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The gamma-ray excited, temperature dependent scintillation characteristics of CsI(T1) are reported over the temperature range
of —100 to +50°C. The modified Bollinger-Thomas and shaped square wave methods were used to measure the rise and decay
times. Emission spectra were measured using a monochromator and corrected for monochromator and photocathode spectral
efficiencies. The shaped square wave method was also used to determine the scintillation yield as was a current mode method. The
thermoluminescence emissions of CsI{Tl) were measured using the same current mode method. At room temperature, CsI(TI) was
found to have two primary decay components with decay time constants of 7, =679+10 ns (63.7%) and 7,=3.34+0.14 ps
(36.1%), and to have emission bands at about 400 and 560 nm. The r, luminescent state was observed to be populated by an
exponential process with a resulting rise time constant of 19.6+1.9 ns at room temperature. An ultra-fast decay component with a
< (.5 ns decay time was found to emit about 0.2% (about 100 photons/MeV) of the total scintillation light. Except for the
ultra-fast decay time, the rise and decay time constants were observed to increase exponentially with inverse temperature. At
—80°C 7, and 7, were determined to be 2.22+0.33 ps and 18.0 +2.59 ps, respectively, while the 400 nm emission band was not
observed below —50°C. At +50°C the decay constants were found to be 628 ns (70.5%) and 2.63 s (29.3%) and both emission
bands were present. The scintillation yield of CsI(T!) was observed to be only slightly temperature dependent between — 30 and
+50°C, peaking at about —30°C (about 6% above the room temperature yield) and monotonically decreasing above and below this
temperature. Four different commercially available CsI(T1) crystals were used. Minimal variations in the measured scintillation
characteristics were observed among these four crystals. Thermoluminescence emissions were observed to have peak yields at — 90,
—65, —40, +20, and possibly —55°C. The relative magnitudes and number of thermoluminescence peaks were found to vary from
crystal to crystal.

1. Introduction been recognized- as a scintillating crystal for several

decades, its use has been limited due to the poor

Gamma-ray detectors with high efficiency, low
power consumption, low maintenance, and small size
and weight have long been needed for many applica-
tions. While this ideal detector has not yet been
achieved, the continuing development of solid-state
photodiodes with large area and low noise has resulted
in significant progress toward this realization. Silicon
PIN photodiodes (PDs) have become one of the most
commonly used photodetectors. Thallium-activated ce-
sium iodide, CsI(T1), is one scintillating crystal that has
been widely used with these PDs. Although CsI(T1) has
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No. P01-25840 and No. R01-CA48002 and in part by a
grant from the Whitaker Foundation.

match of its emission spectrum with the radiant sensi-
tivity of commercially available photocathodes. How-
ever, CsI(TI) is the most luminous scintillating crystal
known, having a measured absolute scintillation yield
of 64 800 photons /MeV for gamma rays at room tem-
perature [1]. CsI(T1) scintillation light is very well
matched with silicon PIN PDs, yielding a wavelength-
averaged internal quantum efficiency of approximately
90% and an external quantum efficiency of about 70%;
internal and external quantum efficiency are discussed
by Geist et al. [2]. CsI(T]) is also an efficient absorber
of gamma rays, with a radiation length of 1.65 cm at
662 keV, a density of 4.51 g/cm? and an effective
atomic number of 54. CsI(T1) has a refractive index of
1.8 in the visible spectrum.

The temperature behavior of CsI(TI) is of interest
for two reasons. First, the thermally excited dark cur-
rent present in silicon PIN PDs at room temperature
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Table 1
Published values of primary decay time constants at room
temperature

Author(s) T T,
[ns] [us]
Valentine et al. [18] 800 6.0
Pliavin (3] 800 16
Sastry and Thosar [4] 900 10
Managan [5] 550 0.7
Masunaga et al. [6] 800 1.2
Schotanus et al. [7] 600 34

limits the achievable energy resolution and suggests
that low temperature operation might result in better
energy resolution. Second, some applications require
ambient temperatures other than typical room temper-
ature. With this motivation, the temperature depen-
dence of the scintillation characteristics of CsI(TI) have
been studied in the temperature range of —100 to
+50°C.

The number of gamma-ray excited decay modes and
their decay times for CsI(T]) have been the subject of
some controversy; both one and two primary decay
modes have been reported. Table 1 shows some of the
previously reported values of the two primary decay
time constants of CsI(TI), 7, and 7,, at room tempera-
ture [3-7,18]. The confusion about the number of
decay modes is due to the length and relatively small
initial intensity of the longer component. However, the
longer component is responsible for about 40% of the
scintillation yield and leads to significant ballistic deficit
when CsI(T1) is used with commercially available linear
amplifiers. The long decay component thus has a sig-
nificant effect on pulse processing and the observed
scintillation characteristics of CsI(TI), e.g. energy reso-
lution and light yield. Therefore, variations in the long
decay time with temperature are of significant interest.
The decay times of CsI(TI) have been reported to be
independent of thallium concentration for gamma-ray
excitation [7]. This thallium concentration indepen-
dence should result in small variation in decay times
from crystal to crystal, independent of crystal origin.

