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H I G H L I G H T S

• Investigation on the scintillation characteristics of CsI(Tl) codopant with Tm.
• Less afterglow relates to 0.05 mol% of Tm regardless to Tl concentrations.
• CsI(Tl,Tm) can be a good choice for high frequency X-ray, gamma spectroscopy and imaging.
• A new method was proposed based on the variation of integration time for evaluating the afterglow.

A B S T R A C T

In this research, the Tm content as codopant in CsI(Tl) was optimized for reducing the
afterglow. As an experimental reference, CsI(Tl) and CsI(Tl-0.05%Eu) single crystals
were grown by Bridgman method. The grown crystals were characterized through
photoluminescence analysis, and the measurements of charge collection time, energy
resolution, photon light yield as well as the amount of afterglow were performed. It
was observed that the change in codopant shifted the emission curve of Tl+. For
CsI(Tl) codoped with Tm in the range of 0.02 to 0.1 mol%, the afterglow of 0.05
mol% Tm reduced in comparison with Tm-free CsI(Tl). The results showed that the
Tm codopant resulted in a decrease of 32 to 42% in afterglow depending on the Tl
concentration. The addition of various contents of Tm also decreased the light yield up
to 23%, and the resolution by about 2 to 33%. The light yield exhibited insignificant
changes, whilst the measured energy resolution was about 8.8% at 662 keV. Overall,
the improvement in the afterglow, as well as the insignificant reduction in both the
energy resolution and light yield of CsI(Tl-Tm), may motivate some researchers to con-
sider it as a good candidate for fast spectroscopy and high-frequency imaging applications.
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1 Introduction

CsI(Tl) scintillator was discovered in 1951 (Van Sciver and
Hofstadter, 1951), representing 66,000 photons/MeV light
yield, about 1000 ns decay time, and an emission band
at 550 nm with perfect optical coupling with photomul-
tiplier tube (PMT) glass window (Nikl, 2006), the effec-
tive atomic number of 54, the density of 4.53 g.cm−3, and
the capability to be grown as a single crystal. CsI(Tl) is
widely used in radiation applications such as gamma- and
X-ray spectroscopy and imaging (Wu et al., 2014b; Rod-
nyi, 2020; Knoll and Glein, 1989). However, there is a limit
in high-frequency imaging and computerized tomography
due to the long afterglow of CsI(Tl) (Siewerdsen and Jaf-
fray, 1999; Thacker et al., 2009). A very small amount of
appropriate dopants (i.e. in order of ppm) may modify the
scintillation characteristics, so various methods and tech-
niques have been studied to improve the scintillation char-

acteristics of CsI(Tl) over the last two decades (Brecher
et al., 2006; Bartram et al., 2006; Totsuka et al., 2012;
Wu et al., 2014a; Nagarkar et al., 2008; Kappers et al.,
2010; Wu et al., 2014c; Ovechkina et al., 2007). These
studies show that the afterglow is efficiently decreased by
using some codopants such as Yb2+, Sm3+, Eu2+, and
Bi2+. For example, Sm2+ rare-earth ions may reduce the
afterglow by about 0.1% after 1 s by X-ray irradiation
(Nagarkar et al., 2008; Kappers et al., 2010), and to 0.1%
using Bi3+ codopant after 10 ms under low-energy X-ray
(Totsuka et al., 2012). Besides afterglow improvement, the
Eu2+, Bi3+, and Sm2+ ions may have undesirable effects
on other scintillation characteristics. However, the studies
show that Yb2+ enhances all scintillation characteristics
(Wu et al., 2014c). In general, using lanthanide codopants
can effectively improve most scintillation characteristics of
CsI(Tl).

This study aims to explore the scintillation proper-
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ties of CsI(Tl) codoped with Tm, which has not been
reported in literature so far. For better evaluation and
comparison of experimental data, CsI(Tl) single crystals
with/without Eu have also been grown using the vertical
Bridgman method. The grown crystals have been charac-
terized through photoluminescence analysis, and the mea-
surements of charge collection time, energy resolution,
photon light yield as well as the amount of afterglow.
In addition, a novel gamma-ray spectroscopy method has
been proposed to evaluate both the scintillator quality and
micro-second scale decay-time measurements.

