and Fig.2 shows 
externals of this detector. 

 
Fig. 1 Structure of detector 

 

 
Fig.2 External of detector 

 
III. System and Methods 

For the discrimination of a kind of radiation, a waveform 
distinction technique based on the time difference until the 
luminescence of scintillator attenuating to 1/e was used. 
Among the mixture radiation of alpha, beta and gamma ray 
which entered from incident window (aluminized Mylar 
film :1mg/cm2) that has the same diameter as the effective 
size of ZnS(Ag) + plastic scintillator, the alpha ray is first 
detected and shielded with ZnS(Ag), then only beta and 
gamma ray reach plastic scintillator. On the assumption that 
the measurement upper limit energy of beta ray is 90Y 
(Emax=2.28MeV), the maximum range will be 1×103mg/cm2. 
Here, all beta rays are absorbed in 12.5mm thick plastic 
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transformed here, and when only CsI(Tl) scintillator was 
taken out, this phenomenon was not seen. When distribution 
exists in the decay time as CsI(Tl), it is necessary to attempt 
the optimization of the width of the gate further. 

 
 

 
Fig. 6 Total Energy spectrum 

 

 
Fig. 7 ZnS(Ag) pulse height distribution 

 

 
Fig. 8 90Sr-90Y spectrum extracted 

 

 
Fig. 9 137Cs spectrum extracted 

 
V. Conclusions 

Table 1 shows the background counts and the detection 
efficiency to the full region of alpha ray spectrum and beta 
ray spectrum. As for this, the efficiency is equal to or higher 
than that of commercially available survey meters. As a 
result, when a patient was contaminated by unknown 
nuclides, it was confirmed that the separate measurement to 
alpha ray, beta ray, gamma ray and the nuclide identification 
were possible. On the other hand, it has been improving to 
reduce the influence of the gamma ray background in case of 
beta ray measurement by using CsI(Tl) scintillator as the anti 
Compton detector and plastic scintillator which has slow 
decay time as a beta ray trigger detector. 

 
Table 1 Background counts and detection efficiency 
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CZT detector is one of the most promising radiation detectors for hard X-ray and -ray measurement. The energy 
spectrum of CZT detector has to be simulated to optimize the detector design. A CZT detector was fabricated with 
dimensions of 5×5×2 mm3. A Peltier cooler with a size of 40×40 mm2 was installed below the fabricated CZT 
detector to reduce the operation temperature of the detector. Energy spectra of were measured with 59.5 keV -ray 
from 241Am. A Monte Carlo code was developed to simulate the CZT energy spectrum, which was measured with a 
planar-type CZT detector, and the result was compared with the measured one. The simulation was extended to the 
CZT detector with strip electrodes.  

 
KEY WORDS: CZT detector, Monte-Carlo code, planar-type detector, strip electrode  

 
 

I. Introduction5 
Cadmium Zinc Telluride (CZT) detector has been 

developed to obtain the high energy resolution spectrum at 
room temperature. It is employed in many application areas, 
which include medical imaging, industrial process 
monitoring, homeland security, environmental safety, and 
basic science. It was made possible with improvements in 
large volume crystal growth and surface treatment1-2). 

A CZT detector has high potential because of its wide 
band gap and high atomic number. The wide band gap 
enables a CZT detector to be used at room temperature 
without cooing system. A CZT detector is compact and easy 
to handle. However, tailing due to carrier trapping is still a 
major problem when CZT detector is used in X-ray or -ray 
spectrometry. Tailing is usually characterized by charge 
trappings of electrons and holes. Hence, mean free path of 
electrons and holes are necessary to calculate the response 
functions of the CZT detector3).  

In the previous works, the modeling of charge transport in 
CZT detector was studied. Hamel solved analytically the 
transport equation for charge carriers drifting in a linearly 
varying field4). Heanue first calculated the path of the change 
carrier and then solved numerically a one dimensional 
transport equation along this curve path5). Prettyman 
combined charge carrier drift and signal include 
computations in a two dimensional model to produce a two 
dimensional Charge Induction Efficiency map. It was used in 
a Monte Carlo calculation to the pulse height spectrum6). The 
model was developed to study the influence of material 
parameters; mobility, trapping, detrapping, electric field 
distribution. However, it was limited to the simulation of 
planar detectors7). Park developed a simulation code to 
calculate the energy response of the CZT detector8). The 
mean free paths of electron and hole were determined from 

*Corresponding Author, Tel. +82-2-2220-2354, Fax. +82-2-2296-
2354, E-Mail; ykkim4@hanyang.ac.kr, ex-spark@kaeri.re.kr

the shape of the energy spectrum. At first, the mean free 
paths of the electron was extracted from the bias dependence 
of -particle spectrum, and that of the hole was extracted 
from the comparison between the measured and the 
simulated  -ray spectrum.  

In this work, we measured with the -ray of 59.5 keV 
from 241Am and the results were compared with simulation 
results. The obtained mean free paths were compared with 
the other group’s calculated results. The simulation was 
extended to the energy spectrum of CZT strip detector.  

 
II. Experiment 

The CZT detector employed a spectroscopic grade crystal 
with the dimensions of 5×5×2 mm3 and 5×5×5 mm3. It was 
obtained from eV products and a division of II-VI 
incorporated. It was known that the Pt electrodes were 
deposited on both sides of the CZT detector. The signal 
electrode of 5×5×5 mm3 dimensions was connected to a 
metal plate with a conductive epoxy. Fig. 1 shows the 
experimental setup. A Peltier cooler with the size of 40 × 40 
mm2 was installed below the CZT detector. Water jacket was 
placed below the cooler to reduce the temperature. 
Thermocouple was placed close to the CZT detector to 
monitor the temperature of the CZT detector. Fig. 2 shows 
experimental setup to measure the energy spectrum as the 
temperature of the CZT crystal was changed. The signal 
from the detector was passed through the charge-sensitive 
preamplifier (eV products Model 550), and the amplifier 
(ORTEC Model 572). The shaping time of amplifier was 1  
sec. High voltage was biased on the detector with a high 
voltage power supply (ORTEC Model 659). The energy 
spectra were measured at the varying temperature. A pulse 
generator (ORTEC 480) was connected to the preamplifier to 
check the electronic noise. 
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the pulse spectrum. The peak broadening due to the statistics 
of the charge carriers was included with: 

2.35stat FWE  (3) 
where stat  is the FWHM due to the statistics of the charge 
carrier, F is the Fano factor, having a value between 0.1 and 
0.2 for CdZnTe15), W the mean energy necessary to create 
one electron-hole pair, and E was the incident energy.  

 

Fig. 3 ray energy spectra measured with the CZT detector. The 
spectra were measured temperature from -1.1  to 40

Fig. 4 spectrum measured with the CZT detector. The spectrum 
was measured temperature -4.6

0 20 40 60 80 100 120

0

400

800

1200

1600

 

 

C
ou

nt
s/C

ha
nn

el

Energy (keV)

 Measurement, 500 V
 Simulation, 500 V

Fig. 5 The measured and the simulated energy spectra of 59.5 keV 
ray.

 
From the fitting, ( )h was determined to be 3.76×10-5 

cm2/V. The data obtained in our previous work was 
consistent with previously known values. A measure of the 
variations found in measured mobility is shown in Table 1., 
where  ( )e and ( )h values from a number of others are 
presented.  

The simulation was extended to the energy spectrum 
measured with strip-electrode CZT detector. When the CZT 
detector with strip electrode was used to measure the energy 
spectrum, more elaborate method had to be included. That is, 
weighting potential should be used to obtain the induced 
signal on the electrode. The incoming radiation generated 
moving charge within the detector, and charge was induced 
on the electrode by the movement of charge in the detector. 
The induced charge was amplified and shaped to the output 
signal. Because unique relation was established between the 
incoming radiation and the induced signal on the electrode, 
the radiation could be measured with the detector. The time 
dependence of the induced charge could be calculated as 
function of instantaneous position of moving charge in the 
detector. However, these processes were too tedious to be 
used in the real calculation. Schockley-Ramo theorem gave 
quite simple method to obtain the induced charge on the 
electrode by introducing weighting potential.  

 
Table 1 Selected transport properties of CZT in published papers 
Author Year ( )e (cm2/V) ( )h (cm2/V)
Olschner9) 1989 2.0×10-3 7.0×10-5 
Hamilton11) 1994 3.0×10-3  
Heanue12) 1996 2.3×10-3 1.8×10-5 
Z. He13) 2000 5.4×10-3  
J.C. Liu10) 2000 7.0×10-3 5.0×10-5 
Schlesinger1) 2001 3.30×10-3  
S. Miyajima3) 2002 1.0×10-1 2.0×10-5 
S. H. Park8) 2007 1.69×10-3 3.76×10-5 

The weighting potential was calculated with the analytical 
expression, which was proposed by He14). The obtained 
weighting potential is shown in Fig. 6. 

 

 
Fig. 6 Calculated weighting potentials. The right one (B) was 
calculated when the electrode width was 5 mm, and the left one (A) 
was calculated when the electrode width was 2.5 mm. As the 
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electrode width got thinner, the potential became steeper. 
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Fig. 7 The calculated energy spectra of detector with strip electrode. 
The size of the detector was 10×10×10 mm3.  
 

The number of charge carriers and the generation 
positions of charge carriers in the detector were calculated 
with EGSnrc10). The induced charge was obtained from the 
calculated weighting potential. The simulated energy spectra 
were shown in Fig. 7.  

As one could see, the tail in lower energy region could be 
reduced when the strip electrode width got thinner. The 
comparison between the measurement and the simulation is 
underway. 

 
 

IV. Conclusion 
The energy resolution was improved from 12.5 % to 8.4 % 

when the detector temperature was changed from 40.0  to 
-1.1 . The spectrum distortion can be characterized by the 
mean free path of the charge carriers. It was obtained from 
the measurement of the -spectrum and -spectrum. A Monte 
Carlo simulation was developed and the result was compared 
with the experimental one. The simulation was extended to 
the case, where the energy spectrum was measured with the 

strip electrode. Our work could be helpful to design the CZT 
detector for high-resolution energy spectroscopy. 
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An electron microbeam cell irradiator is used in radiation biology by using an in vitro cell irradiation. The Korea 
Institute of Radiological and Medical Sciences (KIRAMS) has operated such a system since 2002, when it performed 
its first cell irradiation experiment. But there is no appropriate real time electron beam monitoring apparatus for an 
electron beam. In this study, we designed a new center-holed Faraday cup monitoring system and evaluated its 
operation characteristics. 

 
KEYWORDS: center-holed Faraday cup, electron microbeam 

 
 
I. Introduction  

Microbeam cell-irradiator has a highly localized spatial 
resolution corresponding to the size of a cell or a cell nucleus 
and has been used as a probe for the radiobiological 
influences induced by an exposure to a bunch of radiations. 
This becomes more valuable, especially in a low dose 
environment, since a pre-determined number of radiations 
can be delivered to a target with a small dimension. 
Microbeams adopting a low-linear energy transfer radiation 
such as photons and electrons have been developed in the 
US1,2). The recently constructed KIRAMS electron 
microbeam cell-irradiator (KEMCI) also uses electrons3). 
The electron beams from an electron gun of a 100 W power 
are shaped into a micrometer-sized beam through a pinhole 
aperture. After a startup, a beam qualification was carried out 
in various ways. Though this system shows good 
performances, a problem of monitoring a quantity of 
electrons incident on a target cell remains. 

Though the generation of electrons in the electron gun is 
very stable, the low number of electrons needed in a low 
dose condition inevitably results in large statistical 
fluctuations. The relative uncertainty at about a hundred 
electrons in a pulse mode is over 20% while that at about a 
thousand electrons in a pulse mode is just several %. The 
lower the number of electrons is, the larger the uncertainty is. 
This fact requires statistical considerations for a 
quantification of the energies dissipated in a target cell even 
though electrons of a predetermined number are intended to 
irradiate it. Faraday cup has been used to measure the beam 
currents for a determination of the resultant cross-sections, 
which needs the ability of an absolute charge collection. 
Whereas the real operation of a Faraday cup as a monitor 
sometimes only needs a linearity between the beam currents 
and the other parameter of interest. For an electron 
microbeam with an energy range of 1~100 keV, there is no 

*Corresponding Author, Tel No: +82-42-868-8710, Fax No: +82-
42-868-8448, E-Mail: gmsun@kaeri.re.kr 

appropriate real time beam monitoring apparatus unlike for 
energetic heavy charged particles and alpha particle. 

 

 
Fig. 1 Schematic view of an electron microbeam 

 
Ion microbeam single cell irradiators employ various 

monitoring methods. A photo-multiplier tube can be 
mounted above a cell dish and a scintillator sandwiched 
between a collimator exit and a cell dish bottom which is the 
type used for an ion microbeam at the Gray Cancer Institute. 
A combination of a scintillator located beneath the pinhole 
aperture and a scintillation detector above the cell provides a 
real-time monitoring for an ion microbeam at Texas A&M 
University4). The transmitted particle through the cell and 
culture medium is detected by using a particle detector at the 
Radiological Research Accelerator Facility of Columbia 
university5). Electron microbeam at Texas A&M University 
adopted a Faraday cup inserted before and after a cell-
irradiation, which doesn’t yet provide a real-time monitoring. 

Because the dose in a cell is heavily dependent on the 
number of electrons, a beam monitoring must be chosen 
from those methods that do not interfere with the initial 
electron path and their number. The conventional Faraday 
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cup collects an absolute beam current before and after a cell 
irradiation, but its use can be limited for a real time 
monitoring when a fluctuation or time-transience of a beam 
is included. We have designed a new center-holed Faraday 
cup (CHFC) with the provision to maintain an electron beam 
un-interfered with. 

 
II. Experimental 

Measurements of the CHFC performance were carried out 
using the electron microbeam system shown schematically in 
Fig. 1. This system has been described elsewhere6), so only a 
brief description of it is included here for continuity sake. 
The electron microbeam was devised to shoot a pulsed beam. 
Beam energy can be varied from 1 to 100 keV. Beam current 
can be varied between 100 pA to 100 nA by adjusting the 
cathode current and grid voltage. This system can also be 
operated in a pulse mode with a pulse width of 2 sec to DC. 

