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We grew a CsI:CO3 single crystal with a concentration of CO3 of 0.02 mole percent by using the
Czochralski method. We cut the crystal into a size of 10.3 mm in diameter and 10.9 mm in length.
We investigated the luminance characteristics of the CsI:CO3 crystal including the fluorescence
decay time, the energy resolution and the pulse height spectrum, by using a 661-keV γ-ray source.
The light response of the CsI:CO3 crystal was measured for a proton beam in the energy range from
11 MeV to 36 MeV by using the MC-50 cyclotron at the Korea Institute of Radiological and Medical
Sciences (KIRAMS) with different thicknesses of aluminum degraders. We estimated the energies
of the proton beam after passing through the degraders and 190-cm-thick air by using a Monte
Carlo simulation based on the Geant4 simulation toolkit. We show that the scintillation response
of the CsI:CO3 crystal to a proton beam in the above energy range is approximately linear.
PACS numbers: 29.27.Fh, 29.40.Mc
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I. INTRODUCTION

There are many fields in which scintillation detectors
are used. High-energy physics, nuclear instrumentation,
radiation measurement and medical imaging are included
in these categories. For most applications, development
of good-performance scintillation crystals, which should
have good scintillation properties - high light output,
high density, fast decay time, good energy resolution is
demanded [1]. However, there is no available scintillation
crystal satisfying all of the requirements at this time. For
this reason, we continuously search for new scintillators
with enhanced performance.
To improve the scintillation characteristics mentioned
above, doping an impurity into alkali halide crystal
∗ E-mail:
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method has been used. NaI : Tl, CsI : Tl and CsI : Na
single crystals are used most widely. In 1990, the Institute for Single Crystals discovered a CsI : CO3 single
crystal [2]. CO32− bivalent anions doped into the CsI
crystal stimulate excited electrons to emit an intensive
blue light for several microseconds [3].
We grew the CsI:CO3 single crystals with different
concentrations of CO3 from 0.007 to 0.1 mole percent
by using the Czochralski method [4]. In this paper,
we show the detailed luminance characteristics of the
CsI:CO3 single crystal with a CO3 concentration of 0.02
mole percent including the fluorescence decay time, the
energy resolution and the pulse height spectra by using
a 661-keV γ-ray source (137 Cs). We also show the light
response of the CsI:CO3 crystal for proton beams in the
energy range from 11 MeV – 36 MeV.
The luminance response of a scintillator is expected
to be linear in the energy of the input particle. How-
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ever, unfortunately, the response of scintillators is not
linear, but is a complex function of not only energy but
also the type of particle and its specific ionization. In
1951, Birks [5] found a successful semi-empirical model
for organic scintillators. He assumed the response of organic scintillators to be ideally linear and then explained
the deviations as being due to quenching interactions between the excited molecules created along the path of the
incident particle. These interactions draw energy, which
would otherwise go into luminescence. In this model,
the light output per unit length, dL/dr, is related to the
specific energy loss for the charged particle, dE/dr, for
ionizing a scintillation material of unit length:
A dE
dL
dr
=
.
dr
1 + kB dE
dr
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Fig. 1. The grown CsI:CO3 (0.02 mole percent concentration of CO3 ) single crystal sample.

(1)

Equation (1) is commonly referred to as Birks’ formula,
where B(dE/dr) is the density of ionization, B is a proportionality constant and k is the fraction of these that
lead to quenching and a lowering of the scintillation effect. Practically, the product kB is treated as an adjustable parameter to fit the experimental data for a
specific scintillators [1].
Also, the semi-empirical formula can be written by
using a power law expression as
(2)

Fig. 2. Schematic of the experimental setup for the measurement of the fluorescence decay time.

where L is the response function of the scintillator and
E, Z and A are the energy, the charge and the atomic
mass number of the input particle [5–7]. The scintillation
response of the inorganic scintillator CsI : Tl to protons
has been the subject of several investigations. The measured response for protons was well fitted by Eq. (1),
the Birks’ formula and the scintillation response of the
CsI : Tl crystal to a proton beam in the energy range
about 0.98 MeV – 4.44 MeV was approximately linear.
Also, dL/dr was found to increase monotonically with
dE/dr [5]. In this paper we investigate the light response of the CsI:CO3 crystal for proton beams in the
energy range from 11 MeV – 36 MeV by using the MC50 cyclotron at the Korea Institute of Radiological and
Medical Sciences (KIRAMS) with different thicknesses
aluminum degraders [8,9].

