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In this paper, we report on the scintillation properties of the K2 CeCl5 single crystal before and
after proton irradiation. The crystal of this scintillator was 3grown by using the Czochralski pulling
technique and it was cut with dimension of 6 4 3 mm . The scintillation properties, such as
the absolute light yield, the proportionality of the response and the energy resolution, as functions
of the -ray energy were calculated prior to the proton beam exposure. The light output deviates
from a linear response by 10 % in the energy range between 31-keV and 1275-keV. Irradiation of the
K2 CeCl5 single crystal was carried out at the Korea Institute of Radiological and Medical Science.
In order to measure the induced radiation damage in the K2 CeCl5 crystal, we subjected the sample
to the 45-MeV proton beam of the MC-50 cyclotron and the scintillation properties were measured
prior to and after the irradiation. The emission spectra before and after the irradiation showed the
same emission band between wavelengths of 350 nm and 400 nm with a peak center at 375 nm.
After exposure to the proton beam, the K2 CeCl5 single crystal showed a lower light yield and a
deteriorated energy resolution. In addition, we compared the decay time of the crystal before and
after the proton irradiation.
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I. INTRODUCTION

Recently, for gamma-ray detectors in future spacebased astrophysics missions, substantial research has
been carried out on cerium-doped and cerium-based scintillators. Among these, halide scintillators, such as
LaBr3 : Ce3+ [1], LaCl3 : Ce3+ [2] and CeBr3 [3], are
the best examples. These scintillators are radiation hard
and have excellent scintillation properties, such as high
light yield, good energy resolution, fast decay time, favorable emission wavelengths, high atomic number and
high density. In high-energy astrophysics missions in
space, whose detectors are subjected to intense photon
and particle background radiation, which generally induces a reduced eciency and energy resolution of the
detector, activation raises the background level. The result of both e ects is a reduced sensitivity. It is, thus,
important to verify that a given detector material is not
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overly sensitive to radiation damage and that any activation of the material does not produce unacceptable
levels of background [4]. One method of checking this is
to expose samples of the detector material to radiation
from particle accelerators in doses equivalent to those expected in space. In recent studies of LaBr3 : Ce3+ , LaCl3
: Ce3+ and CeBr3 by Buis et al. [5], Drozdowski et al.
[6] and Kim at al. [7], respectively, showed that these
scintillators are excellent candidates for space-based missions.
In this paper, we present the growth and scintillation properties before and after proton irradiation of the
K2 CeCl5 single crystal. The scintillation properties involved the measurement of the emission spectra, light
output and decay time of the crystal prior to and after
proton irradiation and a comparison of their results with
each other. The linearity response and the energy resolution as functions of the -ray energy were measured
only before the protons irradiation. Irradiation of the
K2 CeCl5 single crystal was carried out at the Korea Institute of Radiological and Medical Science by using the
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Fig. 1. Schematic diagrams of the experimental setups for the measurements of (a) the pulse height and (b) the emission
spectra of the K2 CeCl5 crystal.
45-MeV proton beam from the MC-50 cyclotron.
II. EXPERIMENTS
1. Materials and Method

We have used the Czochralski technique for growing
the K2 CeCl5 single crystal. Ultra-dry forms of KCl and
CeCl3 (Sigma-Aldrich, >99.9 %) were used as starting
materials. The K2 CeCl5 material was synthesized in an
argon- lled glove box using the reaction
2KCl + CeCl3 ! K2 CeCl5 :
A total of 25 gm of K2 CeCl5 powder was thoroughly
mixed by using a ceramic ball mill at an intermediate
grinding speed for 48 hours. The mixed polycrystalline
K2 CeCl5 material was transferred again to an argonlled glove box and was loaded into a platinum crucible
with a diameter of 30 mm and a height of 30 mm. In order to sinter the mixed polycrystalline K2 CeCl5 material,
we heated the crucible at 600  C for 12 hours inside the
Czochralski chamber and then raised the temperature to
about 650  C for 4 hours to ensure that the materials
had melted thoroughly. At a pulling rate of 2 mm/h and
a rotation rate of 20 rpm, we successfully pulled a single
crystal up to 15 mm in length and 10 mm in diameter.
The K2 CeCl5 crystallized in an orthorhombic structure
with four formula units in the unit cell and with lattice
parameters a = 12.717 
A, b = 8.815 
A and c = 8.022 
A
[8]. The space group was Pnma. Based on the structure
and the lattice parameters, the K2 CeCl5 single crystal
had a calculated density of 2.95 gm/cm3 . The resulting ingot was not completely free of cracks. However,