Fig. 2 shows a schematic drawing of the CHFC design. A 
cavity is preserved for an inner cup at the lower side of the 6 
inch vacuum flange. The inner diameter and depth of the 
cavity are 25 mm and 35 mm, respectively. The inner cup 
and the target made of an oxygen-free cupper were included 
in the cavity. The bevel angle of the target is 45 . The 
surface of the inner cup was cleaned by using a heating coil 
in an ultrahigh vacuum. A pinhole frame with a 200 m 
diameter-pinhole is installed on a beam exit of the inner cup. 
This pinhole frame is electrically connected to the inner cup. 
And, another pinhole frame with a 5 m diameter is located 
at the central region of the upper side of the vacuum window 
flange with a 1 mm diameter hole. The 2.5 m–thick Mylar 
foil covers the pinhole frame and is fastened by a stainless 
steel ring to be airtight. Two O-rings were used for fastening 
the Mylar foil to the flange. One is for the stainless steel ring 
and another is for an additional support of the Mylar foil at 
the central region near the pinhole frame. 

 

 
Fig. 2 Schematic drawing of a CHFC monitor design. The CHFC 
made of oxygen-free cupper was immersed in the vacuum window 
flange 

 
Hence the electrons are generated from the electron gun, 

then extracted and focused by a solenoid lens to form a beam. 
The electrons then enter the vacuum chamber and are 
initially collimated by a 2 mm diameter 1st collimator and 
further collimated by the 200 m and 5 m diameter 
pinholes. Most of the electrons are collected at the inner cup 

and a very small portion is transmitted into the last pinhole 
frame. A Keithley 6517A digital electrometer was connected 
to the Inner Cup through a BNC connector. Electrons 
transmitted through the last pinhole were measured using the 
Canberra B50AM PIPS detector, of which the thickness is 
500 m. A calibration between the current at the inner cup 
and the number of electrons detected at the PIPS detector 
was carried out for various conditions. The signal from the 
PIPS detector is transferred to a Canberra 2008 preamplifier 
and an Ortec 572A amplifier through the electrical 
feedthrough of the vacuum chamber wall. The signal is 
branched into an Ortec 921E Ethernim multichannel buffer 
and an Ortec MCS-pci multichannel scaler. The electron 
pulse height spectrum is displayed on the GammaVision ver. 
6.0 and the MCS-pci multichannel scaler, on a PC card, 
counts the number of events during a given time interval.  

As shown in Fig. 3, a secondary electron suppressor is 
used to prevent an escape of the electrons from the inner cup 
surface and the target. The bias of the suppressor was 
applied by a voltage source of the Keithley 6517A 
electrometer of between 0 to -100 V. The dark current from 
the inner cup was below about 10aA without a suppressor 
bias and about 100aA when a suppressor bias was applied. 
The current from the inner cup was acquired using a DAQ 
software program written in Microsoft Basic 7.0. The 
acquisition repetition time can be varied between several 
nanoseconds to DC. 

The energy spectrum is heavily dependent on the solenoid 
lens current when other parameters are fixed.  

 

 
Fig. 3 Schematic diagram of a CHFC monitor. A CHFC is 
connected to a Keithley electrometer and a PIPS detector is 
connected to Ortec MCS and an MCB modules, which are 
controlled by a PC 

 
III. Results and Discussion 

Prior to measuring the variation of the target current 
according to the suppression bias of the electron repeller, the 
beam was scanned across the CHFC, to observe the beam 
energy spectrum at the PIPS detector, to elucidate the 
optimized operation parameters. This procedure was 
repeated when the beam energy or other conditions were 
varied. According to the solenoid lens current, the beam spot 
diameter without a beam collimation aperture is varied as 
shown in Fig. 4. 
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Fig. 4 Variation of the beam spot size at the sample position 
without a collimation aperture 

 
The target current is mostly attributed to the primary 

electrons incident on the inner cup surface and the secondary 
electrons from the target surface and the pinhole frame. For 
the electrons entering the CHFC, a very small portion of 
those pass through the center hole (200 mm diameter), and a 
very small portion from them also pass through the pinhole 
(5 mm diameter). 

An electron repeller is often used in front of the Faraday 
cup to repel stray electrons, to provide a fixed suppression 
bias that is not dependent upon the charge already collected 
by the cup, and also to retard a backscatter of primary 
electrons from the cup. When electrons are stopped 
completely in the copper stopper, and the secondary 
electrons from the stopper and pinhole frame are all 
collected in the inner cup, the accumulated charge at target 
Qt measured experimentally is defined by the expression: 

 

bksepet QQQQ  (1) 

 
, where Qpe is the charge due to the primary electrons and 

Qse and Qbk are the charges due to the secondary electrons 
and that due to the backscattered electron from the pinhole 
frame, respectively. 

 
Fig. 5 Count rate measured by the PIPS detector after the start-up 

 
Fig. 6 Count rate measured by the PIPS detector and the 
accumulated charge at the CHFC monitor according to the 
suppression bias of the repeller 

 
Fig. 5 shows the variation of the count rate measured by 

the PIPS detector, which is saturated at 200 second after a 
start-up. Fig. 6 shows the count rate by the PIPS detector and 
the charge accumulated per second at the CHFC according to 
the suppression bias of the repeller. The charge rises as the 
bias amplitude rises and it is saturated after -60 V at which 
time the almost all the secondary electrons are retarded and 
collected in the cup. 

 
IV. Conclusions 

In this study, a new CHFC monitoring apparatus for a low 
energy electron beam was designed and its performance test 
was carried out. A real time monitoring of low energy 
electrons will be possible. However, more characterization 
studies for this apparatus will be performed in the near future.  
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We manufactured and characterized a silicon micro-strip detector to be used in a beam tracker. A silicon detector 
features a DC-coupled silicon strip sensor with VA1_Prime2 analog readout chips. 

The silicon strip sensors have been fabricated on 5-in. wafers at Electronics and Telecommunications Research 
Institute (Daejeon, Korea). The silicon strip sensor is single-sided and has 32 channels with a 1 mm pitch, and its 
active area is 3.2 by 3.2 cm2 with 380 m thickness. The readout electronics consists of VA hybrid, VA Interface, and 
FlashADC & Control boards. Analog signals from the silicon strip sensor were being processed by the analog readout 
chips on the VA hybrid board. Analog signals were then changed into digital signals by a 12 bit 25 MHz FlashADC. 
The digital signals were read out by the Linux-operating PC through the FlashADC-USB2 interface. The DAQ 
system and analysis programs were written in the framework of ROOT package. 

The beam test with the silicon detector had been performed at CERN beam facility. We used a 150 GeV electron 
beam out of the SPS(Super Proton Synchrotron) H2 beam line. We present beam test setup and measurement result of 
signal-to-noise ratio of each strip channel. 

 
KEYWORDS: silicon strip sensor, readout electronics, signal-to-noise ratio, electron beam 
 
 

I. Introduction  
Since a silicon sensor has a high position resolution 

compared to other detectors such as a proportional chamber, 
a drift chamber, etc.1), it has been used in a variety of fields, 
for example, medical imaging, high energy experiment, and 
space science. We designed2) a silicon strip sensor by 
dividing a large area diode into narrow strip, each of which 
has a separate electronic readout channel. We fabricated DC-
coupled single-sided silicon strip sensors in a 5-in. 
fabrication line and developed readout electronics system. In 
this paper, results of a beam test performed with a silicon 
strip sensor including readout electronics at CERN 
(European Organization for Nuclear Research) beam facility 
by using a 150 GeV electron beam in October 2006 are 
presented. 

 
II. Silicon Strip Position Sensor 

When charged particles penetrate silicon bulk that is fully 
depleted by an applied reverse bias voltage, electron-hole 
pairs are produced. The produced electrons and holes in the 
silicon sensor are swept by the electric field to opposite sides 
of the sensor. The electrons are collected in the n-side and 
holes are collected in the p-side3). 

The DC-coupled single-sided silicon strip sensors were 
fabricated on 5-in., 380 m thick, high resistivity (> 5 
k cm), <100>-oriented, and n-type silicon wafers at 
Electronics and Telecommunications Research Institute 
(ETRI)4). A specification of the fabricated silicon strip 
sensors is shown in Table 1. They are single-sided and have 
32 channels with a 1 mm pitch, and the active area is 3.2 cm 

*Corresponding Author, Tel No: +82-53-950-7351, Fax. No: +82-
53-953-7351, E-Mail: sunshine@knu.ac.kr 

by 3.2 cm with a thickness of 380 m. Fig. 1 is a photograph 
of the corner in the fabricated sensor. The p+ implanted 
strips, pads for signal readout, contact structure between p+ 
implanted and Al, and guard-ring structures are clearly seen 
in the photograph. 

 
Table 1 A specification of the fabricated DC-coupled single-sided 
silicon strip sensor. 

high resistivity (> 5 k cm), <100>-oriented, and n-type 
silicon wafers 
sensor area ( m2) 35,000 × 35,000 
sensor thickness (μm) 380 
strip pitch (μm) 1,000 
implanted strip width (μm) 400 
Readout strip width (μm) 420 

 

 
Fig. 1 Photograph of the fabricated DC-coupled single-sided silicon 
strip sensor 
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Fig. 2 The electrical characteristics measurement results, (a) 
leakage current and (b) capacitance as a function of reverse bias 
voltage, of the fabricated silicon sensor. 

 
Measurements of the electrical characteristics such as 

leakage currents and capacitances provide us with 
information on the bulk characteristics and quality of the 
fabricated sensors5). The leakage current and capacitance of 
silicon bulk were measured with Keithley 6517 picoameter 
and HP 4277A LCZ meter as a function of reverse bias 
voltage, respectively (Fig. 2). Full depletion can be 
determined experimentally by measuring the capacitance of 
the sensor. In current prototype, the capacitance levels are 
expected theoretically3) to be 60 ~ 80 volts, 
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dqNV D
dep  (1) 

 
where ND is the doping concentration,  is the dielectric 
constant, and d is the sensor thickness. To be considered as a 
good sensor6), we required the leakage current of the bulk 
sensor should be less than 10 nA/single strip at the full 
depletion voltage. The leakage current of a single strip was 
measured to be about 0.3 nA at 100 volts and the capacitance 
value showed flatness from above 50 volts. 

We chose silicon strip sensors for electron beam test 
which met the requirements of leakage current and bulk 
capacitance. 

 

III. Readout Electronics System 
The readout electronics system consists of VA Hybrid, VA 

Interface, and FlashADC & Control boards. Analog signals 
from the silicon strip sensor were processed by an analog 
readout chip, VA1_prime2 (VA for short hereafter) from 
IDEAS7) on VA Hybrid board. VA has 128 channels with a 
low noise charge sensitive preamplifier, a shaper, and a 
sample and hold. Signals of readout channels are serially 
clocked out by control via 128-bit shift register. After that, 
the signals were changed into digital signals by a 12 bit 25 
MHz FlashADC8). The digital signals were read out by the 
Linux-operating PC through the FlashADC-USB2 interface. 
Control signals from Xilinx on FlashADC & Control board 
were passed through logic converters on VA Interface board 
and distributed to VA on VA Hybrid board. Many kinds of 
regulators on VA Interface board make and supply various 
voltages for silicon strip sensor, VA chips, and amplifiers. 
The DAQ system and the analysis program were written in 
the framework of ROOT package9). 

The silicon strip sensor and readout electronics were 
assembled in an aluminum light-tight box as shown in Fig. 3. 

 

 
Fig. 3 Assembly of the silicon strip sensor and readout electronics 
in an aluminum light-tight box. 

 
IV. Electron Beam Test 
1. Experimental Set-up 

The beam test with the silicon strip detector had been 
performed at CERN beam facility. We used a beam out of 
SPS (Super Proton Synchrotron) H2 beam line. A primary 
proton of 400 GeV from the SPS interacts with a Beryllium 
target of 30.0 cm thickness, called T2. As a result, many 
kinds of particles, such as electron, pion, muon, etc. are 
produced with various energies. We used a 150 GeV electron 
beam for the silicon strip detector test. 

Fig. 4 shows the experiment setup for the beam test. 
Coincidence signals from three scintillators were used to 
trigger signals. Bias, about 60 volts, was applied to the 
silicon strip sensor during the irradiation and signal 
processes are the same as described in the previous section. 
The digital signals were read out by the Linux-operating PC 
through the FlashADC-USB2 interface. Maximum readout 
of the VA is 10 MHz7), so over-sampling was used. A Linux-
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operating PC which has digitized signal data was 
communicated with a control computer in the control booth 
through an Ethernet connection. 

 
Fig. 4 Experimental setup for the electron beam test at CERN. 
 

2. Measurement and Data Analysis Results 
During the irradiation, we monitored and checked status 

of the silicon strip detector and beam profile. From beam 
profile measurement, the alignment of the detector to the 
electron beam was checked and corrected. Fig. 5 shows two 
beam profiles: top and bottom plots are before and after 
correcting the alignment of the silicon strip detector to the 
electron beam, respectively. 

 

 
Fig. 5 Electron beam profile distributions before (top) and after 
(bottom) correcting alignment of the silicon detector to the electron 
beam. 

 
The signal-to-noise ratio (SNR) of each channel was 

measured after coherent noise was subtracted. The SNR 
measurement result of a single channel is shown in Fig. 6. 
Pedestal and signal was fitted by a Gaussian function and a 
Landau-Gaussian convolution function, respectively. The 
SNR was measured to be 18.5. The SNRs of all channels 

were measured as good as 14.2 ~ 19.0 for a 150 GeV 
electron and are shown in Fig. 7. Channels 26 ~ 31 have 
large errors due to low statistics of triggered signal events as 
shown in Fig. 5 (bottom) and a tendency of the SNR curve 
comes from trace routes of board layout. From simulation 
study10), absorbed energy of a 150 GeV electron by a 380 m 
silicon sensor is 0.11 MeV (Fig. 8), which corresponds to 
energy deposition of a minimum ionizing particle (MIP).  

 

 
Fig. 6 Pedestal and signal distribution of a single strip channel for a 
150 GeV electron beam. 

 

 
Fig. 7 Signal-to-noise ratios of all channels for a 150 GeV electron 
beam after coherent noise was subtracted. 