2 Materials and Methods

2.1 Crystal growth

Single crystals were grown by the vertical Bridgman
method with and without dopants. The starting concen-
trations were in the range of 0.2 mol% for Tl (as the
main dopant), 0.05 mol% for Eu (as a reference sam-
ple), and 0.02 to 0.1 mol% for Tm (as a codopant).
High-purity raw materials from Merck and Sigma-Aldrich
(www.Merck.com, https://www.sigmaaldrich.com) were
loaded in cylindrical quartz ampoules (with a conical tip
and slope of 45◦) before being heated in the vacuum for
moisture removal. To ensure homogenized melting of the
CsI, the ampoules were kept at 700 ◦C for 5 hours. Next,
they were pulled up within an optimal temperature with
a velocity of 1 mm.h−1.

To obtain a uniform distribution of dopants, the grown
crystals were heated at 500 ◦C for 24 hours. Single crystals
were right cylinders (with an initial dimension of 20 mm
in diameter and thickness) with a conical tip. All crystals
were transparent and colorless. Then all samples were
polished with a finished thickness of 10 mm (with a final
dimension of 20 mm in diameter and 10 mm in thickness).
To provide the diffuse reflection at the scintillator surface,
Teflon tape was used for wrapping these specimens before
measuring the luminescence spectrum, decay-time value,
pulse-height spectrum, and energy resolution.

Figure 1: Emission spectra of CsI(Tl) and co-doped samples
with 0.05 mol% Tm2+ and 0.05mol% Eu2+ contents under
continuous UV (236 nm) irradiations.

2.2 Measurement of optical and scintillation
properties

The photoluminescence spectra were measured using the
LS55-Perkin Elmer system within the wavelength range
of 200 to 800 nm at room temperature. The spectra of
photoluminescence emission and excitation of CsI crystals
are presented in Fig. 1.

Photonis XP2020 photomultiplier tube (with a bial-
kali photocathode, 12-stage dynode chain with 1.7 ns rise
time) was used for charge-collection time measurements
[www.Photonis.com], whilst silicon oil was used for bet-
ter optical coupling of scintillator crystal to PMT glass
window and Teflon tape was wrapped around the scintil-
lator surface for better light-collection efficiency. Output
pulses of the PMT anode were fed into a 500 MHz/8-bit
digitizer. The pulses were recorded and analyzed by MAT-
LAB software (www.Matlab.com) (Ghorbani et al., 2019),
and the average pulse was calculated based on averaging 4
ns step point-by-point. The duration of each measurement
(containing 10,000 pulses) was about 10 minutes. Figure
2 shows a schematic view of the experimental setup for
recording the anode pulses using a 1 µCi Cs-137 gamma-
ray source.

For studying the afterglow characteristics, a 2-inch
Photonis XP2020 PMT operated at -1800 V, an Ortec
672 amplifier, a Canberra 2005 fast preamplifier, and a
multichannel analyzer (MCA) were used. Figure 3 shows
a schematic view of the experimental setup for the mea-
surement of afterglow.

The crystals were exposed to a point Cs-137 gamma
source at room temperature for 300 s before the integra-
tion time was changed by different integration times (i.e.
shaping times) at a gain of 300. The positions of the pho-
topeak in pulse-height spectra were finally recorded as a
function of integration time.

The light yield of the samples was also studied as fol-
lows. First, the CsI(Tl) samples were calibrated based on
the position of the full energy peak of 662 keV Cs-137
gamma-rays. Then, the CsI(Tl-Eu) and CsI(Tl-Tm) sam-
ples were calibrated with respect to the calibrated CsI(Tl)
sample. For light yield measurements, the samples were
coupled to an XP2020 PMT and exposed to a collimated
beam of 662 keV Cs-137 gamma-rays. It should be noted
that a Gaussian fit to the data was used for the determi-
nation of photopeak positions.