a crack-free sample having the dimension of 6  4  3
mm3 was successfully extracted for the scintillation measurements. The ingot was cut with a diamond wire saw
and the nal polishing was done with 0.05-m-sized grit
in mineral oil due to the highly hygroscopic nature of
the sample. All surfaces of the crystal were covered with
several layers of 0.1-mm-thick Te on tape, except for the
surface that faced the photomultiplier tube (PMT). For
the pulse height analysis measurements the sample was
directly attached to a 2-inch bialkali PMT (9208B, Electron Tubes Ltd.) by using index-matching optical grease.
2. Experimental Setup

Irradiation of the K2 CeCl5 single crystal was carried
out at the Korea Institute of Radiological and Medical
Science (KIRAMS). The 50-MeV proton beam test facility of the MC-50 cyclotron at the KIRAMS was established by the PEFP (Proton Beam Engineering Frontier Project) [9]. This beam line has been used for pilot
studies of the PEFP, especially for studies using low- ux
proton beams, 104  1010 proton/cm2 -sec [10].
In order to irradiate the K2 CeCl5 single crystal, we
used the 45-MeV proton beam with a 5-nA current that
passes through a 0.2-mm-thick aluminum window capping the beam pipe with 5 cm of air and losses of energy
down to 39 MeV. The calculated dose delivered to the
K2 CeCl5 single crystal at 39 MeV with a uence of 3 
1010 protons/s was roughly equivalent to 0.7 MGy.
Figure 1(a) and Figure 1(b) present the experimental setup for the measurements of the pulse height spectra before and after proton irradiation and for the mea-
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Fig. 2. Emission spectra of the K2 CeCl5 crystal (a) before
and (b) after proton irradiation.
surements of the emission spectra of the K2 CeCl5 single
crystal during proton irradiation, respectively. Prior to
proton irradiation, we used 133 Ba, 109 Cd, 57 Co, 137 Cs,
22 Na and 54 Mn -ray sources to excite the crystal at
energies between 31 keV and 1275 keV in order to measure the proportionality of the response and the energy
resolution of the crystal as functions of -ray energy.
The signals from the PMT were ampli ed by using a
homemade ampli er. The output signals were directly
fed into a 400-MHz FADC ( ash analogue-to-digital converter) [11]. The trigger was formed in the FPGA ( eldprogrammable gate array) chip on the FADC board.
The FADC was located in the VERSA module eurocard
(VME) crate and was read out by using a Linux operating PC through the VME-USB2 interface [12,13].

Fig. 3. (a) Pulse height spectra of K2 CeCl5 crystal excited
with 662-keV -rays from a 137 Cs source before and after proton irradiation (b) Energy resolution as a function of -ray
energy measured before proton irradiation at room temperature for the K2 CeCl5 crystal. The solid curve is drawn to
guide the eye.

III. RESULTS AND DISCUSSION
2. Pulse Height Spectra
1. Emission Spectra

Emission spectra of the K2 CeCl5 single crystal were
measured at room temperature before and after the proton irradiation by using the USB4000 Fiber Optic Spectrometer made by Ocean Optics. Figure 2 shows the
emission spectra of the K2 CeCl5 single crystal. The
emission spectrum before irradiation shows a broad band
between 350 nm and 400 nm and peaking at 375 nm.
This emission of the K2 CeCl5 crystal is attributed to the
5d ! 4f transition of the Ce3+ ion [14]. The emission
spectrum after the proton irradiation shows the same
broad band wavelength range with the same peak value.
However, the intensity of the emission spectrum of the
crystal after the irradiation was decreased.