For gamma-ray excitation at room temperature, the
emission spectrum of CsI(TI) has been reported to
have up to four emission bands, the most prevalent of
which peaks at about 560 nm [5-15]. The emission
spectrum of a scintillating crystal is of interest for two
reasons: the peak emission wavelengths yield informa-
tion about the nature of the decay modes that govern
the scintillation process, and knowledge of the spectral
distribution allows the estimation of the effective quan-
tum efficiency when used with a given photodetector.
Measuring the absolute shape of the emission spec-

trum requires correcting recorded data for
wavelength-dependent variations in monochromator
efficiency and photocathode quantum efficiency. It is
not stated in most cases whether the previously re-
ported emission spectra have been corrected for such
variations. We have corrected our data accordingly to
yicld an absolute emission spectrum shape.

The absolute scintillation yield is a dominant factor
in determining the energy resolution of a scintillation
detector because the yield governs pulse amplitude and
the statistical fluctuations in the number of scintillation
photons emitted. Since CsI(T1) has the largest known
scintillation yield, it has the potential for producing the
best energy resolution of any scintillating crystal. The
scintillation yield of CsI(TI) is known to be dependent
on thallium concentration, unlike the decay times [7].
Consequently, crystal-to-crystal variations of absolute
scintillation yield are expected. This thallium concen-
tration dependence may also manifest itself in differ-
ences in the temperature dependence of the scintilla-
tion yield.

CsI(TI) is known to be thermoluminescent n the
temperature range of interest [11,12]. For current mode
and some pulse mode applications, the thermolumines-
cence can complicate data acquisition and analysis, and
in some cases lead to erroneous results. Therefore, we
have investigated the temperature ranges over which
thermoluminescence occurs and whether these ranges
vary from crystal to crystal.

Finally, CsI(T]) crystals from several vendors were
investigated to assess the differences in scintillation
characteristics. Cubic crystals of 8 mm on a side were
procured from Bicron Corporation, Horiba Crystal
Products, Rexon Components, Inc., and Solon Tech-
nologies, Inc. The Solon Technologies, Inc. (STI) crys-
tal was chosen at random to be used for the bulk of the
measurements.

2. Theory

We shall assume that the luminescent states of
CsI(T1) are depopulated by exponential processes and
are populated exponentially, instantaneously, or by a
combination of both. With these assumptions, the tem-
poral luminescence intensity of a scintillation event,
I(1), can be described by the sum of exponential com-
ponents:

a
I(ty=Y 2 e /m=31Te"/n t=0

;T J (1
I(t)=0 t <0,
where a,, 7, and [ are the integrated luminescence,

characteristic time, and initial intensity of the jth expo-
nential component. For all luminescent processes, the
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characteristic time is a decay time constant and the
integrated luminescence takes on a positive value,
Qgecay > 0. In the case of an exponential population of a
luminescent state, an additional component in eq. (1) is
necessary to describe the process. This rise component
behaves as a negative integrated luminescence in the
representation of eq. (1) (a4, <0), the characteristic
time is a rise time constant, and the total integrated
luminescence for the process is a@,,¢, + @ gecqy. If @ lumi-
nescent state is populated by a single exponential pro-
cess then the absolute value of the initial intensities
are equal, L.,y = — 1.

The relative luminescence intensity, I(¢), of CsI(TI)
was determined by the Bollinger—Thomas method [16],
as modified by Moszynski and Bengtson [17], and by
the shaped square wave (SSW) method [18]. The modi-
fied Bollinger—Thomas (MBT) method has become the
industry standard for determining I(#), and was thus
used to both determine the most accurate estimates of
the parameters and to confirm the applicability of
determining I(¢) by the SSW method.

2.1. Modified Bollinger—Thomas method

The Bollinger-Thomas method was developed
specifically for determining luminescence decay times.
As modified, the method uses a trigger that is corre-
lated in time with the initiation of the luminescence
signal; a photodetector then randomly samples the
luminescence distribution by restricting the mean num-
ber of photoelectrons generated per trigger to much
less than one. This restriction is commonly realized by
creating a “poor” crystal-to-photodetector geometry.
To determine the true luminescence intensity I(t),
standard nuclear electronics, with an impulse response
function G(t), are used to acquire a timing spectrum.
Consequently, the observed luminescence intensity
H(t) corresponds to the convolution of the impulse
response function and the true luminescence intensity:

H(t) =f0°°1(t')G(t—z') dr. )