It should be noted that optical coupling, polish qual-
ity and earth magnetic field are important parameters that
are the same in all experiments.

3 Results and discussion

Photoluminescence measurement: The presence of
codopants will be more evident when the excitation is
performed by 236 nm UV irradiation, as shown in the
emission spectra of Fig. 1.
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Figure 2: Schematic view of the experimental setup for the measurement of charge collection time.

Figure 3: Schematic view of the experimental setup for afterglow and decay time measurements.

Figure 4: The average anode pulses of single crystals: (a) CsI(Tl), (b) CsI(Tl-0.05), (c) CsI(Tl-0.02Tm), (d) CsI(Tl-0.05Tm),
(e) CsI(Tl-0.1Tm).
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Table 1: Decay time components of scintillators measured with averaged anode pulse.

Sample CsI (Tl) CsI (Tl-0.05Eu) CsI (Tl-0.02Tm) CsI (Tl-0.05Tm) CsI (Tl-0.1Tm)

Charge collection time (ns) 1561 1522 1540 1467 1513

Figure 5: Pulse-height spectra labeled with integration times
for CsI(Tl) exposed by Cs-137 gamma-rays.

A small change in codopant contents (0.05 mol%
Tm/Eu) shifts the peak wavelengths to 490 and 520 nm,
which may be related to the emission band of Tm2+ and
Eu2+ codopants. These results are in good agreement with
the previously published data (Brecher et al., 2006).

Tl+ ions absorb most excitation photons of 236 nm UV
irradiation which is the reason for the small displacement
in the Tl+ position in emission spectra. The correspond-
ing photon counts of Tm2+ and Eu2+ codoped samples
differ from that of Cs(Tl) as much as 10% and 6%, re-
spectively. The maximum emission wavelength of Tl+ is
observed at 510 nm.

Charge collection time measurement: Figure 2 shows
a schematic view of the experimental setup employed to
record anode pulses. The average anode pulses (i.e., the
inverted positive average pulse-shape) of the samples (with
Teflon covering) exposed to Cs-137 gamma-rays are shown
in Fig. 4. A single exponential curve (denoted by EXP)
has been fitted to data of the decay regions of the charge
collection time profiles of CsI(Tl), CsI(Tl-0.05Eu), and
CsI(Tl-Tm) single crystals.

Table 1 summarizes the charge collection time of
CsI(Tl-0.05Eu) and CsI(Tl-Tm) single crystals. These
time constants of scintillation curves are much faster than
the time component of CsI(Tl), which means that the
Tm2+ or Eu2+ codopants can effectively suppress the slow
components. The relative errors of charge collection time
measurements were less than 0.2%.

Afterglow and decay time measurements: Figure
5 illustrates the pulse-height spectra and the integration
times for the CsI(Tl) sample exposed to Cs-137 gamma-
rays. The integration time depends on the charge collec-
tion time which is itself a function of the time constant of
output circuit.

As shown in Fig. 5, the photopeak position is con-

siderably shifted towards the higher channels when the
integration time (i.e. shaping time) of the amplifier is de-
creased. The same behavior is seen up to the maximum
integration time, where the photopeak moves to the lower
channels. This can be understood by analyzing the elec-
tronic response of the amplifier and the time response of
the detector.

At relatively short times, the amplifier prevents the
maximum output signals from reaching the actual values.
However, the maximum amplitude of the output signal
approaches its actual value by increasing time, which in-
creases photopeak positions.

Alternatively, when the time reaches beyond the maxi-
mum integration time, the pulse pile-up may also occur at
the amplifier output, and hence, the MCA fails in measur-
ing the maximum amplitude of its output signal. There-
fore, the amplitude of the measured signal would be lower
than the position of photopeak. Since the light collection
efficiency is different in various scintillators, the maximum
integration time would be different, as well.

