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ABSTRACT

Several readout techniques for undoped Cal have been studied whick utilise the fast
scintillation component for speed, and the high photon yield for good energy resolu-
tion. Quantum yields have been measured for samples up to $0 cm in length using
pholomuliiplier tubes, wavelength shifters, and silicon photodiodes. A study has slso
ben made of the scintillation properties of undoped Csl. It is found that the light
output and decay time of the 310 nm fast component increases and the emission spec-
trum shifts to loager wavelengths at lower temperatures. The effects on the optical
tzansmission sad scintillation light output due to radiation damage from %Co gamma
rays has been mearured for doses up to ~ 16° rad. It is found that the radiation re-
sistance of undoped Cs! is substantiaily higher than has been reported for thallium

doped Casl.

1. INTRODUCTION

It has recently been reported that undoped cetium
iodide (Csl) exhibits a faut scintillation emission at ~
310 nm which can be chazacterizsed by two desay times,
7 ~ 10 ns and 13 ~ 35 ns [1]. This emission was
observed many years ago in the study of the luminescence
of thallium doped cesium iodide (CsI(T1)) [2]. In addition
to this fast ccmponent, there is also a slow component
with & decay time of several microseconds which appears
to be partly related to impurities in the crystal [3).
The fast scintillation properties and high density (4.5
gm/cm®) make Csi an attractive material for use os &
high resolution electromagnetic calozimeter at high rates,
as well as for positron 2mission tomography. In addition,
undoped Csl is produced using a technology similar to
that used for CsI(Tl) which bas been produced in multi-
ton quantities [4]. Undoped Csl therefore offers promisizag
possibilities for large, high rate detectors for high energy
and nuclear physics, as well as for medical imaging,.

This paper discusses some of the besic properties of
undoped Csl and describes several techniques for reading

DISTRIBUTICN OF THIS DOCUMENT IS UNL!MITED

out the fast component. These include photomultiplier
tubes (PMT) coupled directly to the crystal, wavelength
shifters read out with PMT’s, and silicon photodiodes. In
the case of the PMT and wavelength shifter readout, the
quantum yields have been determined separately for the
fast and slow components. The change in the intensity,
decay time and emission spectrum of the scintillation
light outpu. is also discussed. Finally, results are given on
the loss of transmission and light cutput due to radiation
damage from *°Co gamma rays.

2. READOUT TECHNIQUES

Direct PMT

The simplest type of readout for undoped Csl is to
couple the cryatal directly to a quarts or uv glass window
PMT. This method gives the greatest photoelectron yield
combined with high gain and low noise, and is therefore
the best technique for measuring energies in the few MeV
range. It is also poscible to obtain excelleat energy
resolution at higher energies (¢/mean ~ 2%/VE at ~ 1
GeV) with this method [5].
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Photoelectron Yield and Energy Resclution of Large Undoped Csl Crystals

Short Gate (100 ns)

Long Gate (1pus) S/L

Supplier Size(em) Npe/MeV AE/E Npe/MeV AE/E Ratio
Horiba Sx5x18 199+ 5 25+ .01 202+ 5 24+ .01 .68
Horiba 6.1x30 129+ 35 27+ .01 1595 2T+ .01 .81
Bicron 5x5x1% 262+ 5 19+ .01 LS 18+ .01 .15
Bicron 8.1x30 175+ 5 27T+ .01 2255 28+ .01 .78
BDH §x3x20 203+ 5 21+ .01 250+ 5 21+ .01 .81
BDH A 6.1x30 S50+5 ST+.01 TT+£5 .35 + .01 .84
BDH B 8.1x30 102+ % 35+ .01 154+ 5 A2+ .01 .68
Harshaw Sx5x15 140+ 5 25+ .01 213+5 23+ .01 .68
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Fig. 1: Pulse height distributions foz the Bicron
hexagon for !37Cs &) 100 ns gate b) 1 us gate.