For fitting purposes () was normalized to the total
light yield, which is the sum of the a’s. With this
normalization, the a,’s represent the fraction of the
total light emitted by jth process. For the case of an
exponential process (a,., T,.) populating a lumines-
cent state (@gecay» Taecay) the fraction of the total light
contributed by this rise /decay pair is @, + @4ccoy-
The measured data M, are the number of counts in
the kth bin corresponding to the time interval ¢, to
t, + 8¢, and are analyzed using a nonlinear least squares
fitting program. The fitted number of counts in the kth
bin, F,, is determined by summing the integral of the
observed luminescence intensity and the chance coinci-

dence rate, R, contributions to that bin:
Fo=Rydt+ [*"H(1) de. 3)
Iy

The chance rate appears as a flat background on which
the luminescence distribution is superimposed. Mini-
mization of y2:
2
(M- Fy)
F, ’

4)

results in the best estimates of the a, and 7, parame-
ters, where F, is the best estimate of the variance of
the counts in the kth bin. The statistical uncertainties
of the a,/’s and 7’s are determined by finding the
largest and smallest value of cach parameter on the
surface defined by y°+ 1 when all other parameters
are free.

2.2. Shaped square wave method

The SSW method was developed specifically for the
charge calibration of CsI(T1)/photodiode systems to
account for the ballistic deficit due to the long decay
time constants. The SSW method relies on creating a
calibration pulse of known charge with the same shape
and amplitude as the full energy CsI(TI) scintillation
pulses such that both pulses experience the same bal-
listic deficit. When this is realized, the photopeak and
calibration peak centroids will occur in the same chan-
nel of a multichannel analyzer, independent of ampli-
fier shaping time. Creating a pulse of the same shape
as the CsI(T1) scintillation pulse is achieved by first
splitting a square wave voltage pulse into a number of
branches equal to the number of rise and decay times
to be modeled. Each branch is then shaped with an RC
circuit corresponding to a 7, inverted if the exponen-
tial component being modeled is a rise time, and
attenuated to represent the appropriate a,. Finally, the
branches are summed forming the shaped square wave
voltage pulse that is passed to the test capacitor of the
charge sensitive preamplifier, where it is converted into
a current pulse and processed in an identical manner
to the scintillation pulse from the photodiode.

The RC time constants and attenuation factors were
varied with potentiometers that were calibrated with
an oscilloscope. The uncertainty of the calibration has
been assumed to be dominated by the uncertainty in
reading the oscilloscope and is estimated to be +5%
of the reported parameter value.

3. Scintillation decay time constants

The modified Bollinger-Thomas method used a
barium fluoride (BaF,) scintillating crystal coupled to a
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Hamamatsu R-2059 PMT to provide a trigger. Another
R-2059 PMT, 50 cm away from the CsI(T1) crystal,
provided the stop signal. The BaF, and CsI(T1) were
aligned with a 511 keV annihilation photon source
between them to excite both crystals simultaneously.
Timing signals were generated from the PMT outputs
by a Tennelec TC-454 quad constant fraction discrimi-
nator. The time difference between the trigger and
stop was then determined by a Tennelec TC-862 time-
to-amplitude converter (TAC) and digitized by a
LeCroy 3512 analog-to-digital converter. The CsI(Tl)
crystals were placed in a separate, thermally-insulated,
temperature-controlled enclosure that was optically
coupled to the PMT via quartz lenses and air gaps. A
brass block served as the heat sink and source for the
enclosure. For low temperature operation, a constant
flow of liquid nitrogen was passed through the block.
The temperature regulation was provided by a com-
puter-controlled heating clement in the brass block
(temperature regulation method A). The crystal tem-
perature was monitored by placing a thermocouple in
direct contact with the crystal.

The most reliable fitting results for the modified
Bollinger—-Thomas method are achieved with a TAC
range > 37, and a bin width < 0.17,. Since decay time
constants as short as < 0.5 ns and as long as 18 ps
were observed, these constraints would require taking
data in 50 ps bins over a 50 ps range. The dynamic
range of the TAC used was not large enough for this to
be possible, thus data was acquired with two TAC
ranges. Timing spectra were taken with a 1 us TAC
range at each temperature to accurately determine any
exponential components with characteristic times of
several hundred ns or less. For T > —20°C, data were
also taken with a 20 ws TAC range in 16.64 ns bins,
and for T < —20°C with a 50 us range with 10.35 ns
bins. These longer TAC ranges allowed the accurate
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determination of components with 1-20 ws character-
istic times. The reported parameter values were deter-
mined through an iterative process of fitting the long
and short TAC range data. First, the longer TAC
range data was fit by allowing all of the parameters to
vary (an initial best estimate of the longer decay com-
ponents). The resulting values were then used as start-
ing values for the 1 us TAC range data, but only the
parameters associated with the “shorter” components,
less than about one microsecond, were allowed to vary
(an initial best estimate of the rise and shorter decay
components). Subsequent estimates of the “longer”
and “shorter” parameters were made using the previ-
ous best estimates of the short and long range TAC
data, respectively, until both sets converged. In most
cases only a few iterations were required. The fits
resulted in typical y> per degree of freedom values of
1.05 to 1.2 for both the long and short TAC range data.