The pulse-height spectrum corresponding to the inte-
gration time in the CsI(Tl) at 662 keV is shown in Fig.
5. As shown, by increasing the integration time from 0.55
to 1.1 µs, the corresponding channel of photopeak posi-
tion is increased with the maximum value of about 1.1
µs. By increasing the integration time from 1.1 to 2.2 µs,
the photopeak channel moves to smaller values, whilst by
increasing the integration time from 2.2 to 4.2 µs, the pho-
topeak channel is increased again. At an integration time
of 4.2 µs, this trend continues to reach another maximum
position of photopeak. As seen, increasing the integration
time from 4.2 to 17.6 µs leads to an increase in photopeak
position.

The scintillation decay time of CsI(Tl) detector
has two components of 1.1 and 4.4 µs (https://www.
crystals.saint-gobain.com) (Wu et al., 2015).

As seen in the above-mentioned results, the number of
generated photons and the corresponding photopeak posi-
tions of 1.1 and 4.4 µs are higher than other decay times.
This behavior has also been observed for CsI(Tl-Tm) and
CsI(Tl-0.05Eu). The photopeak position versus integra-
tion time using Cs-137 source is shown in Fig. 6.

Since the Tl sub-level structure in CsI(Tl-0.05Eu) and
CsI(Tl-Tm) crystal lattice is similar to CsI(Tl) scintillator,
they have identical fast and slow scintillation decay times.
As shown in Fig. 6, these two peaks are corresponding to
1.1 µs (spectrum A in Fig. 6) and 4.4 s (spectrum B in
Fig. 6), respectively.
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Figure 6: The photopeak position versus integration time
of the anode signal measured for CsI(Tl), CsI(Tl-Tm ), and
CsI(Tl-0.05Eu) samples.

Figure 7: The photopeak position of CsI(Tl) sample in (a)
region A, (b) region B.

Having employed this new method, the ability to mea-
sure both fast and slow components of decay time has been
demonstrated. In this method, the fast and slow scintilla-
tion decay times of the samples should be compared with
CsI(Tl). In order to determine the two decay times for
the CsI(Tl) (with Eu/Tm and codopant free), a compari-
son is undertaken on A and B regions (marked in Fig. 6).
The slopes of curves are plotted and distinguished for the
samples in Figs. 7-a and 7-b. The decay times can be
calculated according to the photopeak positions.

Using the proposed method, the slow and fast decay
times were determined as 4.4 and 1.1 s, respectively. These
measurements have been performed for other samples with
different Tm2+ and Eu2+ (0.05mol%) codopant concentra-
tions, as well as for CsI(Tl) grown in this work as a control
sample. By comparing the decay times in each case, the
fast and slow decay times can be determined. The fast
and slow decay times of the CsI(Tl-Eu) sample are 1125
and 2563 ns, respectively. The decay times for the samples
with 0.02, 0.05, and 0.1 mol% of Tm codopant are listed in
Table 2. The relative errors of anode pulse measurements
were less than 1%.

Since the slow scintillation decay time is directly pro-
portional to the afterglow of the samples, CsI(Tl-Eu) and
CsI(Tl-Tm) with shorter slow decay times exhibit smaller
afterglow relative to CsI(Tl). The afterglow component of
CsI(Tl-Eu) crystal is much shorter than the decay com-
ponent of CsI(Tl) (Brecher et al., 2006).

The results of CsI(Tl) codoped with Eu2+ show slower
afterglow than CsI(Tl). By adding Tm to CsI(Tl) crys-
tal, the releasing time of the electrons trapped in the lat-
tice becomes shorter, which results in shorter afterglow
in comparison with the CsI(Tl) sample. The slow scin-
tillation decay time of CsI(Tl-0.05 mol% Tm), which is
about 2541 ns, is slightly shorter than CsI(Tl) codoped
with Tm2+. This new proposed method can be used for
simple assessing the quality of the grown crystals.