The photoelectron yields for & number of large crys-
tals was measured using a quarts window PMT (Hama-
matsa R2059) and are given in Table I. Each crystal waa
wrapped with two layers of white reflecting teflon tape
and coupled directly tc the tube with & uv transmitting
silicon fluid (GE Viscasil 600M). The number of photo-
electrons produced per unit energy deposit in the crystal
was determined from the photopeak of the pulse height
distribution from a '¥7Ca source (E, = 862KeV) and
an independent determination of tae single photoelectron
pulse height from the PMT. Measurements were made
with & LeCroy 3001 qVt using integration times (gate
lengths) of 100 as and 1 ps. Also given are the energy
tasolutions A E (fwhm) /E obtained at 682 KeV and the
ratic of photoelectrons measured for the short and long
gates.

The samples ranged in sise from 15 cm in length with
a 5x5 cm square cross section to 30 cm in length with
s 6.1 cm flat-to-flat hexagonal cross section. The best
of the large hexagonal crystals was obtained from Bicron
and gave 175 pe/Mev for the short gate and 225 pe/MeV
for tie long gate, with a ratio of short/long (3/L) of 0.78.

The pulse height spectra for *"Cas obtained with this
crystal for the short and long gates ate shown in Fig. 1.

Qverall, the photoelectron yields and energy resolu-
ticns for the large crystals are quite good. There is,
however, a latge sample to sample variation, especially
from manufacturer to manufacturer. Also, 2-3 times
higher photoelectron yields and S/L ratios 2 0.9 have
been observed in amaller samples (e.g., 2.54 cm dia. x
2.54 cm long eylinders), indicating that it is in principle
possible to obtain higher quality material. Table I also
shows that that the resolutions are in general poorer than
that due to photoelectron statistics alone, implying that
there other factors contributing to the observed resolution
in larger crystals.

It is worth noting that the photoelectzon yields for
the fast component in Csl are roughly a factor of two
higher than for the fast component of BaF; crystals of
comparable sise [6]. Moreover, taking the S/L ratio as
a mecasure of the ratio of fast to slow component in the
crystal, this ratio is much higher in undoped Csl than in
BaF; (~ 0.8 for the best lazge Cal crystals compared with
< 0.2 for BaF;). Therefore, although the fast component
in Csl is not us fast as in BaF;, the slow component is
considerably less intense and will cause less pileup at high
rates.

Figure 2 shows the detected fast component light
output of the Bicron hexagon for various source positions
along the length of the crystal. The solid points are for
the PMT coupled o on2 end of the crystal and the open
points are for the PMT coupled to the other end. The
light output is nemrly constant in the first orientation,
while in the second orientation, approximately 15% lecs
light is detected from the end farthest from the readout.
This imaplies that there is a nonuniformity in the light
output within the crystal, which can be compensated
for by orienting the end witk the highest light output
away from the PMT. The data alsc imply that the
effective attenuation length in this sample is quite long.
However, the effective attenuation length reflects the
actual sbeorption length in the material (typically 2 60
cm) and the light collection efficiency for a particular
geometry. It is therzfore not necessarily indicative of
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Fig. 2: Fast component light output measured
for various source positions aleng the length of the
Bicron hexagon. Solid circles - firat orientation;
Open circles - second orientation (see text).
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Fig. 3: Fast/total (S/L) ratio measured for vari-
ous source positions along the length of the Bicron
hexagon. Sclid circles - first orientation; Open
circles - second orientation (see text).

what the effective attenuvation lengih would be for other
geometries.

Fig. 3 shows the S/L ratio measured along the same
crystal. The ratio is approximately flat for both orienta-
tions, indicating that ratio of the fast to slow component
is nearly constant across the length. Similas results for
both the fast component light output and S/L ratio were
observed with other large samples.

There has been some evidence in the literature that
the slow component in Csl is emitted at much longer

wavelengthe (22 400 nm) than the fast component {1]. If
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Fig. 4: Relative pulse height vs gate length:

Solid circles - Harshaw crystel, no filter; Open
circles - Harshaw crystal, with filter; Solid traingles
- Bicron crystal, no filter; Open triangles - Bicron
crystal, with filter.

this were true, it should be possible to reduce the slow
comnponent detected in the readcut by interposing an
optical filter between the crystal and PMT which passes
the 310 nm light and suppresses all other wavelengths.