 

 
Fig. 8 Energy deposition on a 380 m silicon sensor by a 150 GeV 
electron from GEANT simulation study. 
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V. Conclusions 
We developed the silicon strip detector including DC-

coupled, single-sided silicon strip sensor, and readout 
electronics. The fabricated silicon sensor showed a good 
quality in terms of electrical characteristics measurement 
results. We present the beam profile and the signal-to-noise 
ratio measurements with a 150 GeV electron beam at CERN. 
The measurement results show that the silicon strip detector 
can be used for beam tracker and the signal-to-noise ratio of 
the silicon strip detector is measured to be 14.2 ~ 19.0 for a 
MIP. 
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A silicon sensor is very attractive material for medical imaging due to its intrinsic high resolution and fast readout. 
Silicon sensors of various types were fabricated on a 380 μm-thick n-type, float zone, 5 in. wafer which has high 
resistivity,  <100> orientation, and is double-sided polished. We manufactured not only DC- and AC-coupled strip 
sensors but also pixel sensors and RC chips. The RC chips were fabricated for the purpose of using signal readout of 
the DC-coupled strip sensors. Electrical characteristics of the fabricated silicon sensors, leakage current and 
capacitance as a function of reverse bias voltage, were measured. Coupling capacitors and biasing resistors in the AC-
coupled strip sensors were made by separating implantation from metallization strips with a thin oxide layer and 
made of polysilicons, respectively. The capacitance and resistance of each channel in the AC-coupled sensor were 
measured and compared with target values. The signal-to-noise ratio of the fabricated large pixel sensor was also 
measured by using a 90Sr radioactive source. 

 
KEYWORDS: sensor fabrication, silicon strip sensor, AC-coupled sensor, DC-coupled sensor, RC chip 
 
 

I. Introduction  
Silicon radiation sensors are used for detection of light, 

X-rays, high-energy particles and ions. Since silicon sensors 
provide high intrinsic position and energy resolutions, they 
are now used in a large variety of fields in science and 
technology, including nuclear physics, elementary particle 
physics and medicine. Even though a number of applications 
are growing fast and continuously, only few facilities in the 
world can fabricate and provide quality of silicon sensors 
which satisfy performance requirements. 

We designed DC- and AC-coupled single-sided silicon 
strip (SSS) sensors, pixel sensors, and RC chips on the same 
n-type silicon wafer. The sensors were fabricated on 5 in. 
float zone (FZ), 380 μm-thick, <100>-oriented and high 
resistivity (> 5 k cm) silicon wafers. The RC chips were 
fabricated for the purpose of reading sensor signals out from 
the DC-coupled SSS sensor. 

The details of the silicon sensors, test patterns, and RC 
chip designs are described in section II. Measurements of the 
electrical characteristics of the fabricated sensor, including 
coupling capacitance and biasing resistance of each channel 
in the AC-coupled SSS sensor, are presented in Section III. A 
signal-to-noise ratio (SNR) of a large pixel (PAD) sensor 
1cm × 1cm size was measured by using a 90Sr radioactive 
source and the measurement result is described in Section IV. 
In Section V, we summarize our measurement results and 
make a comparison between measured and target values of 
coupling capacitance and biasing resistance. 

 
 
 

*Corresponding Author, Tel No: +82-53-950-7351, Fax No:. +82-
53-953-7351, E-Mail: sunshine@knu.ac.kr 

II. Silicon Sensor Design and Fabrication  
The designed strip and pixel sensors are diode types, 

which consist of a highly doped shallow p+ region on an n- 
substrate. The backside of the substrate is doped with high n+ 
to provide a good ohmic contact and allow the sensor in 
depleted mode. The strip sensor is designed by dividing the 
large area diode into many small strip regions1). 

Irradiation with light on a silicon sensor generates 
electron-hole pairs. A width of the space-charge region is 
increased by applying reverse bias voltage and the silicon 
bulk can be used as an active sensor volume in full depletion 
mode. Electron-hole pairs generated in the space-charge 
region are separated by the electric field. Sensor signals are 
then read out when charges are collected at the electrodes. 

We designed not only DC-type SSS sensors2) but also AC-
type SSS sensors which have capacitively coupled readout. 
PAD and pixels sensors were also designed with a main 
purpose of monitoring fabrication process. The RC chips 
were designed to be used to read signals out of the DC-type 
sensor. 

 
1. AC-coupled Single-sided Strip Sensor 

Capacitively coupled readout, which is called as AC-
coupled, has an advantage of shielding the electronics from 
sensor leakage current which can lead to pedestal shifts and 
a reduction of the dynamic range3). In the AC-coupled SSS 
sensor, we integrated coupling capacitors and high ohmic 
resistors into the silicon bulk. The coupling capacitor was 
manufactured by interleaving a thin oxide layer between 
implantation and metallization. The high ohmic biasing 
resistor was made of the p-doped polysilicon. A cross-
sectional view of the AC-coupled SSS sensor and a top view 
of the biasing resistor in the sensor are shown in Fig. 1. 
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Fig. 1 (a) Cross-sectional view and (b) design layout of the AC-
coupling single-sided silicon strip sensor. 

 
Each strip has two AC-pads and one DC-pad. The AC-

pads are connected to an ASIC chip by using wire bonding 
for signal readout. Meanwhile, the DC-pad is to measure 
leakage current of the strip. The thickness of the SiO2 layer 
was optimized to be 500 nm to provide a proper capacitance 
(target value is 175 pF). The sensor was depleted by biasing 
resistors, which were made with p-doped polysilicon by low-
pressure chemical vapor deposition (LPCVD). The length 
and width of the polysilicon was optimized to make the 
resistance of the resistor to be 20 M . Specifications of the 
AC-coupled SSS sensors are summarized in Table 1. 

 
Table 1 A specification of the AC-coupled single-sided silicon strip 
sensors. 

 AC1 AC2 
area (cm2) 3.8 × 2.8 
number of strips 128 256 
strip pitch (μm) 200 100 
implant strip width (μm) 80 40 
SiO2 layer thickness (nm) 500 
polysilicon length (μm) 10000 
polysilicon width (μm) 10 
 
A total of 6 photo-masks were used for the sensor 

fabrication and each of them was designed to provide 
optimized fabrication process. The prototype sensors on the 
wafer are shown in Fig. 2. 

 
2. Test Patterns 

RC chips were fabricated on the same wafer to be used for 
signal readout from the DC-coupled SSS sensor. PAD and 
pixel sensors were also fabricated on the same wafer. Not 
only they provide a way of monitoring fabrication process 
but also can be used as a sensor component in a silicon 
detector for energy measurement and X-ray imaging. 

The RC chip consists of resistors and capacitors as shown 
in Fig. 3. 

 
Fig. 2 The photograph of the fabricated AC-coupled sensors and 
various test patterns on the 5-in. wafer. 

 

 
Fig. 3 Cross-sectional view and design layout of the RC chip. 
 
The biasing structure helps to isolate each strip and will 

be used to bias sensors easily. The capacitor was constructed 
by separating high boron doped polysilicon and metal by an 
oxide layer. The capacitance is determined by the oxide 
thickness. 

The qualities of RC chips were checked by measuring 
capacitance and resistance of the chips. Measurement results 
are shown in Table 2 and show good uniformity in resistance 
and capacitance. 

 
Table 2 Capacitance and resistance of a RC chip. 

 Average RMS Target
coupling capacitance (pF) 194 18.41 200 
biasing resistance (M ) 16 0.56 15 
 
Table 3 shows the measured resistance values of the 

various test patterns. Measurement results show that we 
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controlled and understood fabrication process of the biasing 
resistor very well. 

 
Table 3 Resistance of various test patterns for biasing resistor. 

 R1 R2 R4 R4 
sheet resistance (k ) 20 
width (μm) 10 
length (μm) 12400 16400 20400 24400
expected (M ) 24.8 32.8 40.8 48.8 
measurement (M ) 25.0 33.0 39.0 47.0 

 
An advantage of array pixel sensors provides two-

dimensional position information with single-sided 
processing4). One of the PAD sensors was used for SNR 
measurement with a radioactive source. 

The linear pixel sensor has an array of 2 × 128 pixels, the 
size of each pixel is 200 μm × 200 μm. The DC-pads at the 
both edges were designed to read signal out from each pixel. 
The specifications of the fabricated large and small pixel 
sensors are summarized in Table 4. 

 
Table 4 Specifications of large and small pixel sensors. 

 PAD sensor Pixel sensor 
area (cm2) 1 × 1 2.7 × 0.3 
number of channels 1 256 
pixel size 1 (cm) 200 (μm) 

 
III. Electrical Test 

A direct check of the sensor quality is to measure the 
leakage current of the fabricated sensor. We measured the 
leakage current and capacitance of the bulk sensor as a 
function of the reverse bias voltage. A distribution of 
capacitance provides information of the depletion voltage, 
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where ND is the doping concentration,  is the dielectric 

constant, and d is the sensor thickness5). We expected the full 
depletion voltage to be 90 V with our silicon wafer. The 
leakage current and the bulk capacitance were measured6) by 
using a Keithley 6517 picoammeter and a HP 4277A LCZ 
meter. 

Fig. 4 shows the leakage currents and the bulk 
capacitances as a function of the reverse bias voltage. The 
1/C2 -V distribution shows that the sensor is fully depleted 
well below 90 V, which means the resistivity of the silicon 
wafer is higher (> 8 k cm) than 5 k cm. We classified a 
sensor as a good quality if its leakage current at the operation 
voltage (80 V) is less than 10 nA/strip. 

The coupling capacitances of the sensors were measured 
by applying the bias between the DC-pad and AC-pad. The 
measured (target) capacitance values were 127 (175) pF. 
These differences are understood due to permittivity 
dependence on fabrication process for oxide layer and 

fabrication limitation for oxide layer thickness. The 
resistances of the polysilicon were measured by probing the 
bias-ring pad and the DC-pad. The measured resistance 
values shows resistances of the biasing resistors of channels 
are very uniform. 

 
Fig. 4 The leakage current and bulk capacitance distributions of the 
AC-coupled silicon strip sensors. 

 
IV. Beta Source Test 

A sensor performance test of a PAD sensor was carried 
out by using a 90Sr radioactive source. 

Fig. 5 A 90Sr radioactive source test setup of a large pixel sensor. 
 
Fig. 5 shows experimental set-up7). We used 1 × 1 cm2 

PAD sensor of process monitoring purpose. The PAD sensor 
and the front-end electronics were assembled in an 
aluminum light-tight box. A commercial photodiode8) (called 
as “trigger sensor”) was used to signal events. An analog 
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signal from the silicon sensor was connected into the analog 
input of a 12 bit, 25 MHz FADC board via a preamplifier 
and an amplifier. A signal from the trigger sensor was 
connected into the trigger input of the FADC board via a 
preamplifier, an amplifier, a discriminator, and gate & delay 
generator. The FADC output was recorded into a personal 
computer (PC) and data was analyzed with ROOT9) based 
data analysis program. 

 

 
Fig. 6 A pulse height spectrum of the PAD sensor by using a 90Sr 
radioactive source. 

 
The measurement result is shown in Fig. 6 to be 

17.37±0.40. 
 

V. Conclusions 
The DC- and AC-coupled single-sided strip sensor with 

different strip pitches, large and small pixel sensors, and test 
patterns were designed, fabricated and their performances 
were tested. These sensors can be used in various fields such 
as medical imaging, nuclear, and high energy experiment. 
The sensors were fabricated on high resistivity, <100>-
oriented, and n-type silicon wafer of 380 μm thickness. The 
prototype AC-coupled silicon strip sensor typically exhibits 
the full depletion voltage to be about 60 V, which is 
consistent with the specification for the resistivity ( > 8 
k cm) of the bare silicon wafers. The leakage current 
measurements show that the leakage current of the sensor is 
less than 10 nA/strip. From measurement results of 
resistances of the biasing resistors, we concluded that we 
understood fabrication process of the biasing resistor very 
well. The difference between measured and target 
capacitance values is understood due to permittivity 
dependence on fabrication process for oxide layer and 

fabrication limitation for oxide layer thickness. We also 
measured the signal-to-noise ratio of the fabricated PAD 
sensor to be about 17.0 with a 90Sr radioactive source. We 
also fabricated RC chips and pixel sensors which showed 
good electrical qualities. 
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A Study on a Radiation Hardening of an Infrared Detector 
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In this work, radiation hardening of a infrared photo-voltaic detector which is the core component of thermal 
image system was studied. The device with ZnS surface passivation shows the degradation of RoA value by 1/100 
after 10kGy gamma radiation. It is believed that the accumulated charge in the ZnS increases the surface leakage 
current and degrades the RoA value. To improve the irradiation characteristics, thermally evaporated CdTe was 
developed. The characteristics of CdTe passivated device was tested with various test patterns. It was found that the 
device with CdTe passivation shows radiation immunity for 10kGy gamma radiation. 
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I. Introduction  
The infrared thermal imaging systems are used in many 

civil applications such as medical diagnosis which measures 
the temperature changes of human body, natural resources 
exploration from the satellite, earth observation for weather 
survey, non-contact measurement of product failure, crack of 
building, and insulating status of building. It has also been 
proposed that the thermal imaging system could have many 
applications in nuclear power plant. The malfunction of 
calandria located in front of nuclear reactor can be monitored 
by thermal imaging system and the leakage in tritium 
pipeline can be located by the non-contact measurement of 
thermal profile in the pipe. 

Though the radiation hardening of thermal imaging 
system is essential for the nuclear application and satellite 
application and has been largely studied by the advanced 
country in Europe and U.S., the detailed technical results 
have hardly been reported because of the possible diversion 
of those technologies to military applications. 

In this work, the radiation hardening of infrared detector 
which is the core component of radiation hardened thermal 
imaging system which can be applied for the monitoring of 
important instrument in the high radiation area in nuclear 
plant and for the satellite application has been studied. The 
degradation mechanism of infrared detector is analyzed by 
the radiation test and the improved process for radiation 
hardening is suggested and developed. 

 
II. Radiation characteristics of Infrared detector  
1. Fig. of Merits of Infrared Detector. 

The performance of infrared detector is affected by the 
noise. In limiting case when the noise generated in the 
device itself is negligible, the photon noise generated by the 
radiation from the background limits the performance. The 
RoA value which is the product of detector dynamic 
resistance at 0 V and the area determines the noise of the 

*Corresponding Author, Tel No: +82-10-6744-1026, E-Mail: 
nhlee@kaeri.re.kr 

photo-voltaic detector and is generally used for the simple 
figure of merits of photo-voltaic detector. The RoA value of 
the photo-voltaic detector can be expressed as the equation 1 
if the diffusion current is the dominant current mechanism. 

tne
kTpAR

i
220   (1) 

(k : Boltzmann constant, T : temperature, p : hole 
concentration, : generation lifetime, e : electron charge, ni : 
intrinsic electron concentration, t : device thickness) 

 
2. Radiation Hardness of ZnS passivated HgCdTe 
Detector. 

A sample with ZnS passivation was tested for the 
radiation hardness. The specifications of the tested sample 
are summarized in Table 1. This detector is developed and 
fabricated by i3system co. in Korea and the opto-electric 
performance shows the state-of-the-art characteristics. It was 
also chosen because the device structure as well as the 
process can be modified for the radiation hardness. Because 
its working temperature is 80 K. It is placed in the dewar 
which is cooled at the temperature of liquid nitrogen. Fig. 1 
(a) shows the figure of dewar and Fig. 1 (b) shows the 
sample mounted in the dewar. 