Sigma-Aldrich). The raw materials for the growth of the
CsI:CO3 crystal were melted together in a heated platinum crucible in an Ar-gas atmosphere and were pulled
up at a rate of 3 mm/h and a rotation rate of 20 rpm.
Transparent CsI : CO3 single crystals of about 12 mm –
14 mm in diameter and about 30 mm – 40 mm in length
were grown. A sample of the CsI:CO3 crystal with a dimension of 13.6 mm in diameter and 10.9 mm in length
was cut from the grown crystal and polished by using
mixed Al2 O3 powder (grain size of 0.05 µm) in mineral
oil with a polishing cloth (Buehler, No. 40-7218) for the
optical transmission characterization, as shown in Figure 1

L(Z, A, E) = a1 (Z, A)E a2 (Z,A) ,

2. Experimental Setup

II. EXPERIMENTS
1. CsI : CO3 Crystals with a Concentration of
0.02 mole percent CO3

We grew the CsI:CO3 crystal with a CO3 concentration of 0.02 mole percent by using the Czochoralski technique in an inducting heated platinum crucible
with a diameter of 30 mm and a height of 30 mm. The
chemicals used for the crystal were CsI powder (99.999
% purity, Chemetall) and Cs2 CO3 (99.995 % purity,

The fluorescence decay time, the energy resolution and
the pulse height spectrum were measured at room temperature with a pulse height analysis system equipped
with a 2-inch high-gain photomultiplier tube (HG PMT,
Photonis XP2260). We made a Teflon tube size of 44-mm
outer diameter, 13.6-mm inner diameter and 10.9-mm
length the same size as the sample. One end of the crystal sample was wrapped with 0.4-mm thick Teflon tape
and was inserted into the Teflon tube and capped by using a 4-mm-thick Pb collimator with a 2-mm-diameter
cylindrical hole. The other end of the CsI:CO3 crystal
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Fig. 3. Schematic of the experimental setup for the measurement of the scintillation properties, including the luminescence
response of the CsI:CO3 crystal to protons.

sample was coupled directly with the surface of the HG
PMT by using an optical grease.
• For the measurement of the fluorescence decay
time, the HG PMT was connected to a homemade
amplifier with a low noise and high slew rate, which
was connected to a personal computer through a
400-MHz FADC (flash analog-to-digital converter)
[10]. The 661-keV γ-rays from 137 Cs interact with
the CsI:CO3 crystal sample then, the crystal emits
scintillation photons. The photons radiated by the
crystal go into HG PMT and the photon-converted
electric signals were fed into a homemade amplifier and then a 400-MHz FADC and were recorded
into a personal computer. The data were analyzed
by using the ROOT package [11]. Single photoelectrons were identified by using a clustering algorithm because a 400-MHz FADC was used for the
signal digitization. A schematic is shown in Figure
2
• For the measurement of the scintillation properties
of the pulse height spectrum, the energy resolution with 661-keV γ-rays and the luminescence response to the proton beam, we connected the HG
PMT to ORTEC 570 shaping amplifier and then
the shaping amplifier to the 25-MHz FADC and finally the 25-MHz FADC to a personal computer.
We supplied a high voltage of –1240 V to the HG
PMT mentioned above. The analog output signal
of the HG PMT was sent to the ORTEC 570 shaping amplifier. We set the shaping time to 6 µs, the
coarse gain to 20 and the fine gain to 0.5. The
amplified signals from the shaping amplifier were
fed to the 25 MHz FADC. A software threshold
setting was applied to trigger an event by using a
self-trigger algorithm on the field-programable gate
array (FPGA) chip of the FADC board. The output data form the FADC were recorded by using a
personal computer and were analyzed with a C++

Fig. 4. MC-50 cyclotron of the KIRAMS with aluminum
degraders and the CsI:CO3 crystal sample coupled with the
HG PMT.

data analysis program based on the ROOT package
[12]. A schematic of experimental setup is shown
in Figure 3.

3. MC-50 Cyclotron of KIRAMS

We used the 50-MeV proton-beam test facility at the
MC-50 cyclotron of the Korea Institute of Radiological
& Medical Science (KIRAMS) [8,13]. The 45-MeV proton beam from the MC-50 cyclotron passed through a
0.2-cm-thick aluminum window capping the beam pipe,
various thicknesses of Al degraders and 190-cm-thick air
to arrive at our sample, as shown in Figure 4. By changing the thickness of the degrader, we controlled the proton energy at the sample position. We used the energy
range from 11 MeV to 35.6 MeV. The proton beam energy at the sample position was calculated by using a
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Table 1. Various values of the proton beam energies at the sample position calculated by using a Monte Carlo simulation
based on the Geant4 simulation toolkit.
Thickness of the
Degrader (mm)
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
5.25

Proton
Energy (MeV)
35.6
34.0
32.3
30.4
28.4
26.4
24.2
21.8
19.3
16.4
13.0
11.0

Fig. 5. Decay time of the CsI:CO3 single crystal.

Monte Carlo simulation based on the Geant4 simulation
toolkit [14,15]. The results of the calculation is shown in
Table 1.