The slow component suppression using this technique
was measured with a sroad band pass filter (Oriel No.
51800) with a pesak transmission of 26% at 320 nm and
20%(0.2%) at 400(425) nm. Figure 4 gives the fraction
of light collected as a function of integration time for
two undoped Cal crystala witk and without the filter.
In each case, the fraction is normalised to 1.0 at 1 pus.
The samples tested were 2.54 ecm dia. x 2.54 em long
cylinders. The fraction of light collected for 100 ns is
equivalent to the S/L ratio, while the reat of the curve
gives the amount of light collected for longer times. The
open points show the Hazshew (now Engelhart, Inc.)
crystal with and without the filter, This crystal, which
had a good intrinsic S/L ratio (~ .858), did not improve
with the filter, The other sample, frora Bicron, had & poor
intrinsic S/L ratio (~ .59) aad improved significantly to
~ 0.8 with the filter. Other samples with poor intrinsic
5/L ratios showed similar increases, but in no case did
the S/L ratio increase beyond ~ 0.9 with the filter. This
would imply only part of the slow component emission
spectrum is cut out by the filter. However, part of the
slow emission must occur at wavelengths shorter than 400
nm which makes it difficult to s2parate spectrally from
the fast component. This may also indicate that some
of the slow component is not related to impurities in the
crystal.

Wavelength shiflers

Another readout possibility for undoped Col is to use
the uv scintillation light to excite a wavelength shifter
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Fig. 5: Pulse height distribution for 3 GeV elec-
trons in the Horiba hexagon with direct readout
(wolid histogram) and BC 408 wavelength shifter
readout (dashed histogram). The curve indicates
the region which was fit to obtain the resolution.
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Fig. 6: Relative pulse height vs. gate length for
the Horiba hexagon: Solid points - direct reaucat;
Open points - BC 408 wavelength shifter readout.

of the type used in plastic scintillators. This shifts
the primary uv light to longer wavelengths where many
photon detectors are more sengitive and eliminates the
nead for quarts windows. It also allows the possibility of
reading out many crystals with a single wavelength shifter
thz same way that multiple layets of scintillator plates
are read out with a wavelength shifting bar in & sampling
calorimeter. This could be used, for example, to read out
an array of crystals with a single wavelength shifter with
PMT’s on each end. The difference in pulse height and
timing from the two tubcs could be used to determine the
location of the shower along the length of the arzay.

¢

The wavelength shifting readout technique was studied
using the Horiba hexagon with several types of wavelength
shifters. A wavelength shifter measuring 7.7x4.9 cm? by
0.9 ¢cm thick was placed ~ 0.5 mm from the readout end
of the crystal. It was wrapped with aluminum foil on
all sides except the surface facing the crystal and was
read out on one 4.9x0.9 cm3? end with a glass window
PMT (Hamamatsu R1828-02). With this arrangement,

the PMT did not view any direct light coming from the
crystal.

The highest photoelectron yield was obtained with a
piece of Bicron BC 408 scintillator used as the wavelength
shifter. This gave a value of 44 p.e./MeV for the short
gate and 54 p.e./MeV for the long. The number of
photoelectzons per MeV obtained with the wavelength
shifter was ~ 25% of the number detected directly with
a quarts window PMT for both the long and short gates.
Another wavelength shifter, consisting of BC 408 fours
embedded in aczylic, gave ~ 15%. It is not clear why the
acrylic sample gave s lower value.

This same arrangement was used to study the response
of a large crystal to high energy showers. Figure §
shows the pulse heigkt distribution obtained with the
Horiba hexagon for 3 GeV clectrons in a test beam
at the Brookhaven AGS. The solid histogram gives the
distribution for the direct readout with the quarts window
PMT and the dashed histogram gives the distribution
for the wavelength shifter readout using the BC 408
scintillator shifter and glasse window PMT. The gains
were adjusted such that the electron peak occurred in
approximately the same channel in both cases. Since
the crystal did not provide sufficient containment st
this energy, the resolution is dominated by transverse
and longitudinal leakage. Nevertheless, a resolution of
o/mean ~ 4% weas obtained by applying s Gaussian fit to
the upper part of the curves as shown in the figure. This
indicates that, at least at high energies, it is possible to
obtain a resolution with the waveiength shifter which is
comparable to the direct readout.