Fig. 1 shows the timing spectra at room temperature
for the STI crystal. Along with decay times 7; and 7,,
772 + 8 ns (61.1%) and 3.53 + 0.10 us (38.7%), respec-
tively, an ultra-fast component and a 22.7 4+ 1.0 ns rise
time that populates 7, (I, = —1I ) arc observed. The
ultra-fast component appears as the three high chan-
ncls at the beginning of the 1 us TAC range spectrum
and is not observed in the 20 us TAC range data due
to its small fraction of the total luminescence yield and
the large bin width. The ultra-fast component has a
decay time < 0.5 ns (0.5 ns is the timing resolution of
the system used and thus the minimum decay time that
can be accurately determined) and yields about 0.2%
of all of the photons (about 100 photons/MeV). The
rise time of CsI(TI) is believed to be the longest of any
known scintillating crystal. Table 2 compares the a,’s
and 7’s for the four different crystals at room tempera-
turc and 0°C. For T < —30°C, additional decay compo-
nents (j = 4,5) werec observed and are believed to be

10000 T T : 5
(b)
STI Crystal
20us TAC Range
T=+23°C

1000 ¢ ]

Count Rate (counts per 16.64 ns bin)

1005 4250 8500 12750 17000

Time (ns)

Fig. 1. Gamma-ray excited CsI(T1) luminescence timing spectra at room temperature for the Solon Technologies, Inc. crystal.
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Table 2

151

Comparison of rise and decay time constants for crystals from Solon Technologies, Inc., Bicron Corp., Horiba Crystal Products and
Rexon Components, Inc. at room temperature and 0°C for the modified Bollinger-Thomas method

Crystal Temperature a T a;

T

rise rise 71 s T2 Aultra-tast ultra-fast
[°C] [ns] [ns] [ws] [ns]

STI +23 -0.016 22.7 0.627 772 0.387 3.53 0.002 <05
Bicron -0.021 28.3 0.659 677 0.361 3.36 0.001 <0.5
Horiba -0.018 19.6 0.655 679 0.361 3.34 0.002 <0.5
Rexon -0.020 23.7 0.635 646 0.383 3.25 0.003 <05
STI 0 -0.026 36.8 0.610 784 0.413 431 0.002 <0.5
Bicron -0.023 38.0 0.619 837 0.402 421 0.001 <05
Horiba -0.021 30.4 0.625 778 0.394 4.36 0.002 <05
Rexon -0.026 33.6 0.621 753 0.403 3.88 0.003 <05
Typical

Uncertainty +10% +10% +5% +3% +5% +5% +8%

attributed to the luminescence of pure Csl. These
decay components and the other fit results for all
temperatures for the STI crystal are shown in table 3.

Even though the long decay component of CsI(TI)
yields 35-45% of the photons, its initial intensity, I,, is
about an order of magnitude lower than the main
component, I,. Accurately resolving 7, thus becomes
strongly dependent on the knowledge of the flat back-
ground (chance coincidence rate). Since the initial in-
tensity decreases with temperature while the back-
ground remains nearly constant, accurately determin-
ing the background becomes even more important with
decreasing temperature.

Deich et al. [19,20] have observed the ultra-fast
decay time and reported it to be < 10 ps, independent
of temperature over the range of 80-400 K, emitted

with a broad emission band peaking at about 620 nm,
and independent of crystal defects, impurities and acti-
vators. They have attributed this component to intra-
band luminescence induced when a “hot” charge car-
rier (an electron for gamma-ray excitation) liberates an
inner valence band electron leaving a deep hole. As
this deep hole moves toward the top of the valence
band, it has a small probability of emitting a photon.
The rise time of CsI(T1) became too long to accu-
rately fit below —60°C. However, when the rise time
was accurately fit, it was always observed to be associ-
ated with 7,, as evidenced by the similarity of the
initial intensities. Similarly, below —60°C the ability to
accurately fit the long decay time is diminished be-
cause of signal-to-noise and the decay time approach-
ing the limit of the TAC range. When the rise time or

Table 3
Rise and decay time constants for Solon Technologies, Inc. crystal as a function of temperature for the modified Bollinger—-Thomas
method
Temperature arlsc Trise a, Tl a; A yltra-tast Tultra-fast ay T4 aS Ts
[C] [ns] [ns] [s] [ns) [ns] [ns]