Photon light yield measurement: The pulse-height
spectra of CsI(Tl) crystals with different concentrations of
Tm and Eu exposed by Cs-137 (662 keV) are shown in Fig.
8. According to the proportional change in light yield cor-
responding to different concentrations of codopants, a dis-
placement in photopeak positions can be predicted. Under
these conditions, if the light yield of the CsI(Tl) is consid-
ered about 100% relative to its channel number, the light
yield of the CsI(Tl-0.05Eu) will be about 92%, and, the
light yield of the 0.02, 0.05, and 0.1 mol% of Tm will be
about 77, 99, and 82%, respectively. Based on these re-
sults, the light yield of CsI(Tl-0.05 mol% Tm) (about 99%)
is slightly higher than the samples with Tm codopants.

Energy resolution measurement: The energy resolution
of CsI(Tl) at 662 keV is about 8.6% (Fig. 8 and Table 2).
As far as the Tl content is concerned, this value is compa-
rable with the energy resolution of 10.6% reported in Ref
[9]. The energy resolutions measured for 0.02, 0.05, and
0.1 mol% Tm codoped samples are 11, 8.8, and 11.47%, re-
spectively (Table 3). The energy resolution of the CsI(Tl-
0.05Tm) sample is about 8.8%, which is similar to CsI(Tl)
crystals codoped with different concentrations of Tm. Ac-
cording to the experimental results, the energy resolution
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Table 2: Decay time constants of scintillator samples measured according to the photopeak position and based on the integration
time of the anode signal.

Sample Fast decay time constant (ns) Slow decay time constant (ns)

CsI(Tl) 1100 4400
CsI(Tl-0.05Eu) 1125 2563
CsI(Tl-0.02Tm) 1073 2985
CsI(Tl-0.05Tm) 985 2541
CsI(Tl-0.1Tm) 1015 2959

Table 3: Scintillation properties of the grown crystals.

Sample Energy resolution 662 keV (%) Photopeak position (keV) Light yield of CsI(Tl) %

CsI(Tl) 8.6 662 100
CsI(Tl-0.05Eu) 10.3 610 92
CsI(Tl-0.02Tm) 11.47 516 77
CsI(Tl-0.05Tm) 8.8 655 99
CsI(Tl-0.1Tm) 11.0 547 82

of CsI(Tl-0.05Eu) is about 10.3% at 662 keV, which is in
agreement withpublished data (Bartram et al., 2006).

It should be noted that energy resolution and the pho-
ton light yield of samples with Tm codopant (i.e. the
decrease in light yield of about 1 to 23% and in energy
resolution of about 2-33%) are relatively poorer than that
of CsI(Tl).

Figure 8: Spectra of CsI(Tl) single crystals with different
Tm2+contents exposed to Cs-137 source.

4 Conclusion

In this research, the scintillation characteristics of CsI(Tl)
codopant with Tm, as well as with Eu as a control sam-
ple, were studied. A comparative study on the scintilla-
tion properties was performed among Tm and Eu codoped
CsI(Tl) single crystals grown by the Bridgman method.
The light yield, energy resolution, and afterglow show bet-
ter results in comparison with Tm-free CsI(Tl) (Tables 2
and 3).

Also, a simple and new method based on the variation
of integration time has been proposed for the afterglow
evaluation of scintillators. Using the proposed method

for decay time measurement, the slow decay time, which
is directly proportional to the afterglow of the samples,
indicates a shorter slow decay time. Therefore, the af-
terglow has been suppressed in CsI(Tl-Tm) samples rel-
ative to other samples. These results were also exam-
ined for CsI(Tl-0.05Eu) sample as reported in the litera-
ture. The uncertainty of measurements was less than 1%.
By introducing Tm codopant into CsI(Tl) lattice, the re-
leasing time of electrons trapped in the lattice becomes
shorter, which leads to a shorter afterglow in comparison
with CsI(Tl) sample. The amount of afterglow was lowest
in 0.05 mol% of Tm regardless of Tl concentrations. It
is worthwhile mentioning that this method can be used
for evaluating the afterglow in the order of microseconds.
Based on the above results, CsI(Tl) codoped with Tm can
be a good candidate for high-frequency X-ray and gamma
spectroscopy as well as in imaging applications.
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