Since the wavelength shifter is primarily excited by
the 310 nm fast component, any slow smissicn at longerz
wavelengths should be suppressed since the PMT does
not view any direct light coming from the crystal. One
would therefore expect that if the slow emission occurs
mainly at longer wavelengths, the S/L ratio for & given
crystal should improve with the wavelength shifter read-
out. We find however that this is not the case. Figure 6
shows the fraction of light collected as & function of in-
tegration time for the Horiba hexagon for the direct and
wavelength shifter readout. Since there is very little dif-
ference between the two, we again conclude that part of
the slow emission occurs at shorter wavelengths, similar
to the fast component.

Silicon photodiodes

Silicon photodiodes offer another possibility for reading
out undoped Csi. Devices currently availsble have good
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Fig. T: Pulse height distribution for cosmic

rays for the 5x5x20 cm® BDH crystal with silicon
photodiode readout.

Table IT
Photoelectron Yields For Silicon Photodiode Readout
Sample size {(em) Egep (MeV) Npe/MeV
1.2Tx1.27x 2.54 T 6880
2.54 dia. x 2.54 14 540
5x5x20 110 117

quantum efficiencies (2 30%) in the 300 nm wavelength
range and have rise times ~ 10 ns, which is well matched
to the decay time of the fast component in the crystal.
This type of readout could be used inside a magnetic
field and is an attractive possibility for reading out large,
highly segmented atrays of crystals.

A previous result reported a light yield of 16,800 pho-
tons per MeV for undoped Cal besed on u meaaurements
with silicon photodiodes [?]. This implies an intrinsic
light output ~ 40% of Nal, which is in gross disagreement
with the value of 4% claimed by the group that discov-
ered the fast scintillation component in undoped Csl [3].
However, the samples measured in ref. {7] were of ques-
tionable purity, which may explain their unusually high
light yieid.

The photaelectron yields have been measured for sev-
erael undoped Cil crystals coupled directly to a Hama-
matsu S-3580-03 silicon photodiode. The samples were
polished on all surfaces and completely wrzapped except
for the readout area with white reflecting teflon tepe. Thz
crystal was coupled to the photodiode with nv transmit-
ting silicon fluid. Cosmic rays were used as a source of
energy deposit in the crystals. A set of small scintilla-
tion counters above and below the samples were used to
define the cosmic ray trigger. The cosmic rays selected
Ly the trigger did not pass through the active azea of the

photodicde. The photodiode was connected to a pream-
plifier of the type used by the CLEO II collaboration (8]
and was followed by a shapiag amp!i®e; with a shaping
time of 2 pa. In this configruation, the noise observed
was ~ 700 electrons rms. The noise increased to ~ 800
electrons rms with a shaping time of 0.5 ua with a0 signif-
icant change in the photoelectron yields. It would clearly
be interesting to use shorter shaping times in order to
take full advantage of the speed of the crystal, but this
was not possible with our present electronics.

Figure 7 shows the pulse height distribution for cosmic
rays obtained with a the 5x5x20 em?® BDH sample. The
average enetgy deposit was ~ 110 MeV and the observed
distribution had & fwhm/mean ~ 45%. Table II gives the
photoelectron yields measured for three different samples
along with the average energy deposit in each crystal.
For comparison, the photcelectron electron yield for the
latge crystal measured with the PMT is given in Table
I, and is 296 (573) pe/MeV for the 1.27x1.27 em? (2.54
em dis.) samples. There is clearly a strong dependence
of the photoelectron yield on the size of the crystal. The
photodiode active area is only 1x1 cm? and therefore does
not cover the entire readout area of even the smallest
crystal. The photoelectron yield in largely determined by
the light collection factor which is lowest for the large
ctystal. In this case, the photoelectron yield could be
improved by covering the readout ares with more than
one photodiode, but the signal to noise ratio for each
would remain the same. For the large crystal, this would
correspond to a useful low energy threshold (~ 50neise)
of ~ 32 MeV. The same threshold for the smallest crystal
would be ~ 5 MeV.