+50 -0.012 13.3 0.717 628 0.293 2.63 0.002 <0.5

+40 -0.014 13.8 0.650 644 0.362 2.96 0.002 <05

+30 -0.014 13.5 0.656 635 0.356 3.12 0.002 <0.5

+20 -0.020 249 0.616 710 0.402 3.26 0.002 <05

+10 -0.019 255 0.611 749 0.406 3.85 0.003 <05

0 ~0.026 36.8 0.610 784 0.413 431 0.002 <0.5

-10 -0.027 46.6 0.601 919 0.424 6.55 0.002 <05

-20 ~-0.034 60.7 0.599 989 0.432 777  0.003 <05

-30 —-0.060 125 0.620 1100 0.406 8.76 0.002 <0.5 0.001 1.81

—40 -0.112 278 0.641 1310 0467 11.3 0.002 <0.5 0.001 3.23

—-50 ~0.173 480 0.800 1760 0.370 11.8 0.002 <0.5 0.003 491

—60 -0.129 886 0.679 3040  0.443 134 0.003 <0.5 0.004 7.94

—80 0.171 2220 0.782 18.0 0.012 <05 0.036 39.5
—100 0.480 3520 0.042 <05 0.376 171 0.101 19.8
Typical

uncertainty  +10% +10% +5% +5% 5% +10% +10% +15% +20% +149%+18%
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Fig. 2. Example of photopeak and calibration peak centroid
matching by SSW method for Solon Technologies, Inc. crystal.

the long decay time become unresolvable, the a,’s no
longer accurately estimate the fraction of the total light
being emitted by jth process.

To determine 7, and 7, by the SSW method, the
STI crystal was coupled to a Hamamatsu S3590-03
silicon PIN photodiode. A Canberra 2003BT charge
sensitive preamplifier, a Canberra 2022 linear ampli-
fier, and a multi-channel analyzer were used for pulse
processing of the scintillation signal. To provide the
necessary temperature control, the CsI(T]) and PD
were placed in a Tenney Jr. environmental chamber,
modified for liquid nitrogen use. Pulse height spectra
were taken at ten of the available amplifier shaping
time constants (ranging from 0.25 to 12 ws) at 10°C
increments over the — 100 to +50°C temperature range
with a 662 keV gamma-ray source. The SSW method
was subsequently performed. An example of the
matching of the photopeak and calibration peak cen-
troids at each amplifier shaping time is shown in fig. 2.
The SSW method is only sensitive to exponential com-

(a)

|~ Decay | (MBT)
———Decay 2 (MBT)

Rise or Decay Time Constant (ns)

107 ——Risc (MBT)
t Decay 1 (SSW)
e X Decay 2 (SSW)
10 ‘ ‘ . , :
3.0 107 4.0 107 5.0 1073 6.0 107
YT (K™

F

Table 4

Primary decay time constants and charge fraction ratios for
the Solon Technologies, Inc crystal as a function of tempera-
ture for the SSW method, estimated uncertainty of +5% on
all values

Temperature T T3 Q, /0,
[°C] ns] [ws]
+30 809 5.00 0.680
+20 832 5.50 0.760
+10 956 6.85 0.742
0 1040 7.97 0.760
~10 1060 8.58 0.865
=20 1100 9.47 0.927
=30 1150 10.40 1.01
40 1190 11.20 1.09
-50 1240 12.20 1.17
—-60 1370 12.90 1.19

ponents on the order of the amplifier shaping times
and thus the rise time and ultra-fast decay time were
not determined by this method. The ultra-fast decay
was not observed because of its very small contribution
to a single pulse, and the rise time was maintained at
about 40 ns for the calibration at every temperature.
Table 4 shows the SSW method results. Above + 30°C,
accurate estimates of the photopeak centroids at all
amplifier shaping time constants were not achievable
due to the photodiode noise. Below —60°C, =, be-
comes longer than the longest amplifier shaping con-
stant and the photopeak centroids for the shorter shap-
ing times begin to become obscured by the noise shoul-
der. Consequently, for 7> +30°C and T < —60°C the
SSW method can not be used.

A comparison of the results from the modified
Bollinger-Thomas method and SSW method is shown
in fig. 3. Estimated uncertainties are, in most cases,
smaller than the symbols used. The rise and decay

H
1r | ]
(@4 &
= B (o]
o EB<>§§ °re
Oog < J
051
<& .
<& Q2Q1 (MBT) !
l:? 02@71 (SSW) *
0L3 . —— S—— .
3.0 10 4.0 10 5.010° 6.0 10~
1T (K"

g. 3. (a) Rise and decay time results, and (b) charge contribution ratio results from modified Bollinger-Thomas (MBT) method

and shaped square wave (SSW) method.
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times are plotted versus 1/T, since T, is expected to
behave like:

T, A ebi /KT (5)

where E, is the activation energy of the jth process and
k is the Boltzmann constant [21]. Activation energies
of 0.23, 0.063, and 0.090 eV for the 7, 7;, and 7,,
respectively, were determined by fitting the modified
Bollinger-Thomas results to eq. (5). The rise time
activation energy, 0.23 eV, corresponds closely to the
activation energy associated with the 90°-reorientation
of ¥V, centers in CsI [22]. Consequently, the rise time
has been attributed to the migration of V) centers
toward luminescence centers via 90°-reorientation. Al-
though the SSW method yields some estimates of the
primary decay time constants that are outside the un-
certainties of the modified Bollinger-Thomas method
results, the SSW method results are reasonable esti-
mates with a possible systematic bias. The SSW method
yields a ratio of charge contributions from the two
primary components to the total pulse, Q,/0Q,. This
charge ratio is equivalent to the ratio of fractions,
a,/(a, +a,.), from the modified Bollinger—Thomas
method, as shown in fig. 3b. When the rise time can
not be accurately fit, T < —60°C, the charge ratio can
not be calculated. The systematic uncertainties in the
SSW method results for the decay times and charge
ratios are probably due to the rise time component not
being modeled exactly at each temperature and inaccu-
rate potentiometer calibration.

4. Emission spectrum

The emission spectra of the CsI(T!) crystals were
measured using a 0.125 m Jarrell-Ash MonoSpec 18
monochromator with two different 1200 line /mm grat-
ings, one blazed for 300 nm and the other for 500 nm.
The monochromator entrance and exit slits were 500
pm wide, which results in a 12 nm spectral resolution.
511 keV annihilation photons from a 0.7 mCi *®Ge
source were used to excite the crystals. The crystal of
interest was placed at the focal point of a quartz lens; a
similar lens then refocused the emissions onto the
entrance slit of the monochromator. A Hamamatsu
R-2059 PMT was placed at the exit slit of the
monochromator in a thermally insulated enclosure. The
PMT was cooled to —20°C to reduce the dark current,
and a background rate of about 10 photoelectrons /s
was thus achieved. The PMT was shielded from the
source with lead bricks to prevent direct interactions of
the 511 keV photons in the PMT. The output of the
PMT was converted to a logic pulse by a Tennelec
TC-454 constant fraction discriminator and subse-
quently counted with a Jorway 84 CAMAC scaler. The
crystals and first focusing lens were placed in the same
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Fig. 4. Gamma-ray excited CsI(Tl) emission spectrum at room

temperature for crystals from Bicron Corp., Horiba Crystal

Products, Rexon Components, Inc., and Solon Technologies,
Inc.

thermally insulated, temperature-controlled enclosure
as was used for the modified Bollinger—-Thomas
method, and temperature regulation method A was
used. The data were corrected for the spectral effi-
ciency of the monochromator and PMT using a NIST
traceable calibrated Hamamatsu 12196 Deuterium
Lamp.

A comparison of the CsI(Tl) emission spectrum
from the four different crystals at room temperature is
shown in fig. 4 with the data normalized to unity at the
peak emission count rate. The uncertainties shown in
fig. 4 for the STI crystal are due to counting statistics
only and are typical of the other emission spectra
reported. Emission bands at about 400 and 560 nm are
present and have been attributed to F-centers created
by I~ vacancies and thallium luminescence centers,
respectively [7). Fig. 5 shows the emission spectrum for
the STI crystal as a function of temperature, normal-
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Fig. 5. Temperature dependence of gamma-ray excited CsI(T1)
emission spectrum for Solon Technologies, Inc. crystal.



154 J.D. Valentine et al. / Temperature dependence of CsI(Tl)

ized to the peak emission count rate at room tempera-
ture. The emission spectrum appears to peak between
560 and 570 nm at all temperatures. The 400 nm band
is observed to disappear between —50 and —75°C.
This is believed to be due to the decreased mobility
and thermal excitation of holes that recombine with
the F-centers to create the 400 nm emission band.
Although the 400 nm band is quite evident above
—350°C, its relative contribution to a pulse is smail. The
small peak that appears in most of the emission spectra
at about 520 nm is believed to be due to calibration
inaccuracies and not a true emission peak. The change
in relative peak count rate observed with changing
temperature may be complicated by the CsI(TI) ther-
moluminescence emissions, as will be discussed.
Spectrally resolved timing measurements were made
to determine the temporal luminescence intensity of
the 400 and 560 nm bands. By performing the modified
Bollinger-Thomas method with the monochromator
set at either 400 or 560 nm, I(¢) for those cmission
bands was measured. No significant deviation from the
previously reported rise and decay time constants was
observed for either emission band. Therefore, we con-
clude that the emission spectrum and temporal lumi-
nescence intensity of CsI(T1) are independent.