III. RESULTS AND DISCUSSION
1. Fluorescence Decay Time

The fluorescence decay times of the CsI:CO3 crystal
sample were measured at room temperature under 137 Cs
γ-rays by using a single photon counting technique. The
measured decay time for our CsI:CO3 crystal sample was
1.99 ± 0.06 µs. Figure 5 shows the exponential fitting
curve for our sample.

Energy Spread
FWHM (%)
1.8
2.1
2.3
2.9
3.1
3.6
4.5
5.4
6.9
9.0
13.2
18.6

for

Standard Deviation
σ (%)
0.3
0.3
0.3
0.4
0.3
0.4
0.4
0.5
0.6
0.6
0.7
0.87

Fig. 6. Pulse height spectrum of the CsI:CO3 single crystal
137
Cs 661-keV γ-rays.

2. Pulse Height Spectrum and Energy Resolution for 661-keV γ-rays

The energy resolution is the most important factor for
measuring incident radiation precisely. The energy resolution is specified as R = ∆E/E = 2.35σ(E), where
∆E is the full width at half maximum (FWHM) and
σ(E) is the standard deviation in the pulse height spectrum, respectively. Figure 6 is the pulse height spectrum
of the CsI:CO3 crystal for the 661-keV γ-rays of 137 Cs.
The measured energy resolution is 10.7 % FWHM with
a Gaussian fitting. The energy resolution is better than
those of BGO and LSO crystals even though the decay
time of the CsI:CO3 crystal is longer than those of the
other crystals [16]. In a previous experiment, we showed
that the absolute light output of a CsI:CO3 crystal is
29,000 photons/MeV [17]. This value is 75 % that of
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Table 2. ADC values of the luminescence response of CsI:CO3 to proton beams of energies in the range 11 MeV ∼ 35.6 MeV.
Proton Energy (MeV)
35.6
34.0
32.3
30.4
28.4
26.4
24.2
21.8
19.3
16.4
13.0
11.0

Luminescence Response
ADC Peak Value (Channel)
3538
3374
3193
3009
2798
2590
2340
2070
1758
1411
963
694

Fig. 7. Pulse height spectrum of the CsI:CO3 single crystal
for the 35.6-MeV proton beam.

NaI : Tl. From the above results, the CsI:CO3 scintillation crystal has good characteristics for measuring proton beams.

3. Pulse Height Spectrum and Energy Resolution of the CsI : CO3 Single Crystal for Proton Beams
of Various Energies

The measured result of the pulse height spectrum and
energy resolution of the CsI:CO3 single crystal irradiated
by a 35.6-MeV proton beam is shown in Figure 7. Figure
7 shows that the energy resolution of the CsI:CO3 single
crystal is very good value at 3.1 % FWHM.
The pulse height spectrum and energy resolution of the
CsI:CO3 single crystal to a proton beams of various energies were measured in the energy range from 11 MeV to
35.6 MeV. The proton beams of the energy range from

Luminescence Spread
FWHM (%)
3.1
3.5
3.8
4.2
4.7
5.6
6.7
8.0
10.9
16.0
29
48.0

Fig. 8. Pulse height spectrum of the CsI:CO3 single crystal
for proton beams of various energies.

11 MeV to 35.6 MeV were supplied by the MC-50 cyclotron of the KIRAMS with various thickness aluminum
degraders. The results are shown in Figure 8 and Table
2, where the values of the proton energy are mean values obtained from the simulation mentioned in Section
II.C and the luminescence response ADC peak value is
the light output of our crystal. The luminescence spread
(FWHM) in Table 2 is bigger than the energy spread of
the protons, shown in Table 1 because it is a cumulative
value of the energy resolution of the CsI:CO3 crystal and
the energy spread of the proton energy straggled through
the path due to the degraders and air, which were obtained from the simulation shown in Table 1.
From the values in Table 2, we can see the dependency
of the energy resolution of CsI:CO3 crystals on the proton energy. Figure 9 shows that the energy resolution of
the CsI:CO3 single crystal becomes better as the proton
energy goes higher.
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IV. CONCLUSION

Fig. 9. Dependency of the energy resolution of the
CsI:CO3 single crystal the proton energy.

We grew a CsI:CO3 single crystal with a CO3 concentration of 0.02 mole percent by using the Czochralski method and we measured the scintillation properties
of the crystal. We measured the decay time, the pulse
height spectrum and the energy resolution for 661-keV
γ-ray and for various proton beams in the energy range
of 11 MeV ∼ 35.6 MeV. We also investigated the luminescence response of the crystal to protons in the same
energy range as above.
For this measurement, we estimated the energy of the
proton beam arriving at the position of the sample crystal after its having passed the degraders and 190-cmthick air by using the Monte Carlo simulation based on
Geant4 toolkit. From our work, we found the CsI:CO3
single crystal to be a good scintillator with good performance. Especially, the Birks’ formula for the CsI:CO3
single crystal was approximately linear.
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