 
Table 1 The specification of a MCT IR device with a ZnS 
passivation layer 

 Sample A Sample B 
Material Hg1-xCdxTe Hg1-xCdxTe 

Composition X = 0.29 X = 0.21 
Cut-off 

Wavelength 
5.1 m at 77K 11.5 m at 77K 

Conduction Type p-type p-type 
EPD < 5e5/cm2 < 5e5/cm2 

Junction Area 200 m X 200 m 150 m X 150 m
RoA 1e6 cm2 10 cm2 
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(a) Outer shape of a Dewar    (b) IR detector in a Dewar 
 

Fig. 1 The MCT IR device used in a test 
 

 
Fig. 2 The variation of RO values to the gamma-ray dose 

 
To measure the change of characteristics by the gamma 

radiation, high dose gamma source was used. Co-60 in 
KAERI were used for the high dose gamma source. The dose 
rate was 2 kGy / hour and the samples were radiated for 5 
hours. Fig. 2 shows the R0 value changes with the gamma 
radiation. It is shown that the Ro value reduces by 1/5 with 1 
kGy gamma radiation, which means the 2 times increased 
noise and degradation of opto-electric performance by 1/2. 
The Ro value reduces to 1/100 after 1 Mrad radiation and it 
is supposed that the performance will be degraded by 1/10. 

The reason for the reduced Ro value by gamma radiation 
is supposed to be the increased surface leakage current. The 
surface leakage current increases by the surface fixed charge, 
which is accumulated in the ZnS during the irradiation of 
gamma ray. 

When the large fixed charge appears on the surface of the 
device, the surface state changes as is shown in Fig. 3. Fig. 3 
(a) shows the surface state when the positive fixed charge is 
accumulated on the surface and the current channel is 
generated between the p and n area. The surface current can 
flow through the surface channel and the Ro value reduces 
by the current. When the negative fixed charges are 
accumulated, the surface state changes as is shown in Fig. 3 
(b). This figure shows possible tunneling current through the 
reduced depletion region especially when the bandgap is 
small, which is the nominal condition for HgCdTe. Fig. 3 
shows that reducing the accumulation of fixed charge during 
the gamma ray irradiation is important for radiation 
hardening of HgCdTe photo-voltaic detector. 

 
(a) In case of fixed positive charges at surface 

 

  
(b) In case of fixed negative charges at surface 

 
Fig. 3 The charges of surface state to the fixed charges 

 
III. Radiation Hardening by CdTe Surface 
Passivation 
1. CdTe Surface Passivation 

The degradation of device made with ZnS surface 
passivation by gamma radiation was attributed to the 
accumulated surface fixed charge during irradiation, which 
generates large surface leakage current and reduces Ro value. 
To reduce the surface leakage current generated by the fixed 
charge, CdTe passivation was proposed. It is supposed that 
the CdTe has small cross section of electron trapping and the 
inter-diffusion of CdTe and HgCdTe will increase the 
bandgap on top of the HgCdTe surface. 

Fig. 4 shows the expected band diagram of HgCdTe/CdTe 
interface after HgCdTe and CdTe inter-diffusion. It is 
supposed that the increased bandgap on the surface of 
HgCdTe as is shown in figure 4 could reduce surface leakage 
current for large surface fixed charge and radiation hardness 
could be achieved. 

Fig. 5 shows the RoA value changes versus surface fixed 
charge. It is shown that the CdTe passivated device shows 
better immunity to the fixed charge as was expected by the 
band diagram in Fig. 4. 

 
Fig. 4 An expected band diagram 
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Fig. 5 ROA value changes to the surface fixed charges 

 
2. The Development of CdTe Passivation Layer 

CdTe was formed by the thermal evaporation in the 
thermal evaporator which was used for ZnS evaporation and 
modified for CdTe evaporation. Pallet type CdTe of 2 ~ 3 
mm diameter with 99.999% purity was used for the 
evaporation source. Fig. 6 shows the SEM image of 
evaporated CdTe on Si wafer. It is shown that the evaporated 
CdTe has thickness of 7200 Å and columnar structure which 
could be generally found in the thermally evaporated ZnS. 
Fig. 7 shows the surface morphology. It is shown that the 
evaporated CdTe has dense structure and can be applied for 
the passivation layer. 

 
Fig. 6 The SEM image of evaporated CdTe (crosssection) 

 
Fig. 7 The SEM image of evaporated CdTe (surface) 

 
EDAX analysis result of thermally evaporated CdTe is 

summarized in Table 2. The atomic composition of Cd and 
Te is 49.7% : 50 .29%, which is believed to be the best for 
insulation. 

 
Table 2 EDMX analysis result of thermally evaporated CdTe 

Element 
(atomic no.) 

Weight 
Percent 

Normalized 
Wt Percent

Atomic 
Percent 

Count Err. 
(sigma wt %)

Cd (48) 46.2506 46.5457 49.7089 0.5623 
Te (52) 53.1153 53.4543 50.2911 0.7297 

 

 
Fig. 8 AES depth profile of an evaporated of ZnS/CdTe on HgCdTe 

 
Fig. 8 shows the AES depth profile of evaporated 

ZnS/CdTe on HgCdTe. It is shown that the composition of 
Cd : Te is 1 : 1 and 2000 Å of inter-diffused layer was 
formed between CdTe and HgCdTe. To characterize the 
insulating characteristics and interface characteristics of 
CdTe layer before the fabrication of photovoltaic device, C-
V MIS(Metal Insulator Semiconductor) Pattern was 
fabricated. 

Fig. 9 shows the cross-sectional view of C-V pattern. To 
find the insulation characteristics, the I-V characteristics 
between two gate metal electrode was measured. The 
capacitance between the gate electrode and contact electrode 
varying the gate electrode potential was also measured to 
characterize the C-V characteristics. HP4156 was used for I-
V measurement and HP4280 was used for C-V measurement. 
Fig. 10 shows the current density vs. voltage converted by 
the I-V measurement. It was found that negligible current 
flows between -5V and 5V and the insulating characteristics 
are good for possible use of CdTe to the insulator. 

 
Fig. 9 A cross-sectional view of a C-V pattern 

 
Fig. 10 I-V characteristics at a gate bias 
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3. Radiation Characteristics of CdTe passivated Device 
The radiation hardness of fabricated diode was tested the 

same radiation condition as the ZnS passivated device for the 
comparison. Fig. 11 shows the Ro values to the gamma 
radiation doses. For the comparison, the characteristics of 
ZnS passivated device were also shown. It is found that the 
CdTe passivated device did not show degradation for 1 Mrad 
gamma radiation. The initial improvement of Ro value of 
CdTe passivated device seems to result from the defect 
annealing by the "shaking" of crystal during the irradiation 
of gamma ray. 

 
Fig. 11 Ro value changes by the gamma radiation 

 
IV. Result 

In this work, radiation hardening of infrared sensor which 
is the core component of infrared thermal imaging system is 
studied. To understand the mechanism of device degradation, 
the radiation hardness of usual ZnS passivated device was 
analyzed. It was found that the ZnS passivated device shows 

the reduction of Ro value by 1/100 after 1 Mrad of gamma 
radiation, which increases the device noise by 10 and 
degrades the device performance at the same ratio. It seems 
that the degradation results from the surface leakage current 
produced by surface fixed charge accumulated during the 
radiation bombardment. It is supposed that the radiation 
bombardment produces electrons and holes and the 
generated carriers are trapped in the defects. To avoid the 
accumulation of carriers and surface leakage current, thermal 
evaporation of CdTe was developed for the passivation of 
HgCdTe device. The insulting property, fixed charge density, 
and mobile charge density of the thermally evaporated CdTe 
show that CdTe is adequate for the passivation of HgCdTe. 
The fabricated HgCdTe device with CdTe passivation shows 
radiation hardness for 1 Mrad gamma radiation. It is 
expected that this radiation hardening technology can be 
applied to the development of the thermal imaging system 
that can be used to observe the high radiation area, space and 
earth in the satellite. 
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New scintillation crystal of a Ba0.20Sr0.80Cl2 grown by the Czochralski technique is reported. The grown crystal 
was cut into a size of 10 10 10 mm3. The lattice parameter of the grown crystal is a = b = c = 7.041  and the 
crystal structure is cubic. The luminescence and scintillation properties of the Ba0.20Sr0.80Cl2 crystal were studied. The 
luminescent characteristics were measured with ultraviolet (UV) light and X-ray source to study the emission spectra 
of the crystal. Scintillation properties of the crystal such as pulse height spectra, energy resolution, /  ratio, light 
output, proportionality curve, and fluorescence decay time were measured with the various radioactive -ray sources 
and -source at room temperature. The light output of the crystal was compared with that of the CsI(Tl) crystal and 
the absolute light output was measured with avalanche photodiode (APD). While the light output of the crystal was 
less than that of the CsI(Tl), the energy resolution was approximately 6.9% for 137Cs 662 keV -ray with PMT which 
is similar to that of the CsI(Tl) crystal for 137Cs -rays. 

 
KEY WORDS: Ba0.20Sr0.80Cl2, Czochralski, scintillation properties, scintillator 
 
 

 
I. Introduction  

Recently, various new and improved inorganic 
scintillators have been investigated with the goal of finding 
heavy, fast, and more efficient materials with a high light 
output and good energy resolution for applications as X- and 
-ray radiation detectors. Applications include medical 

imaging, industrial systems like security systems at airport, 
and those are also useful in nuclear physics, high energy 
physics, and astrophysics.1)  

Alkaline earth halides have attracted researcher’s 
attention since the pioneering reports on the possibility of 
modifying the optical properties of single crystals by doping 
with different impurities such as Ce or Eu.2,3) On the other 
hand, mixed alkaline earth halides were not dedicated much 
to explore their mixtures and very few systems have been 
grown to explore the entire range of concentrations. 

The mixed Ba0.20Sr0.80Cl2 single crystal was investigated 
with the purpose of obtaining new materials. The 
luminescent characteristics were studied and we present the 
scintillation properties such as pulse height spectra, energy 
resolution, /  ratio, light output, proportionality, and 
fluorescence decay time, which were measured with the 
various radioactive -ray sources at room temperature. 

 
II. Experiments 
1. Crystal Growth 

A Ba0.20Sr0.80Cl2 single crystal was grown using the 
Czochralski technique under an induction heating platinum 
crucible with the diameter of 30 mm. The growing process 
was performed in the Ar-gas atmosphere with the pulling 

*Corresponding Author, Tel No: +82-53-320-1319, Fax. No: +82-
53-320-1449, E-Mail: kimsh@mail.thc.ac.kr 

rate of 2~2.5 mm/h and the rotation rate of 20~25 rpm. To 
reduce crystal cracks, a low thermal gradient was setup in 
the furnace. The raw materials for the growth of 
Ba0.20Sr0.80Cl2 were synthesized by melted-state reaction. The 
BaCl2 powder (99.95%, Sigma-Aldrich) of 20% for molar 
weight and the SrCl2 powder (99.99+%, Sigma-Aldrich) of 
80% for molar weight were mixed for chemicals to grow the 
crystal. The transparent and uniform Ba0.20Sr0.80Cl2 single 
crystal of 20 mm in diameter and 30 mm in height was 
grown as shown in Fig. 1. The sample of Ba0.20Sr0.80Cl2 
crystal with the dimension of 10×10×10 mm3 was cut from 
the grown crystal and polished using mixed Al2O3 powder 
(grain size of 0.02 m) in mineral oil on a polishing cloth 
(Buehler, No.40-7218). The CsI(Tl) single crystal as a 
reference was grown by using the same methods and 
circumstances. 

 
 

 
Fig. 1 The grown Ba0.20Sr0.80Cl2 single crystal and the polished 
sample. 
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Fig. 6 Proportionality response for the Ba0.20Sr0.80Cl2 crystal. 
 

 
(a) Excited by 137Cs -source 

 

 
(b) Excited by 210Po -source 

Fig. 7 Decay curves of the fluorescence in the Ba0.20Sr0.80Cl2 single 
crystal.  

 
Absolute light output, 23,000 phs/MeV, was measured 

with avalanche photodiode (APD, 630-70-73-500,Photonics) 
which has higher quantum efficiency and the detail 
procedure is described in Reference.13) 

The proportionality is defined as the ratio of the 
photoelectron output measured for photo-peaks at a specific 
-ray energy relative the output at 662 keV -peak. This 

proportionality response of -rays is directly related to the 

energy resolution.14) Fig. 6 shows good proportionality 
response for the Ba0.20Sr0.80Cl2 crystal in the energy between 
81 keV and 1,275 keV. 

 
3. Fluorescence Decay Curve 

The fluorescence decay curves of the Ba0.20Sr0.80Cl2 
crystal were recorded at room temperature under 137Cs -rays 
and 210Po -source excitation by using a single photon 
counting technique, and were shown in Fig. 7. The decay 
time constants of the Ba0.20Sr0.80Cl2 single crystal consist of a 
fast decay component of ~0.55 s and a slow decay 
component of ~1.7 s. The fast decay component shows 
difference in the case of a 210Po  source and a 137Cs -source. 
This disagreement is due to the very high ionizing power of 
charged particles which induces ionization as it is called 
quenching effect.15) A smaller fraction of the kinetic energy 
of  particle is converted into fluorescent light in the 
scintillator. It is associated with a difference in the transport 
mechanism of electron-holes towards the luminescence 
centers but the luminescence mechanism of the 
Ba0.20Sr0.80Cl2 crystals is not well understood yet. The fast 
decay of the scintillation pulse by particles and its small 
light output indicate that some quenching mechanism is 
active. 

 
4. /  Ratio 

The /  ratio, in other words quenching factor, is a widely 
used parameter to describe the different light output for 
scintillation between electrons and heavy charged particles. 
The /  ratio is always less than 1 since the light output for 
electrons is always higher than that for heavy charged 
particles of the same kinetic energy.16) 

Energy spectra of the Ba0.20Sr0.80Cl2 crystal that irradiated 
with 5.4 MeV  particles with 210Po source, simultaneously 
with 137Cs -source is shown in Fig. 8. The /  ratio 
measured to be 0.18, which indicates that 82% of the light 
was quenched and the light produced by -particles was only 
18%. 