We measured the pulse height spectra of the K2 CeCl5
crystal before and after the irradiation with a 45-MeV
proton beam. Figure 3(a) shows the pulse height spectra of the K2 CeCl5 crystal excited with 662-keV -rays
from 137 Cs before and after proton irradiation. The pulse
height spectrum was taken before and 72 hours after
the proton irradiation of the crystal. In Figure 3(a),
it is clear that the energy resolution after the irradiation
was worse and that the background level had increased.
The channel number of the photo-peak was 26250 for the
non-irradiated sample and after irradiation with protons,
the channel number of the photo-peak was decreased to
18636. The decrease in light yield after the irradiation
was 71 % that of non-irradiated K2 CeCl5 crystal. The
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Fig. 4. Relative light yield measured for K2 CeCl5 crystal.
Within the measured region the nonproportionality is 10 %.
energy resolutions before and after the proton irradiation
were 10.5 % and 17.5 % (FWHM), respectively. Figure
3(b) shows the energy resolution as a function of the
-ray energy before the irradiation. The best energy
resolution, 6.2 %, is found for an excitation energy of
1275-keV. The solid curve is drawn to guide the eye.
3. Linearity of Response

Non-proportionality (as a function of energy) in light
yield can be one of the important reasons for degradation
in the energy resolution of established scintillators, such
as NaI(Tl) and CsI(Tl) [15]. We calculated the proportionality of the K2 CeCl5 single crystal before the proton
irradiation. Figure 4 shows the linearity of the K2 CeCl5
crystal at various -ray energies. We measured the light
output of the K2 CeCl5 crystal under excitation from isotopes such as 133 Ba (31keV and 81keV -rays), 109 Cd
(88-keV -rays), 57 Co (122-keV -rays), 137 Cs (662-keV
-rays), 22 Na (511-keV and 1275-keV -rays) and 54 Mn
(835-keV -rays). From the measured peak position and
the known -ray energy for each isotope, the light output at each -ray energy was estimated. The data points
were then normalized with respect to the light output
value at a 662-keV energy. Over the energy range from
31 to 1275 keV, the nonproportionality in the light yield
is 10 % and this is substantially better than those of
many established scintillators [16].

4. Absolute Light Yield

The absolute light yield of the K2 CeCl5 single crystal was measured with a 16-mm UV sensitive windowless Advanced Photonix (type 630-70-73-510) Large Area
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Fig. 5. Fluorescence decay time spectra obtained from the
K2 CeCl5 crystal at room temperature (a) before and (b) after
protons irradiation.
Avalanche Photo Diode (LAAPD) for 662-keV -rays
from a 137 Cs source. An 55 Fe X-ray source was used
for the calibration of the LAAPD. A detailed description of the experimental setup for the measurement of
the absolute light yield is given in Ref. 17. To obtain
the absolute light yield Yph , we use
Yph =

Ye h 1
;
RPTFE Q:E

where Ye h is the number of electron-hole pairs and can
be calculated by comparing the pulse height spectrum
of the 662-keV -rays of 137 Cs source recorded by the
K2 CeCl5 single crystal with that of 55 Fe X-ray source
recorded using the LAAPD. Q.E. is the quantum efciency and RPTFE is the re ection coecient of the
Te on wrapping layer. A Q.E. of 0.8 and a RPTFE of 0.9
were used for the absolute light yield measurement. The
absolute light yield of the K2 CeCl5 crystal was 20,000
photons/MeV.

5. Fluorescence Decay Time

The uorescence decay time of the K2 CeCl5 single
crystal was measured before and after the proton irradiation at room temperature. A K2 CeCl5 single crystal
optically coupled with a PMT was excited by 662-keV
photons from the 137 Cs source and the pulse height spectrum was recorded at room temperature. Figure 5 shows
the orescence decay time spectra of the K2 CeCl5 single
crystal before and after the proton irradiation. The decay time of the non-irradiated crystal is composed of a
single decay component of 71 ns. After irradiation, the
decay time of the K2 CeCl5 single crystal remains unaffected.
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IV. CONCLUSION