5. Relative scintillation yield

Since the decay times of CsI(T1) are temperature
dependent, it is necessary to measure the scintillation
yield using a method that either accounts for or is
unaffected by changes in decay times. The SSW method
is a pulse mode method that was developed for the
purpose of determining scintillation yield by account-
ing for long decay times and changes in these decay
times. A current mode method that is unaffected by
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Fig. 6. Comparison of CsI(TI) relative scintillation yield results

from shaped square wave (SSW) method and current mode
(CM) method for Solon Technologies, Inc. crystal
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Fig. 7. CsI(TD relative scintillation yield results for crystals

from Bicron Corp., Horiba Crystal Products, Rexon Compo-

nents, Inc, and Solon Technologies, Inc. measured by current
mode method.

decay time changes was also used. The current mode
method was achieved by placing an active source near
the CsI(TI) crystal and measuring the PMT output
current with an electrometer. It was assumed that the
PMT output current is directly proportional to the
scintillation yield. The crystal was placed in the same
enclosure used for the emission spectrum and modified
Bollinger—-Thomas measurements. The crystal temper-
ature was controlled by a slightly different method
because thermoluminescence was observed to affect
these measurements both while increasing temperature
and at thermal equilibrium, as further discussed in the
next section. To avoid these problems the crystal was
initially heated to 50°C, the heating clement turned off,
and the crystal cooled at a rate of about 1°C per
minute by manually regulating the liquid nitrogen flow
such that the crystal temperature was monotonically
decreased (temperature regulation method B). The
light collection efficiency and photodetector quantum
efficiency were assumed to be independent of CsI(TI)
crystal temperature for both methods.

A comparison of the results from the SSW method
and current mode method is shown in fig. 6 for the STI
crystal, while the results from the current mode method
for all four crystals are shown in fig. 7. The relative
yields have been normalized to unity at the room
temperature yield. The scintillation yield 1s observed to
be only slightly temperature dependent in the range of
—30 to +50°C varying from about 5% above to 10%
below the room temperature yield, respectively. The
differences observed between the results for the SSW
and current mode methods for the STI crystal are
assumed to be due to not accounting for the tempera-
ture dependence of the photodiode quantum efficiency
and not modeling the rise time exactly at each temper-
ature in the SSW method. Thus, we believe that the
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current mode method yields a more accurate estimate
of the temperature dependence of the CsI(TD) scintilla-
tion yield.

6. Thermoluminescence

The current mode scintillation yield measurements
were initially made using temperature regulation
method A. However, the scintillation yield for the STI
crystal was observed to deviate by factors of up to four
in the temperature range of —80 to —30°C when
warming the crystal as opposed to cooling the crystal.
This deviation has been attributed to thermolumines-
cence emission. Additionally, thermoluminescence was
observed to affect the current mode method results at
thermal equilibrium for temperature regulation method
A in the same temperature range. Furthermore, ther-
moluminescence release was not observed to affect the
current mode measurements when temperature regula-
tion method B was used.

To determine the temperatures and magnitudes of
the peak thermoluminescence emissions, the ‘“glow
curves” of each CsI(TI) crystal were measured. After
the crystals came to thermal equilibrium at —100°C,
the liquid nitrogen flow was turned off and the heating
element turned on. The crystal was subsequently heated
at a rate of about 5°C per minute while the PMT
output current was recorded. The crystal was continu-
ously irradiated during the measurements, thus it was
necessary to subtract the gamma-ray excited scintilla-
tion yield from the recorded data to arrive at thermolu-
minescence yield. The resulting “glow curves” for the
four different crystals are shown in fig. 8. The thermo-
luminescence yield for each crystal has been normal-
ized to its room temperature scintillation yield. It is
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Fig. 8. CsI(T1) thermoluminescence “glow curves,” for crystals

from Bicron Corp., Horiba Crystal Products, Rexon Compo-

nents, Inc., and Solon Technologies, Inc. measured by current
mode method.

observed that all of the crystals nave thermolumines-
cence emission peaks at about —65°C, the STI crystal
either has peaks at —65 and —55°C or one very broad
peak, the Bicron, Horiba, and Kexon crystals have
peaks at about —90 and + 20°C, and the Bicron crystal
has an additional peak at about —40°C. We do not
know why these significant crystal-to-crystal differences
are observed, but using CsI(T!) crystals in temperature
ranges of large thermoluminescence yield may lead to
erroneous results,

The thermal equilibrium release of thermolumines-
cence also affects other measurements. As previously
mentioned, the relative peak count rate in emission
spectrum measurements will probably be erroneous in
temperature ranges of large thermoluminescence yield.
However, thermoluminescence was not observed to
change the shape of the emission spectrum. In lumi-
nescence timing spectra, the thermoluminescence man-
ifests itself as an increase in the chance coincidence
rate. Although this should not affect the modified
Bollinger—Thomas results, it further obscures the long
decay time constant by decreasing the signal-to-noise.
Similarly, the presence of thermoluminescence will de-
crease signal-to-noise for other pulse mode methods.