 

 
Fig. 8  /  ratio of the Ba0.20Sr0.80Cl2 crystal. 

 
IV. Conclusions 
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We have used Czochralski technique to grow new high 
quality Ba0.20Sr0.80Cl2 crystal. The emission spectrum is 
located in the range of 375 ~ 500 nm, peaking at 400 nm. 

The scintillation properties such as energy resolution, 
fluorescence decay time, /  ratio, relative light output 
proportionality were measured. The relative light output of 
Ba0.20Sr0.80Cl2 single crystal matched with PMT is about 77% 
of that of CsI(Tl) and the absolute light output with APD is 
23,000 photons/MeV. 

The energy resolution of Ba0.20Sr0.80Cl2 single crystal is 
about 6.9% for the 137Cs -rays which is similar to that of 
CsI(Tl) to be 7.1%. Proportionality curve for Ba0.20Sr0.80Cl2 
single crystal shows linearity in energy range 81 keV to 
1,275 keV. 

A response to charged particle was obviously indicated 
that the increase of the fast component of fluorescence decay 
time is related to the /  ratio, which means that small 
fraction of charged particles kinetic energy converted into 
fluorescent light in the scintillators. We need more to study 
of the luminescence of the Ba0.20Sr0.80Cl2 single crystals to 
understand of scintillation mechanism of -particles and -
rays. 

The energy resolution of Ba0.20Sr0.80Cl2 crystal was similar 
to that of the CsI(Tl) measured in the same condition. The 
Ba0.20Sr0.80Cl2 crystal shows promisingly scintillation 
materials because of its good energy resolution at room 
temperature. 
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Gadolinium oxyorthsilicate doped with cerium, Gd2SiO5:Ce (GSO:Ce), is a scintillator crystal discovered in 1983, 
which has excellent properties, high light yield, fast decay time, and good radiation hardness.  The Gd2SiO5 (GSO) 
and GSO:Ce (0.5 mole%) single crystals were grown by Czochralski method under argon atmosphere.  After the 
growth, thermal treatment of the GSO crystals was carried out at 1780K for 3 hours under argon atmosphere. The 
maximum wavelength of the emission spectrum of the GSO:Ce scintillator was 430 nm. The energy resolution of the 
GSO:Ce scintillator was 9.1 % with PMT, when it was exposed to 137Cs -ray. The luminescence decay time of the 
GSO:Ce scintillator has two exponential components with 68.7 ns and 754 ns time constant. 
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I. Introduction  
Inorganic scintillators have high density, Gadolinium 

oxyorthsilicate doped with cerium, Gd2SiO5:Ce (GSO:Ce), 
is a scintillator crystal discovered in 19831), which has 
excellent properties, high light yield, fast decay time, and 
good radiation hardness2). The light output of Ce:GSO is 
twice as high, and the decay time is 1/5 of that of BGO. 
Moreover, irradiation hardness of the Ce:GSO crystal is 
quite prominent, so it can be widely used in a variety of 
applications of high energy physics, nuclear physics, nuclear 
medical imaging (PET), and oil well survey, etc3).  

The Gd2SiO5 (GSO) and GSO:Ce (0.5 mole%) single 
crystals were grown by Czochralski method under argon 
atmosphere. 

In this work, GSO and Ce doped GSO (GSO:Ce) single 
crystals were grown by a Czochralski method, and their 
absorption, transmittance, excitation, emission, decay time, 
and pulse height spectra were investigated.  

 
II. Experiment 

GSO single crystals were grown by the Czochralski 
method in iridium crucible under an argon atmosphere to 
prevent oxidization of the crucible. The pure dried Gd2O3 
(99.999%), SiO2 (99.995%), and CeO2 (99.99%) powders 
were weighed out in mole ratios. The powders were totally 
mixed and pressed into the platinum crucible. The mixed 
powders were sintered at 1100°C for 4 h in air, and then 
loaded into the mortar. And then sintered powders pulverized 
and pressed into the iridium crucible in the Czochralski 
furnace for crystal growth. The growth atmosphere was 
highly pure and dried argon gas (99.9999%) with a static 
state at 1.5 atm pressure in the furnace. In our experiment, 
the optimal growth parameters for GSO:Ce crystal were 

*Corresponding Author, Tel No: +82-2-2220-2354, Fax No: +82-2-
2220-4450, E-Mail: ykkim4@hanyang.ac.kr 

growth rate of 1.5 mm/h and rotation rate of 30 RPM. The 
concentration of Ce activator was 0.5 mole%. 

The sample of GSO:Ce crystal was cut from the grown 
crystal and polished using Al2O3 powder (grain size of 0.05 

m) on a polishing cloth (microcloth supreme, Buehler). The 
size of the GSO:Ce specimen was 10x9x5 mm3. Pulse height 
spectra were measured with the gamma emitting radio-
isotopes 137Cs (0.662 MeV), 22Na (1.275 MeV), 54Mn (0.835 
MeV), and 60Co (1.173 MeV, 1.333 MeV). GSO:Ce 
scintillator is attached to a 2 inches bialkali PMT (9208B, 
Electron tube Ltd.) and 16 mm LAAPD (Large Area 
Avalanche Photodiode) made by Advanced Photonix Inc. 
(API) to measure the pulse height spectra. Signals from PMT 
and LAAPD is fed to a low noise preamplifier and then 
shaping amplifier. The portable 25 MHz flash analog to 
digital converter (FADC) board is used for signal 
digitization, and digitized signal was readout by Linux based 
computer through USB2. The data are analyzed with the C++ 
based data analysis program, ROOT package4). We use 
object oriented ROOT package for the data taking and 
analysis. 

 
III. Result and Discussion 

The absorption spectra of the GSO:Ce crystal were 
measured from 200 nm to 800 nm with a double-beam 
spectrophotometer (Cary-300, Varian, Australia). Fig. 1 
shows the absorption spectrum of the GSO:Ce crystal. The 
peaks (3.28 eV, 4.17 eV, and 4.51 eV) in UV region are 
possibly an evidence of structural transformations of the 
color centers5). 

The transmittance curve of the GSO crystal was measured 
from 400 nm to 900 nm with a double-beam 
spectrophotometer (Cary-300, Varian, Australia). The 
transmittance coefficient of the GSO:Ce crystal was 81.4 % 
at 430 nm. 

The excitation emission spectra of the GSO:Ce is shown 
in Fig. 2. The maximum wavelength of the emission 
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spectrum was 430 nm. The excitation spectrum for the 
emission at 430 nm has the three peaks at 250 nm, 284 nm, 
and 340 nm. The maximum excitation peak at 340 nm 
originates from the direct excitation of the 4f–5d transition 
of Ce3+.  
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Fig. 1 Absorption spectrum of the GSO:Ce crystal. 
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Fig. 2 Excitation and emission spectra of the GSO:Ce crystal at the 
room temperature. 

 
The second excitation peak at 284 nm is probably due to 

the split of the 5d state, or to defects in GSO:Ce. The 
excitation peak at 250 nm is due to defects in GSO:Ce. The 
emission spectrum can be decomposed into two bands 
peaked at 423 and 452 nm, which assign to 5d-4f(2F5/2) and 
5d-4f(2F7/2) transitions of Ce3+, respectively. Fig. 3 shows the 
decomposed into two bands. 

The pulse height spectrum of the GSO:Ce scintillator is 
shown in Fig. 4. Pulse height spectra were measured with 
the radio-isotopes 137Cs (0.662 MeV), 60Co (1.173 MeV, 
1.333 MeV), 22Na (1.275 MeV), and 54Mn (0.835 MeV). The 
energy resolutions of the GSO:Ce scintillator are listed in 
Table 1. The energy resolution of the GSO:Ce scintillator 
was attached to the PMT was 9.1% when it was exposed to 

137Cs 662 keV -rays.  
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Fig. 3 Decomposed emission spectra of the GSO:Ce scintillator. 
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Fig. 4 Pulse height spectra of the GSO:Ce scintillator to 137Cs, 60Co, 
22Na, and 54Mn gamma radiation. 

 

Table 1 Energy resolutions of the GSO:Ce scintillator. 

 
22Na
0.511

137Cs
0.662

54Mn 
0.835 

60Co 
1.173 

22Na
1.275

60Co
1.333

PMT 14.1 9.1 10.1 11.1 7.4 6.9 

APD 10.1 8.3 11.1 5.9 6.4 6.25

 
Fig. 5 shows the decay time curve of the GSO:Ce 

scintillator. The decay time curve of the GSO:Ce scintillator 
has two components, their values being 68.7 ns and 754 ns. 
The relative percentages of these decay components are 98.5% 
and 1.5%, respectively. The slow is due to the defects in 
GSO:Ce crystal. 
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Fig. 5 Decay time curve of the GSO:Ce scintillator. 

 
IV. Summary 

The GSO:Ce (0.5 mole%) single crystals were grown by 
Czochralski method. The maximum wavelength of the 
emission of the GSO:Ce scintillator was 430 nm, which  
coincides with the response wavelength of PMT. The 
transmittance of the maximum emission of GSO:Ce 

scintillator was 81.4% at 430 nm. The energy resolution of 
the GSO:Ce scintillator was 9.1 % with PMT, when it was 
exposed to 137Cs -ray. The GSO:Ce scintillator can be used 
the detector of the medical image system. 
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Cerium doped scintillators are characterized by an excellent energy resolution, a very high light yield and fast 
timing properties. In this work, we grew a CeBr3 (  = 5.18 g/cm3) single crystal by the Bridgman method using a 
two-zone transparent vertical furnace. The CeBr3 is crystallized in the hexagonal structure of the UCl3 type. We 
investigated the thermoluminescence (TL) of the CeBr3 such as glow curve, dose response, fading etc. TL is a 
convenient technique to understand the charge trapping and detrapping mechanisms that result from the interaction of 
the radiation with the existing defects in material, which may interfere with the scintillator response. We determined 
the kinetic parameters of the TL traps of the CeBr3 scintillator such as activation energy, frequency factor, and kinetic 
order by using peak shape method, variable heating rate method, and initialize method. 
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I. Introduction  
Cerium is one of the most interesting materials for 

scintillation material1-3), because cerium doped scintillators 
are characterized by an excellent energy resolution, a very 
high light yield and fast timing properties. For instance, 
YAlO3:Ce and Lu2SiO5:Ce show high light yield and fast 
fluorescence decay time for -ray excitation4,5). The light 
yield of K2LaCl5:Ce and RbGd2Br7:Ce show close to the 
theoretical maximum scintillation light yield6,7). The energy 
resolution of LaBr3:Ce is about 3%8) for 137Cs 662 keV ray.  

Thermoluminescence (TL) is a useful technique to 
understand the charge trapping and detrapping mechanisms 
that result from the interaction of the radiation with the 
existing defects in material, which may interfere with the 
scintillator response. The characteristics of TL material 
depend on trapped charged carriers produced after irradiation. 
The traps are caused by crystal defects or impurities. In 
many experiments the TL phenomenon was studied to 
investigate the characteristics of some scintillators9,10).  
Selles et al. were studied for the relationship between the 
role of the traps and the influence of the afterglow in 
lanthanum halide scintillators11). 

In this paper, we grew a CeBr3 single crystal by the 
Bridgman method using a two-zone transparent vertical 
furnace and investigated the TL of the CeBr3 such as glow 
curve, dose response, fading etc. We determined the kinetic 
parameters of the TL traps of the CeBr3 scintillator such as 
activation energy, frequency factor, and kinetic order by 
using the peak shape method, the variable heating rate 
method and the initialize method. 

 
 
 

*Corresponding Author, Tel No: +82-53-320-1319, Fax No: +82-
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II. Experiments 
1. Crystal Growth and Sample Preparation  

A pure CeBr3 crystal was grown by Bridgman method 
using a two-zone transparent vertical furnace. The CeBr3 
powder (99.99%, Aldrich) was prepared and put into a quartz 
ampoule of 12 mm dia. × 70 mm. The quartz ampoule was 
sealed under 10-6 torr. During the crystal growing, the 
temperature gradient of the furnace was 10 K/cm and the 
falling rate of the quartz ampoule was 0.3 mm/hr. The CeBr3 
is crystallized in the hexagonal structure of the UCl3 type. 
Space group of the CeBr3 is P63/m. Fig. 1 shows a sample of 
the grown CeBr3 single crystal. The cylindrical shape of the 
CeBr3 crystal was cut into pieces. The CeBr3 crystal was 
polished using mixed Al2O3 powder (grain size 0.02 m) in 
mineral oil on a polishing cloth (No.40-7218, Buehler) 
because of its hygroscopic property. We obtained a size of 10 
mm dia. × 10 mm crystal. To prevent the influence of 
humidity of air during TL measurements, we smashed up the 
CeBr3 single crystal and put it into a capillary tube. The ends 
of the capillary tube were sealed. The inner diameter was 1 
mm and the length was 5 mm of the sealed capillary tube. 
The tube was put into the TL analyzer for the TL 
measurements. 

 
Fig. 1 Photograph of the grown CeBr3 single crystal. 
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IV. Conclusions 
In this work, we discussed and presented the 

thermoluminescence properties of the grown CeBr3 single 
crystal. A glow peak was observed at 370.3 K when the 
heating rate was 4 K/s. The trap parameters of average 
activation energy (E), frequency factor (s) and kinetic order 
(n) were 0.42 eV, 1.65 × 105 s-1, and 0.43, respectively using 
three TL analyzing methods. The TL peak was decayed 
rapidly at room temperature. The fading of the crystal was 
composed of two components with decay constants of 3.7 
min and 47.5 min. The non-linear dose response was 
observed under 10 cGy irradiation with 6 MV X-ray source. 
We think that the TL emission was also due to the transitions 
of 4f  5d of the trapped electrons after irradiation and the 
trapped electrons had an influence to the afterglow of the 
scintillator. 
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Zinc selenide crystals were grown in graphite crucibles by the Bridgman–Stockbarger method in a vertical 
compression furnace under argon pressure of 5x106 Pa. From the absorption spectra, the band gap energies of the 
ZnSe single crystals were calculated by a linear fitting process. The maximum wavelength of the emission spectrum 
of the ZnSe:Te,O scintillator was 630 nm, which was well matched with the response wavelength of the Si 
photodiode. The energy resolution of the ZnSe:Te,O scintillator was 11.9 % when it was exposed to 137Cs -ray. Its 
size was 10x10x1 mm3. The afterglow level of the ZnSe:Te,O scintillator after 5 ms was 0.023%. The relative light 
output of the ZnSe:Te,O scintillator was 2.167 times higher than CsI:Tl. The luminescence decay time of the 
ZnSe:Te,O scintillator has two exponential components with 27 and 84 s time constant. 