We have measured the scintillation properties of a
K2 CeCl5 single crystal grown by using the Czochralski
technique. The scintillation properties, such as the absolute light yield, the proportionality of response and the
energy resolution as functions of the -ray energy were
measured prior to the proton irradiation. The K2 CeCl5
single crystal has a better proportionality of response
than those of many scintillators. Radiation damage tests
of the K2 CeCl5 single crystal were conducted at the Korea Institute of Radiological and Medical Science (KIRAMS). Using its 45-MeV proton beam from the MC-50
cyclotron, we measured the emission spectra, the energy
resolution, the light yield and the decay time both before and after the irradiation. A total absorbed dose of
0.7 MGy at a ux of 3  1010 protons/s was delivered to
irradiate the K2 CeCl5 single crystal. We found no significant change in the emission spectra of the crystal before
and after the proton irradiation; however, the intensity
of the emission was decreased after the irradiation. We
observed a lower light yield and a deteriorated energy
resolution after the irradiation of the crystal. Moreover,
there was no change in the decay time before and after
the proton irradiation. On the basis of our preliminary
results presented in this study, K2 CeCl5 can be used in
space-based astrophysics missions and in other high energy physics experiments. Moreover, further investigations are needed at higher proton irradiation doses in
order to study the full potential of this scintillation material.

-2097-

et al.

[1] E. V. D. van Loef, P. Dorenbos, C. W. E. van Eijk, K.
W. Kramer and H. U. Gudel, Appl. Phys. Lett. , 1573
(2001).
[2] K. S. Shah, J. Glodo, M. Klugerman, W. W. Moses, S.
E. Dorenzo and M. J. Weber, IEEE Trans. Nucl. Sci. ,
2410 (2003).
[3] W. M. Higgins, A. Churilov, E. van Loef, J. Glodo, M.
Squillante and K. Shah, J. Cryst. Growth. , 2085
(2008).
[4] P. F. Bloser, M. L. McConnell, J. R. Macri, P. J. Bruillard, J. M. Ryan and W. Hajdas, IEEE Nucl. Sci. Sym.
Conf. Rec. N37-4 (2006).
[5] E. J. Buis, F. Quarati, S. Brandenburg, A. J. J. Bos, C.
Dathy, P. Dorenbos, S. Kraft, E. Maddox, R. Ostendorf
and A. Owens, Nucl. Instr. Meth. , 902 (2007).
[6] W. Drozdowski, P. Dorenbos, A. J. J. Bos, A. Owens
and F. G. A. Quarati, IEEE Trans. Nucl. Sci. , 1391
(2008).
[7] S. Kim, W. Kim, H. J. Kim, H. Park, H. Kang, S.-H.
Doh and U. Hong, J. Korean Phys. Soc. , 814 (2008).
[8] H. J. Seifert, J. Sandrock and G. Thiel, J. Therm. Anal.
, 1309 (1986).
[9] K. R. Kim,
(Portland Oregon, 2003).
[10] H. J. Kim, H. Kang, H. Park, J. H. So, S. Kim, S.-H.
Doh and K. Kim, J. Korean. Phys. Soc. , 824 (2008).
[11] Notice Korea Co.: http://www.rndkorea.co.kr/.
[12] H. J. Kim ., IEEE Trans. Nucl. Sci. , 1240 (2008).
[13] G. Rooh, H. Kang, H. J. Kim, H. Park and S.-H. Doh,
IEEE Trans. Nucl. Sci. , 1445 (2008).
[14] U. N. Roy, M. Groza, Y. Cui, A. Burger, N. Cherepy,
S. Friedich and S. A. Payne, Nucl. Instr. Meth. , 46
(2007).
[15] P. Dorenbos, J. T. M. de Haas and C. W. E. van Eijk
IEEE Trans. Nucl. Sci. , 2190 (1995).
[16] O. Guillot-Noel, J. C. van't Spijker, J. T. M de Haas, P.
Dorenbos, C. W. E. van Eijk, K. W. Kramer and H. U.
Gudel, IEEE Trans. Nucl. Sci. , 1274 (1999).
[17] M. Kim, H. Kang, H. J. Kim, W. Kim, H. Park and S.
Kim, J. Nucl. Sci. Tech. Supplement , 586 (2008).
79

50

310

580

55

52

31

2003 Particle Accelerator Conference

52

55

et al

55

579

ACKNOWLEDGMENTS

This research e ort was supported in part by the user
program of the Proton Engineering Frontier Project and
by a Basic Atomic Energy Research Institute (BAERI)
program of the Korea Science and Engineering Foundation.

42

46

5