7. Discussion

The emission spectrum and decay time constants of
CsI(TI) have been measured over the temperature
range of —100 to +50°C. Emission spectra observed at
room temperature in crystals from different vendors
showed negligible differences. The decay times for the
four different crystals were found to vary by less than
10% at 0°C and by 17% at room temperature. The
relative scintillation yield and thermoluminescence
“glow curves” were also measured in the same temper-
ature range. Crystals from different vendors were ob-
served to have similar scintillation yield temperature
dependence, with yields peaking at temperatures rang-
ing from —30 to —20°C. Thermoluminescence emis-
sions were found to peak at about —65°C for all
crystals, while peaks at —90, —40, +20, and possibly
—55°C were observed for some crystals. For the STI
crystal, it was found that thermoluminescence in the
range of —80 to —30°C affects both current and pulse
mode measurements because of small temperature os-
cillations and/or temperature gradients across the
crystal. Similar problems should arise for any CsI(TI)
crystal in temperature ranges of large thermolumines-
cence yield. An important implication of these thermo-
luminescence findings is that results of applications
that require room temperature operation in current
mode could be susceptible to temperature fluctuations.

The two primary decay time constants, 7, and 7,,
were found to increase approximately exponentially
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Table 5

Expected wavelength-averaged quantum efficiencies for a typ-
ical silicon PIN photodiode coupled to CsI(TI) and expected
absolute scintillation yield of CsI(TI)

Temperature  Internal External Absolute

[cC] quantum quantum scintillation

efficiency  efficiency  yield ¢
[photons /MeV]

+50 0.896 0.685 60100
+25 0897 0.687 64 800
0 0.898 0689 66 800
=25 0.900 0.691 68200
-50 0.902 0.694 62500
—-75 0.907 0.702 55200
—100 0.912 0709 40400

4 Based on a room temperature absolute scintillation yield of
64 800 photons/MeV [1] and relative scintillation yield re-
sults.

with inverse temperature. A significant rise time con-
stant was found to populate 7, and increases exponen-
tially with inverse temperaturc as well. The SSW
method was found to rcach its limits of applicability
due to the length of 7, at about —60°C. The modified
Bollinger-Thomas mecthod was found to have prob-
lems 1n accurately determining 7, because of poor
signal-to-noise. The signal-to-noise became worse with
decreasing temperature due to the increasing decay
times and could have been further degraded by ther-
moluminescence light.

Although the emission spectrum measurements for
the STI crystal probably included thermoluminescence
light in the —80 to —30°C range, it was not observed
to affcct the shape of the spectrum. With the emission
spectrum shape known, the expected quantum effi-
ciency for a given photodetector can be calculated.
Table 5 shows the expected internal and external wave-
length-averaged quantum efficiencies for CsI(T1) when
coupled to a typical silicon PIN photodiode along with
the expected absolute scintillation yield of CsI(TI). The
wavelength-averaged quantum efficiencics increase
with decreasing temperature because of the decreasing
amount of light emitted at short wavelengths.

An ultra-fast decay component was also confirmed.
Qur best estimate of the decay time is < 0.5 ns, but it
has been previously reported to be < 10 ps by Deich et
al. [19,20]. The yield of the ultra-fast component ap-
pears to be independent of temperature and accounts
for roughly 0.2% (about 100 photons/McV for gamma
rays) of the total light yield for the PMT used. This
yield is too small to be seen in our emission spectrum
measurements, but has been reported to have a broad
emission band that peaks around 620 nm [19]. The
ultra-fast component is of limited use in gamma-ray
experiments bccause of this long wavelength of cmis-

sion. The quantum cfficicney of typical photocathodes
at 620 nm is very low, such that a typical yield will be
< 1 photoelectron /MeV. Although the quantum effi-
ciency of photodiodes is typically very good at 620 nm,
the photodiode noise will tend to obscure this small
signal.

The scintillation yield peaks at about —30°C for the
STI crystal. The decrease in scintillation yield below
the pecak is at least partially due to energy being stored
in the crystal. This stored enecrgy is the source of the
thermoluminescence light that is released when the
crystal is warmed. The peaking of the scintillation yield
at —30°C suggests that energy resolution of CsI(TD)
should be optimized at this temperature. However, the
long decay time is on the order of the longest commer-
cially-available amplifier shaping time, resulting in a
significant ballistic deficit. In fact, the ballistic deficit
causes the amplifier output pulse amplitude (or photo-
peak centroid) to decrease with temperature below
about + 10°C independent of amplifier shaping time,
even though the scintillation yield is increasing down to
—30°C. Improving the energy resolution of CsI(TI)/
photodiode detectors below room temperature is thus
not as promising as originally hoped. Since the scintil-
lation yield variations with temperature are relatively
small, other factors, such as decay times and thermolu-
minescence, will dictate the optimum operating tem-
peraturc.
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