 
KEYWORDS: ZnSe, semiconductor scintillator, absorption, emission, afterglow 
 
 

I. Introduction  
II-VI compound semiconductors have various physical 

properties. Recently, they have been used as the radiation 
sensors due to the advance of the single crystal growth 
technique 1,2). 

The relative light output of the scintillators based on ZnSe 
crystals is about one and a half times higher than that of 
CsI:Tl. Their afterglow level after 10 ms is about three 
orders lower than that of CsI:Tl 3).  Scintillators based on 
ZnSe crystals are quite acceptable for use in X-ray 
introscopy detectors because their radiation stability is 
relatively good and their light output is about four times 
higher than the oxide scintillators (CdWO4, Bi4Ge3O12, 
Gd2SiO5) used for similar purposes 4,5).  

In our work, ZnSe single crystals based on the II-VI 
compound semiconductors were grown by a modified 
Bridgman–Stockbarger technique. The doping effects on 
ZnSe single crystals were observed and are discussed. The 
scintillation and other physical properties of ZnSe single 
crystals such as X-Ray diffraction, transmittance, 
radioluminescence, afterglow, light output, pulse height 
spectrum, and decay time were also investigated. 

 
II. Experiment  

 ZnSe and ZnSe:Te,O crystals were grown by a ZnSe and 
ZnSe:Te,O crystals were grown by a modified Bridgman–
Stockbarger technique in a vertical compression furnace 
under argon atmosphere. During growth, the inert gas 
pressure of Ar was ~5 106 Pa and the crystallization rate was 
2~5 mm/h. In this study, the size of the ZnSe specimen was 
10x10x1 mm3. 

*Corresponding Author, Tel No +82-2-2220-2354, Fax No +82-2-
2220-4450, E-Mail: ykkim4@nural.hanyang.ac.kr 

Pulse height spectra were measured with the gamma 
emitting radio-isotope 137Cs (662 keV). An R1307 
(Hamamatsu) PMT was used to measure the pulse height 
spectrum of the ZnSe:Te,O scintillator. 

In order to obtain the decay time of the ZnSe:Te,O 
scintillator at room temperature, a pulsed Nd:YAG laser was 
employed as an excitation source.  The repetition rate of the 
pulsed laser was 10 Hz with 6 ns duration.  

 
III. Result and Discussion 
1. Source Term Calculation 

The absorption spectra of the ZnSe crystals were 
measured from 300 nm to 800 nm with a double-beam 
spectrophotometer (Cary-300, Varian, Australia). Fig. 1 
shows the absorption spectra of the ZnSe and ZnSe:Te,O 
crystals. Assuming that the absorption coefficient  
corresponds to the direct band gap of the zinc blend structure, 
the band gap energy is calculated by linear fit when the 
absorption spectrum is plotted with [ *(h )]2 versus the 
photon energy h . In these results, the optical band gap 
energies of ZnSe and ZnSe:Te,O crystals were 2.608 eV and 
2.555 eV, respectively. The decrease of band gap energy is 
assumed to result from the impurities defect level in 
ZnSe:Te,O crystals. 

Radioluminescence provides the information on the 
wavelength of the emission light of the scintillators when the 
radiation energy is absorbed. An X-ray generator was the 
radiation source. Fig. 2 shows the radioluminescence spectra 
of the ZnSe and that of the ZnSe:Te,O crystals. The 
wavelengths at maximum luminescence of the ZnSe and the 
ZnSe:Te,O crystals were 625 nm and 630 nm, respectively. 
The radioluminescence intensity of the ZnSe:Te,O crystal is 
clearly much higher than that of the ZnSe crystal.  
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Fig. 1 Asorption spectra of (a) the ZnSe and (b) the ZnSe:Te,O 
crystals 
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Fig. 2 Radioluminescence spectrs of the ZnSe and the ZnSe:Te,O 
crystals at the room temperature. 

 
The transmittance curves of the ZnSe crystals were 

measured from 400 nm to 900 nm with a double-beam 
spectrophotometer (Cary-300, Varian, Australia). The 
transmittance coefficient of the annealed ZnSe:Te,O crystal 
was 62.5 % at 630 nm.  

The relative light output of the annealed ZnSe:Te,O 
scintillator, compared with a CsI:Tl scintillator, was 
measured with a Si photodiode (S3590, Hamamatsu) under 
100 kV X-rays. The relative light output of the annealed 
ZnSe:Te.O scintillator is about 2.167 times higher than that 
of the CsI:Tl scintillator. 

In order to obtain the decay time of the ZnSe:O 
scintillator at room temperature, the data were acquired over 
1,000 times. Fig. 3 shows the decay time curve of the 
ZnSe:Te,O scintillator. The decay curves of the ZnSe:Te,O 
scintillator has two components, 27 s and 83 s. 

The pulse height spectrum of the annealed ZnSe:Te,O 
scintillator is shown in Fig. 4. Pulse height spectrum was 
measured with the radio-isotope 137Cs (662 keV). The energy 
resolution of the annealed ZnSe:Te,O scintillator was 11.9% 
when it was exposed to 137Cs 662 keV -rays. 

Another important physical property the afterglow was 
measured with a photodiode as a function of time after the 
X-ray generator was switched off. The afterglow levels of 
the ZnSe:Te,O scintillator is 0.023% (after 5 ms). This 
means that the afterglow level of the annealed ZnSe:Te,O 
scintillator is less than that of the CsI:Tl. 
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Fig. 3 Decay time curve of the ZnSe:Te,O scintillator. 
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Fig. 4 Pulse height spectrum of the ZnSe:Te,O scintillator to 137Cs 
gamma radiation. 

 
IV. Summary 

Well-structured crystals of ZnSe based on the II-VI 
semiconductor were grown by a modified Bridgman–
Stockbarger technique. The scintillation and other physical 
properties of ZnSe:Te,O single crystals were investigated. 
The relative light output, and afterglow level of the 
ZnSe:Te,O scintillator is better than that of the CsI:Tl. The 
timing properties of the ZnSe:Te,O scintillator are especially 
suitable for the detectors of an introscopy system. It is 
expected that the ZnSe:Te,O scintillator based on the II-VI 
compound semiconductor can also be used for the X-ray 
detectors of security inspection systems. 
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Development of Embedded DAQ System for Flux Counting 
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A portable data acquisition (DAQ) system with embedded microcontroller was developed for radiation detection 
and environment monitoring purpose. The developed DAQ system consists of an ATMEGA128 of high performance, 
low-power 8-bit AVR microcontroller made by ATMEL and a AD7746 24-bit capacitance to digital converter. A 
software based Universal Serial Bus (USB) and a RS-232 serial port is used for the communication between the 
developed system with a main computer. The developed DAQ system has 8-channels analog to digital converter 
(ADC) with 10-bit resolution. The ADC has singled ended mode, differential mode using inside amplifier and it has 
maximum signals sampling rate 50-Kbit per second. It has discriminator capability with an analog comparator and 
signal counter capability with a 16-bit timer/counter. It can also measure precious capacitance, temperature and 
voltage with the functionality of the AD7746. The developed embedded DAQ system was tested with scintillation 
crystal irradiated with in radioactive sources. This embedded DAQ system is simple but portable and useful for 
radiation and environment monitoring. 

 
KEYWORDS: ATMEGA128, AVR, AD7746, embedded, DAQ, radiation monitoring 

 
 

I. Introduction  
Scintillator, gas chambers and semiconductor detectors 

are widely used in monitoring radiation fields. Scintillator 
emits light when it is exposed to ionizing radiation like X-
rays and gamma-rays. Scintillator converts a fraction of the 
energy deposited by the incident gamma-ray or X-ray into 
visible or ultraviolet photons. The scintillation lights are 
then converted into an electrical signal by using a 
photomultiplier tube (PMT) or a photodiode optically 
coupled to the scintillator1). The PMT signal is digitized 
with conventional DAQ systems. 

We have developed an embedded DAQ system for the 
radiation flux monitoring. The analog signals from various 
detectors can be put into the embedded DAQ board. These 
data are recorded into the personal computer or the laptop 
with a Linux operating system in real time through the 
serial connection. This module has many advantages as a 
DAQ system. First, developed embedded DAQ system has 
multifunctional capability such as ADC, timer, counter, 
discriminator, capacitor measurement and temperature 
sensing. Second, it is simple but compact and inexpensive. 
The size of developed board is 13 cm  16 cm. Third, it is 
easy for the data transfer from the board to the main 
computer with a help of USART (Universal ASynchronous 
Receiver/Transmitter) or USB serial communication. 

 
II. Experiments 
1. Hardware and Software Description 

As shown in Fig. 1, the embedded DAQ board consist of 
a ATMEGA128 microcontroller, an USB port, a LED, an 
USART communication serial port, an AVR ISP (In System 

*Corresponding Author, Tel No: +82-53-950-5323, Fax No: +82-
53-952-1739, E-Mail: hongjoo@knu.ac.kr 

Programming) port, a 12 MHz clock source for software 
based USB communication, system reset button,  extra I/O 
ports and a AD7746 (24-bit capacitance to digital converter 
with temperature sensor). 

First we made the board schematic with drawing of 
devices and connections by Cadence PSD. This schematic 
converted into the PCB (Printed Circuit Board) layout file 
by OrCad. A PCB file is a standard file format used by 
printed circuit board fabrication houses that contains 
information necessary for computer controlled machines to 
draw exact patterns for circuit boards. The patterns usually 
contain features such as land patterns, signal traces, drilled 
holes, milling and cutting information. Fig. 2 shows, the 
schematic and the PCB layout of the embedded DAQ board. 
Finally we applied solder to the component as shown in Fig. 
1. 

Software program was made by the Procyon AVRlib2) 
and the AVR ATMEGA128 Master3). Program was 
compiled by AVR-gcc4) compiler. The program include the 
functions such as I2C (Inter-Integrated Circuit) 
communication with AD7746, USART serial 
communication, USB communication, counter, ADC and 
voltage comparator. The compiled program was converted 
to HEX (file format for conveying binary information for 
applications like programming microcontrollers and other 
kinds of chips) format. This file was put into the 
ATMEGA128 with ISP download port. 

 
2. Embedded DAQ Board Specification 

The ATMEGA128 contains 128-Kbytes reprogrammable 
flash memory for program storage in system, 4-Kbytes 
internal SRAM (Static Random-Access Memory) and 4-
Kbytes EEPROM (Electrically Erasable and Programmable 
Read Only Memory) for data storage. The ATMEGA128 
contains additional functions as follows. The 16-bit 
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Timer/Counter unit allows accurate program execution 
timing (event management), wave generation and signal 
timing measurement. The analog comparator compares the 
input values. Then analog comparator checks digital values 
to determine whether they are within predetermined upper 
and lower limits. The successive approximation ADC 
converts an analog input voltage to a 10-bit digital value 
through successive approximation. The minimum value 
represents ground and the maximum value represents the 
voltage on the ADC reference pin minus 1 Least Significant 
Bit. The ADC has singled ended mode, differential mode 
using inside amplifier and it has maximum signals 
sampling 50-Kbytes sampling per second. Finally the 
ATMEGA128 have 53 programmable Input /Output lines5). 

The embedded DAQ board also contains the AD7746 for 
measured capacitance, temperature and voltage. The 
AD7746 capacitance input range is ±4 pF, while it can 
accept up to 17 pF common mode capacitance. The parts 
have an on-chip temperature sensor with a resolution of 
0.1  and accuracy of ±2  and the measurement range 
have -40  to +125 6). 

As shown in Fig. 3, this embedded DAQ board has 
variously communication lines with the other devices. Data 
monitoring and control of the embedded DAQ board is 
done through the USART and the USB lines. The MCU 
transmit or receive the data to the AD7746 through the I2C 
bus protocol. The software of MCU can be modified 
memory through the ISP. 

 
Fig. 1 A picture of embedded DAQ board. 

 

Fig. 2 A diagram of embedded DAQ board design procedure. 

 
Fig.  3 A diagram of data flow. 

 
III. Results 
1. Embedded DAQ Board Test 

As shown in Fig. 4, each of applications such as the 
ADC, the AD7746, the Analog Comparator (AC), the I2C 
and USART were tested with simple programming. This 
test was performed on the Windows XP operation system. 

 
Fig. 4 AD7746, ADC and Analog Comparator test results. 

 
Fig. 4 shows the test result in the HyperTerminal 

through the USART. First data is an example of measured   
capacitance by the AD7746. Second data is measured 
voltage which fed into the ADC. Third data is the counts of 
the pulse signal which is higher than +1.25 V by analog 
comparator. The software based USB communication is in 
the process of development. 

We tested the ADC functionality by Linux operation 
system. The various voltage signals which fed into the 
ADC were measured in real time. Fig. 5 shows 
measurements of voltage variation with different voltage 
input. 

The T1 counter of embedded DAQ board was tested 
with the Function-Generator (Agilent 33250A). As shown 
in Fig. 6, the number of counts agrees well with given 
frequency below 6 MHz, because the maximum allowed 
frequency is the half of system frequency. However, the  
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counter malfunction if given frequency is above 6 MHz as 
shown in Fig. 6 since it is above counting capability. 

 
Fig. 5 ADC test with different voltage input. 

 
Fig. 6 Counter frequency test results. 

 
2. Radiation Count Test by Gamma-ray Source   

A CdWO4 crystal scintillator was prepared for the 137Cs 
radiation monitoring7). A 2-inch PMT (Hamamatsu Co.) 
was attached to the CdWO4 crystal scintillator for the light 
conversion to the electric signal. This electric signal was 
fed to the preamplifier for the current signal conversion to 
the voltage signal. After amplification the signals were put 
into the discriminator for conversion to the NIM (Nuclear 
Instrument Modules) logic signal, this NIM logic signal 
was fed to the gate generator for conversion to the TTL 
(Transistor-Transistor Logic) signal8). This TTL signal was 
fed into the embedded DAQ board that has a counting 
capability. The counting information is recorded into the 
personal computer with a Linux operating system in real 
time through the serial connection. The data were analyzed 
with the C++-based data analysis program, ROOT 
package9). A schematic diagram of experimental setup is 
shown in Fig. 78). 

By using the embedded DAQ system the gamma-ray 
flux were measured with CdWO4 crystal irradiate by 1 μCi  
and 5 μCi 137Cs radioactive source under the natural 
radiation environment as shown in Fig. 8. 

As shown in Fig. 9, the number of counts was decreased 
when the distance between the radioactive source and the 
crystal was increased. 

 

Fig. 7 A diagram of 137Cs radiation flux monitoring system. 

 
Fig. 8 Gamma-ray monitoring with 137Cs sources. 

 
Fig. 9 Gamma-ray counting with different distance between the 5 
μCi 137Cs source and the CdWO4 detector. 

 
IV. Summary  

A portable data acquisition (DAQ) system with 
embedded microcontroller was developed for radiation 
detection and environment monitoring purpose.  

An analog voltage signal can be measured with 
embedded DAQ board using functionality of the ADC. It 
also has discrimination capability with an analog 
comparator and signal counter capability with a 16-bit 
timer/counter. The capacitance and temperature can be 
precious few measured with the functionality of the 
AD7746 in the board. The developed embedded DAQ 
system was tested with scintillation crystal irradiated with 
radioactive sources. 
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This embedded DAQ system is portable and useful for 
radiation, environment monitoring as well as proton and 
electron beam flux monitoring.  
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Avalanche photodiode (APD) is a kind of photodiode that internally amplifies the photocurrent by an avalanche 
effect. The quantum efficiency of the APD is about 80% which is five times higher than that of typical 
photomultiplier tube (PMT). A 16 mm diameter of beveled-edge large area avalanche photodiode (LAAPD) made 
by Advanced Photonics was used for the CsI(Tl) scintillator characterization. A CsI(Tl) crystal was attached to 
LAAPD and energy spectra were measured with various -ray sources. Measurements of energy spectra of the 
CsI(Tl) crystal to optimize the energy resolutions were performed with different shaping time constants by shaping 
amplifier and with different gains by high voltage variation. The absolute light yield and energy resolution of CsI(Tl) 
crystals were measured with the LAAPD for 662 keV -rays from a 137Cs source. The LAAPD was calibrated with 
X-ray of 55Fe source for the calibration of the number of e-h pairs per channel. The absolute light yield of newly 
developed SrCl2 scintillation crystal is determined by this method. This study shows that it is possible to use the 
LAAPD for the characterization of newly developed scintillation crystal and for the photo-sensor of scintillation 
detector.  

 
KEYWORDS: avalanche photodiode, quantum efficiency, CsI(Tl) scintillator, absolute light yield 

 
 

I. Introduction  
For many years, scintillation detection has been based 

almost exclusively on the light readout by photomultiplier 
tube (PMT). Its internal gain is very high and sufficient 
signal-to-noise ratio is available. Several disadvantages of 
using PMTs are that it is sensitive to magnetic field, has 
relatively low quantum efficiency for input light signal (10-
20%), and power consumption is rather high. Photodiodes 
are semiconductors that generate a current or voltage when 
illuminated by light. They can operate at much higher light 
levels than other detectors. Also, they have an excellent 
quantum efficiency (close to 80%) in the visible and near 
infrared wave length region. However they have no internal 
gain that significant noise contribution to the signal is the 
serious drawback of photodiode1). 

Avalanche photodiode combines the benefits of both the 
PMT and photodiode. The quantum efficiency close to the 
80% in the visible and near infrared. And gain of up to 
several hundred in the total collected charge is possible2-4).  

We measure absolute light yield of CsI(Tl) and newly 
developed SrCl2 crystal using 16 mm LAAPD (Large Area 
Avalanche Photodiode) made by Advanced Photonix 
Inc.(API) . 

 
II. Large Area Avalanche Photodiode 

The silicon avalanche photodiode (Si APD) is a photon 
detection device that offers high internal gain. It is ideal for 
use in high speed, low light level applications. API also 
offers several patented large area configurations (LAAPD) 

*Corresponding Author, Tel No: +82-53-950-5323, Fax No: +82-
53-952-1739, E-Mail: hongjoo@knu.ac.kr 

enhanced for a variety of regions of the spectrum. These are 
available with built-in thermoelectric coolers to reduce the 
dark current and enhance performance. Package options 
include hermetically sealed windows or windowless 
configurations3).  

The “beveled-edge” diode is a p+n junction in which the 
n-type resistivity is chosen so as to make the breakdown 
voltage very high, typically 2,000 V. APDs developed by 
Advanced Photonix Inc. belong to this type. This type of 
APDs yields a wide depletion layer and high avalanche 
gain ( 100). APDs produced by API allowed getting the 
best energy resolutions mentioned ever obtained with 
different scintillators. Furthermore, its wide depletion layer 
of  50 m depth, it can be used in direct detection of soft 
X-rays in the device. The internal construction of LAAPD 
produced by API is shown schematically in Fig. 1. Fig. 2 
shows the quantum efficiency of windowed and 
windowless LAAPD3). 

 
III. Experimental Setup 

This study is performed with the CsI(Tl)  
( 17 34 ) made by Bicron. The scintillator crystal 
properties are presented in Table 1. 
A CsI(Tl) crystal is attached to 16 mm blue sensitive 
windowed (630-70-74-501) or UV sensitive windowless 
(630-70-73-510) LAAPD and pulse height spectra are 
measured with 57Co (122 keV), 137Cs (662 keV), 22Na (511 
keV and 1,275 keV) and 60Co (1,173 keV and 1,333 keV) 
-ray sources. Signals from 16 mm LAAPD is fed to a low 

noise preamplifier (TENNELEC TC175B) and then 
shaping amplifier (Ortec 570) . The portable 25 MHz flash 
analog to digital converter (FADC) board is used for signal 
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digitization, and digitized signal was readout by Linux 
based computer through USB2. The data are analyzed with 
the C++ based data analysis program, ROOT package5). We 
use object oriented ROOT package for the data taking and 
analysis. The schematic diagram is shown in Fig. 3. 

 
Fig. 1 Schematic cross-section of a LAAPD (a) and electric field 
profile (b), according to Advanced Photonix, Inc.2). 
 

 
(a) 

 

(b) 
Fig. 2 The quantum efficiency of (a) windowed LAAPD (b) 
windowless LAAPD3). 

Table 1. Properties of CsI(Tl) crystal.  
Property Value 

Light yield 

(Photons/MeV) 
40,000 ~ 60,000 

Density (g/cm3) 4.53 

Decay Time (ns) ~1,050 

Peak Emission (nm) 550 

Hygroscopicity slight 

 

 
Fig. 3 Schematic diagram of the experimental setup. 

 
Fig. 4 Energy resolution of CsI(Tl) crystal with a) different HV 
and b) different shaping time constant. 

 
IV. Results 
1. Optimization Test of LAAPD 

The contribution of LAAPD noise depends on device 
parameters such as LAAPD leakage current, capacitance, 
operating gain by high voltage (HV), and shaping time 
constant. A higher gain obtained by higher HV power 
allows reducing preamplifier noise while increases excess 
noise factor. Shorter shaping time in the spectroscopy 
amplifier (AMP) reduced the noise due to the LAAPD dark 

a)

b)

a)

b)
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current while too short shaping time will affect to the 
signal-to-noise ratio since it may not allow a full 
integration of the signal from the scintillator. Thus 
optimization of gain by HV and shaping time constant are 
necessary for good energy resolution of the crystal. 

First, we performed the gain optimization of LAAPD by 
changing HV from 1,760 V to 1,880 V with a shaping time 
of 4 s. The energy resolution of CsI(Tl) with LAAPD is 
determined by 662 keV -ray from a 137Cs source. The best 
energy resolution of CsI(Tl) crystal is obtained in the HV 
range of 1,780 ~ 1,820 V as shown in Fig. 4-a). Then, 
shaping time is changed from 0.5 to 10 s with HV of 
1,800 V. The energy resolution of CsI(Tl) with different 
shaping time is shown in Fig. 4-b) and optimized shaping 
time constant is in the range of 3 ~ 5 s.  The HV of 1,800 
V and the shaping time constant of 4 s are used for further 
study.  

 
2. Number of Electron-hole Pairs and Absolute Light 
Yield 

The absolute light yield of CsI(Tl) crystal is measured 
with the LAAPD for 662 keV -ray from a 137Cs source. 
The LAAPD is calibrated with X-ray of 55Fe source for the 
calculation of the number of electron-hole (e-h) pairs per 
channel. The X-ray, directly observed with the LAAPD, 
allows using the X-ray peak as a good reference to measure 
number of e-h pairs. Fig. 5 shows the pulse height 
distribution of 5.9 keV X-ray from 55Fe source using the 
amplifier gain of 100 and shaping time constant of 4 s. 
The number of e-h pairs per channel is determined to be 
3.34 and noise is measured to be 250 electrons rms. 

The 662 keV -ray detection in the CsI(Tl) crystal with 
the LAAPD is carried out by the amplifier gain of 20 and 
shaping time constant of 4 s. Then number of e-h pairs per 
MeV is determined by  

EionE
rayXE

rayXP
peakP

heY
1

 

where Ppeak is 662keV energy peak position(channel) from 
a 137Cs -ray source. Px-ray is 5.9 keV peak position from a 
55Fe X-ray. Eion is 3.6 eV which is needed to make one e-h 
pair in LAAPD. Table 2 presents the number of e-h pairs 
measured with CsI(Tl) scintillator coupled to the LAAPD. 

To obtain the absolute light yield Yph, we use   

EQPTFER
heY

APDphY
.

1
,  

where Q.E is the quantum efficiency and RPTFE is the 
reflection coefficient of teflon layer wrapping. The Q.E of 
0.8 and the RPTFE of 0.9 is used for the absolute light yield 
determination. 

 
Fig. 5 Pulse height spectrum detected directly in LAAPD by 5.9 
keV X-ray from a 55Fe source. 
 
Table 2. The number of e-h pairs and absolute light yield by 662  
keV -ray irradiation for CsI(Tl) crystal.  

Property Value 

Number of e-h pairs (e-h/MeV) 37,000 

Absolute light yield (ph/MeV) 52,000 

 
3. Energy Resolution 

The energy resolution study was carried out with -rays 
from 137Cs, 22Na and 60Co radioactive sources. To get the 
best energy resolution, optimized conditions are determined 
by previous section is used. Fig. 6 shows the energy spectra 
of various -rays measured using CsI(Tl) crystal coupled to 
the UV-enhanced LAAPD. The energy resolution of CsI(Tl) 
crystal is obtained to be 4.9% ± 0.18% (FWHM) with 662 
keV -rays as shown in Fig. 6. This result is comparable to 
those reported in Reference6,7). 
 
4. SrCl2 Crystal Test 

It is possible to use the LAAPD for the characterization 
of newly developed scintillation crystal. A single SrCl2 
crystal was grown by the Czochralski method and detailed 
description can be found in Reference8). We measure the 
number of e-h pairs and absolute light yield of this crystal 
coupled to the UV-enhanced LAAPD with 4 s shaping 
time constant. Fig. 7 shows the pulse height spectrum of 
SrCl2 crystal irradiated with the 662 keV -rays from a 
137Cs source. The number of e-h pairs of SrCl2 is 
determined to be 14,000 e-h/MeV and the absolute light 
yield is obtained to be 20,000 ph/MeV. The relative light 
yield of SrCl2 crystal is approximately 40% of CsI(Tl) 
crystal. The energy resolution of the crystal is obtained to 
be 9.6% by LAAPD for 662 keV 137Cs -ray source. If we 
use the green extended PMT, a little worse energy 
resolution of 10.5% is obtained.  

Also newly developed Ba0.20Sr0.80Cl2 scintillation crystal 
is characterized by this method and absolute light yield of 
the crystal is measured to be 23,000 ph/MeV. The detail 
description of this crystal is described in Reference9). 
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Fig. 6 Pulse height spectra of CsI(Tl) crystal irradiate with various 
-ray source. 

 
Fig. 7 Pulse height spectrum of SrCl2 crystal irradiate with 137Cs 
-ray source.  

 
V. Conclusions 

In this study, we measured the number of e-h pairs and 
the absolute light yield of scintillators using optimized 
conditions of LAAPD. The number of e-h pairs of CsI(Tl) 
is obtained to be about 37,000 e-h/MeV and the absolute 
light yield is obtained to be about 52,000 ph/MeV for 662 
keV 137Cs -ray source. Energy resolution of CsI(Tl) is 4.9% 
using LAAPD for 662 keV 137Cs -ray source while it was 
7% if a green extended PMT is used in place of APD.  

We determine the number of e-h pairs of newly 

developed SrCl2 scintillation crystal to be 14,000 e-h/MeV 
and the absolute light yield to be 20,000 ph/MeV.  

This study shows that it is possible to use the LAAPD 
for the characterization of newly developed scintillation 
crystal and for the photo-sensor of scintillation detector.  

 
Acknowledgement 

This work was supported by the SRC/ERC program of 
MOST/KOSEF (R11-2000-067-02002-0) and by the Korea 
Science and Engineering Foundation under the BAERI 
program.  

 
References 
1) G. F. Knoll, Radiation Detection and measurement, John 

Willey and Sons, New York, (1999) 
2) M. Moszy ski, M. Szawlowski, M. Kapusta, and M. 

Balcerzyk, ‘Large area avalanche photodiodes in scintillation 
and X-rays detection,’ Nucl. Instr. and Meth. in Physics 
Research, 485, 504-521 (2002). 

3) See http://www.advancedphotonix.com/ 
4) T. Ikagawa, J. kataoka, Y. Yatsu, N. Kawai, K.Mori, T. Kamae, 

H. Tajima, T. Mizuno, Y. Fukazawa, Y. Ishikawa, N. Kawabata, 
and T. Inutsuka, ‘Performance of large-area avalanche 
photodiode for low-energy X-rays and -rays scintillation 
detection,’ Nucl. Instr. and Meth. in Physics Research, 515, 
671-679 (2003). 

5) R. Brun, A. Gheata, and M. Gheata, ‘The ROOT geometry 
package,’ Nucl.Instr. and Meth. in Physics Research, 502, 676-
680 (2003) 

6) M. Moszy ski, M. Kapusta, J. Zalipska, M. Balcerzyk, D. 
Wolski, M. Szawlowski, and W. Klamra, ‘Low Energy -rays 
Scintillation Detection with Large Area Avalanche 
Photodiodes,’ IEEE Trans. Nucl. Sci. 46[4], 880-885 (1999). 

7) M. Moszy ski, M. Kapusta, D. Wolski, M. Szawlowski, and W. 
Klamra, ‘Energy Resolution of Scintillation Detectors Readout 
with Large Area Avalanche Photodiodes and Photomultipliers,’ 
IEEE Trans. Nucl. Sci. 45[3], 472-477 (1998). 

8) Gul Rooh, Heedong Kang, H.J. Kim, H. Park, and Sih-Hong 
Doh, ‘Scintillation Characteristics of the SrCl2 single Crystal 
for the Neutrinoless  +/EC Decay Search,’ IEEE Trans. Nucl. 
Sci., submitted for publication. 

9) Jungin KIM, Heedong KANG, H.J. KIM, H. PARK, Sih-Hong 
DOH and Sunghwan KIM, ‘Scintillation Properties of 
Ba0.20Sr0.80Cl2 Single Crystal,’ ISORD-4, submitted for 
publication. 

589

Supplement 5, June 2008



Measurement of the Neutron Total Cross Sections of Natural Palladium by Using 
Pulsed Neutrons at Pohang Neutron Facility 

 
Youngdo OH1, Hengsik KANG1, Moo-Hyun CHO1, In Soo KO1, and Won NAMKUNG1  

Taofeng WANG2, Md. Shakilur RAHMAN2, Manwoo LEE2, and Guinyun KIM2* 

 
1Pohang Accelerator Laboratory, POSTECH, Hyoja-dong, Nam-gu, Pohang 790-784, Korea 

2Department of Physics, Kyungpook National University, 1370 Sankyok-dong, Buk-gu, Daegu 702-701, Korea 
 
 

The neutron total cross-sections of palladiums are measured in the neutron energy region from 0.1 eV to 500 eV 
by using time of flight method at the Pohang Neutron Facility. The Pohang Neutron Facility consists of an electron 
linac, a water-cooled tantalum target with a water moderator, and a 12 m long time-of-flight path, and is producing 
pulsed neutron beam from 65 MeV electron as 10~15 Hz repetition rate.  The neutron detector is using a 6Li-
ZnS(Ag) scintillator with a diameter of 12.5 cm and a thickness of 1.6 cm. Natural palladium metal plates with 5 × 5 
cm2 in area and 0.5 mm, 1 mm in thickness, are used for the neutron transmission measurement. The background 
level is determined by using a notch-filter of Co, In, and Cd sheets. The measurements are compared with other 
measurements and the evaluated data in ENDF/B-VII.0. 
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I. Introduction   
The neutron cross-sections provide basic information 

about the internal structure of atomic nuclei and their 
constituents. Accurate knowledge of the neutron cross-
sections is of great importance for the safety design of 
nuclear reactors and for the evaluation of the neutron flux 
density and energy spectrum around a reactor. Precise 
measurements of neutron cross-sections substantially 
provide the quantitative nuclear data requisite to various 
applications of the nuclear engineering. Neutron resonance 
parameters are finding an increasingly important role in 
practical applications that are concerned with computations 
of reactor temperature coefficients, neutron reaction yields, 
self-shielding effects and related matters. Particularly in 
reactor design, the individual resonances can be very 
important. Neutron resonance data also provide reliable 
information on nuclear level densities. 

The total cross-sections and the resonance parameters of 
Pd at low energy were measured in the energy region: 
0.004 eV to 9.3 eV by Teich1), 1.2 eV to 10 eV by Biel1), 
0.002 eV to 0.06 eV by Duggal1), 8.2 eV to 1.8 KeV by 
Vladimirskij1). Although these measurements have been 
reported, discrepancies exist among the data, especially in 
the resonance energy region. Thus, there is a need to 
measure the total cross-sections in these relevant energy 
ranges. 

The total cross-sections of natural Pd have been 
measured in the neutron energy region between 0.1 and 500 
eV by using the TOF method at the Pohang Neutron 
Facility (PNF). The PNF based on a 100 MeV electron 
linac was proposed in 1997 and was constructed at the 

*Corresponding Author, Tel No: +82-53-950-5320, Fax No +82-
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Pohang Accelerator Laboratory on December 19992). The 
PNF consists of an electron linac, a water-cooled Ta target 
and a 12 m long TOF path. The characteristics of the PNF 
are described elsewhere3). The present measurements are 
compared with other measurements and the evaluated data 
in ENDF/B-VII.04).  

 
II. Experimental Overview and Procedure  
1. Experimental Arrangement at the Pohang Neutron 
Facility 

The experimental arrangement for the transmission 
measurements, which is similar to the previous works5-7), is 
shown in Fig. 1. The neutron target is located in a position 
where electron beam hits its center. To reduce the gamma-
flash generated by the electron burst in the target, we 
placed the target 5.5 cm away from the center of the 
neutron guide tube. The neutron guide tubes were 
constructed of stainless steel with two different diameters, 
15 cm and 20 cm, and were placed perpendicularly to the 
electron beam. The neutron collimation system was mainly 
composed of H3BO3, Pb and Fe collimators, which were 
symmetrically tapered from a 10-cm diameter at the 
beginning to a 5-cm diameter in the middle position where 
the sample changer was located, to an 8-cm diameter at the 
end of the guide tube where the neutron detector was 
placed. There was a 1.8 m thick concrete slab between the 
target and the detector room. The transmission samples 
were placed at the midpoint of the flight path and were 
cycled into the neutron beam by using a CAMAC module. 
The neutron detector was located at a distance of about 12 
m from the neutron target. A 6Li-ZnS(Ag) 
scintillator(BC702) with a diameter of 12.5 cm and a 
thickness of 1.6 cm was used as the neutron detector. This 
BC702 is good for thermal and epithermal neutrons and is 
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quite insensitive to gamma radiation; thus, it is suited for 
applications where the gamma background is high. 

Fig. 1 Experiment setup and data acquisition system 
 

2. Pulsed Neutron Source  
Pulsed neutrons are produced by photonuclear reactions 

in the target nuclei by the bremsstrahlung radiation that is 
produced when high-energy electrons hit the target nuclei. 
We designed a water-cooled Ta target by using the Electron 
Gamma Shower simulation code, EGS48). The target was 
composed of ten Ta plates with a diameter of 4.9 cm and an 
effective thickness of 7.4 cm. There was a 0.15 cm water 
gap between the Ta plates in order to cool the target 
effectively. The housing of the target was made of titanium. 
The estimated neutron yield per kW of beam power at the 
Ta target was 2.0 1012 n/sec9). The target was located in 
the center of a cylindrical water moderator contained in an 
aluminum cylinder with a thickness of 0.5 cm, a diameter 
of 30 cm, and a height of 30 cm. The water level in the 
moderator was 3 cm above the target surface. 

During the transmission measurement, the electron linac 
was operated with a repetition rate of 15 Hz, a pulse width 
of 1.6 s, and an electron energy of 65 MeV. The peak 
current in the beam current monitor located at the end of 
the second accelerator section was greater than 30mA, 
which was almost the same as that in the target. 

 
3. Data Acquisition System 

The configuration of the data acquisition system used in 
this measurement is shown in Fig. 1. Two different data 
acquisition systems were used for the neutron TOF spectra 
measurements: one for a NIM-based system and the other 
for a CAMAC-based system. The main purpose of the 
NIM-based system is neutron-gamma separation and 
parallel accumulation of the neutron TOF spectra, if 
necessary. The dynode signal from a BC702 scintillator is 
connected through an ORTEC-571 amplifier (AMP) to an 
ORTEC-552 pulse-shape analyzer (PSA) for neutron-

gamma separation. A first NIM signal from the “A” output 
of the PSA is delayed by 60 ns and is used as the start 
signal of an ORTEC-567 time-to-amplitude converter 
(TAC). The “B” output signal from the PSA is used as a 
stop signal of the TAC. The TAC output is connected to an 
ORTEC-550A single-channel analyzer (SCA). One of the 
SCA output signals is used as the stop signal of a 150-MHz 
Turbo MCS (Time Digitizer); the other is sent to a 
CAMAC-based system. The start signal of the Time 
Digitizer signal comes from an RF trigger. The Time 
Digitizer was operated in a 16384 channel mode with a 0.5 

s width per channel. 
The CAMAC-based system consists of a data acquisition 

part and the control part of a sample changer (SC). The 
SCA output signal of the NIM-based system is connected to 
the detector number encoder (DNE) through an NIM/TTL 
converter. The DNE allows the data to be taken from up to 
four detectors simultaneously. The output of the DNE is the 
stop signal for the time encoder, which operates with 4096 
channels and a minimal dwell time of 0.5 s in width per 
channel.  

The 15 Hz RF trigger signal for the modulator of the 
electron linac is connected to a gate and delay generator 
(G&D Gen.); the output signal is used as the start signal of 
the time encoder. One of signals from the time encoder is 
sent to a 16K capacity memory module (MEM 16K), which 
collects the TOF data during the measurement. 

The control of the SC is done by using the operating 
module of a physical device (OMPD), which operates the 
SC from a distance of 1 km. The signal from this unit is 
delivered on request to the position control module (PCM) 
to change the sample and interrupts the measurement until 
the next sample reaches its position. The PCM can be 
operated automatically (normal mode), as well as manually 
(manual mode). It also sets the number of full turnovers of 
the SC and provides a data record from the MEM16K to 
the relevant files for future processing. Parallel data 
acquisition with both the NIM system and the CAMAC 
system may be used if one desires to optimize the dwell 
time for different regions of the TOF spectra. A command 
file written in special script language synchronizes the 
CAMAC and the NIM systems. 

 
4. Samples and Data Taking 

In the total cross-section measurements, natural Pd metal 
plates, 5 5 cm2 in area by 0.5 mm and 1.0 mm thickness, 
were used. A set of notch filters of Co, In and Cd plates, 0.5 
mm, 0.2 mm and 0.5 mm in thickness, respectively, were 
used for the background measurement and the energy 
calibration. The transmission samples were placed at the 
midpoint of the flight path and were cycled into the neutron 
beam by using the automatic sample changer with four 
samples positions. The measurements were performed with 
two Pd samples with different thickness simultaneously. 
The two other positions of the sample changer were empty 
to collect the neutron TOF spectra without a sample (open 
beam). The positions of the samples were chosen in the 
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following sequence: sample, open, sample, open. The 
exposure time for each sample position was 500 seconds 
and for each open position it was 250 seconds. The 
interleaving sequence of open positions in the sample 
changer was chosen to minimize the influence of slow 
and/or small variations in the neutron beam intensity. If the 
beam intensity variation or its drift was fast and/or large, 
then the partial measurements were excluded from the total 
statistics. The total data taking time for the Pd samples was 
70 hours and 35 hours for open beam.  

 
III. Data Analysis and Results 

The total cross-section is determined by measuring the 
transmission of neutrons through the sample. The 
transmission rate of neutrons at i-th group energy Ei is 
defined as the fraction of incident neutrons passing through 
the sample compared to that in the open beam. Thus, the 
neutron total cross-section is related to the neutron 
transmission rate T(Ei) as follows: 
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where Nj is the atomic density per cm2 of the j-th isotope in 
the sample, t is sample thickness. I(Ei) and O(Ei) are the 
foreground counts for the sample-in and the open-beam, 
IB(Ei) and OB(Ei) are the background counts for the 
sample-in and the open-beam, and MI and MO are monitor 
counts for the sample-in and open beam, respectively. In 
this measurement, we assumed the monitor counts to be 
constant during the measurement. The neutron TOF spectra 
for the sample-in and for the open beam are shown in Fig. 
2, together with the estimated background level, which is 
indicated by a solid line 

The background level was estimated by using the 
resonance energies of the neutron TOF spectra of notch 
filters of Co, In and Cd. The magnitude of the background 
level was calculated between the black resonances by 
fitting the function y=A1 exp(-t1*I)+y0, where A1, t1 and y0 
are constants and I is the channel number of the time 
digitizer, as shown in Fig. 3. 

 
Fig. 2 Neutron TOF spectra for Pd sample, open beam and 
background level 

 

Fig. 3 Determination of the background level. The resonance 
energies of Co, In, Cd were fitted to y=A1 exp(-t1*I)+y0 , 
A1=347.7 , t1=0.0017, y0=54.7.  

 
We obtained the flight path length L in meters from the 

resonance energy E in eV corresponding to the channel 
number I, as indicated in Fig. 4 by using the following 
fitting function. 

WEW
LI 3.72 ,                         (3) 

where W is the channel width of the time digitizer, 0.5 s, 
and  is the time difference between the start time from the 
RF trigger and the real time zero when the neutron burst is 
produced. We found L =11.87 0.012m and  = 7.69 0.47

s as shown in Fig. 4. 

 
Fig. 4 TOF length was fitted using resonance channel number and 
corresponding resonance energy. 

 
Then the energy resolution can be written as  

t
t

E
E 2 ,                                 (4) 

where the uncertainty ( t) of the neutron TOF(t) is 
composed of uncertainties due to the flight path(1cm), the 
moderator thickness(3cm), the pulse width of the electron 
beam(1.6 s), the channel width of the time encode(0.5 s) 
and the time jitter(negligibly small) from the neutron 
detector. The energy resolutions for neutron energies of 
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0.01, 0.1, 1, 10 and 100 eV are 0.59 %, 0.60 %, 0.65 %, 
1.01 % and 2.63 %, respectively. 

The total cross-sections of natural Pd were obtained in 
the neutron energy range from 0.1 to 500 eV by using 
equation (1) and (2). Then we have calculated the effective 
total cross-sections for the same energy interval as follows: 
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The systematic uncertainties came from the following 
sources: uncertainties from a) the flight path measurements 
(1 %), b) the background estimate (0.04 %) and c) the dead 
time, the normalization, etc. (2 %). Thus, the total 
systematic error of the present measurement is less than 
3 %.  

The present measurement is generally in good agreement 
with other data and with the evaluated data, as shown in 
Figs. 5 and 6.  

 

 
Fig. 5 Measured total cross section and ENDF evaluated value for 
Pd, thickenss = 0.5 mm. 

 

 

Fig. 6 Measured total cross section and ENDF evaluated value for 
Pd, thickness = 1.0 mm.   

IV. Conclusions 
The total cross-sections of natural Pd were measured at 

the Pohang Neutron Facility in the neutron energy from 
0.1eV to 500eV by using the TOF method and a 6Li-
ZnS(Ag) glass scintillator as a neutron detector. The present 
measurement is in good agreement with other experiment 
data as well as the evaluated data in ENDF/B-VII.0.  
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