A similar measurement was made with two CsI(Tl)
samples, one 1x1x2.54 cm® and the other 2.54x2.54x2.54
em®. In this case, the photodiode was's Hemamatsu
S-1723-08 connected to the same readout electronics but
with a factor of 30 less gain. The rms noise was again ~
700 electzons. The photoelectron yields measured for the
two samples were 23,900 p.e./MeV and 15,800 p.c./MeV
respectively. It is difficult to determine the absolute pho-
ton yielda for each crystal due to the different geometries
and hence different light collection efficiencies. However,
after correcting for the quantum efficiencies of the pho-
todiodes at the different penk emistion wavelengths of
undoped Cal and CsI(T1), a ratio is obtainied for the in-
trinsic light output of undoped Csl relative to Cal(Tl) of
approximately 6-7 %, where the range covers the uncer-
tainty in the light collection efficiencies. This agrees well
with a value of 8% we measured with similar crystals us-
ing a PMT, and is also consistent with the value of 4%
for the ratio of undoped Csl to Nal reported in ref. (3].

3. TEMPERATURE DEPENDENCRS

It was reported in ref. {3] that the light output of
undoped Csl has a temperature coefficient ~ -1.5%/°C
neaz room temperature. This is similar to the temperature
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coefficient observed in other crystals such as BGO [9]
and the slow component in BaFy [10].

To study the temperature dependence of undoped Cal,
a lxlxl cm® crystal was placed in & iiquid nitrogen
cryos:at and viewed through a quarts window by a PMT
kept. at room temperature. A 32Na source was used to
excite the sample and simultaneously produce a signal a
small BaFy crystal resd out with s second PMT. The
BaF, signal was used to start s time to digital converter
and the signsl from the CsI was used as & stop. The
distribution of stop pulses was used to obtain the intersity
and decay time of the Csl light output. Additional details
regarding this technique can be found in ref. [11].
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Fig. 10: Emission spectrum of undoped Cal at
23°C and liquid nitrogen temperature.

The change in the decay times of the fast components
as a function of temperature are shown in Figure 8.
These components, which are charucterised by two decay
times, i ~ 7 ns and 7y ~ 29 ns at room temperature
(in rough sgreement with 10 ns and 35 ns reported in
[3]), increases to ~ 180 ns and ~ 320 ns, respectively,
at ~ —=190°C. The total intensity, including both fast
components, as a function of temperature is shown in
Figure 9. The intensity increases by approximately a
factor of 6 &t ~- —150°C and decreases slightly at lower
temperatures.

This result is very different than the temperature
behavior of BaF;. The fast emission in BaF; is thought
to be due to & so-calied crossover transition [12] and
exhibits no variation with temperature over a fairly large
range [10]. This indicates that the fast scintillation
mechanism in undoped Cil is fundamentally different
than in BaFy;. However, the effect of increased light
intensity and longer deesy times at lower temperatures
have been obecrved in other scintillators such as CdF,
(13) and BGO [9].

The increased light yield at low tempersture was aleo
confirmed by a measurement with the silicon photodiode.
The 1.27x1.27x2.54 cm® crystal and photodiode were
cooled to liquid nitrogen temperature and excited with
a 137Cy source. A clear photopeak was observed which
corresponded to ~ 9900 pe/MeV, compared with 680
pe/MeV at room temperature. This is a factor of 14.6
increase, compnred with the factor of 8 observed with the
PMT. However, it has been reported that the emission
specturam of undoped Csl shifts to longer wavelengths at
lower temperatures [2]. Since the quantum efficiency of
the photodiode is higher at longer wavelengths, this could
explain part of the increase in the observed photoelectron
yield.

The shift in the emission spectrum at low temnerature
was confirmed by our own measuremente. Figure 10




shows the emission spectrum for undoped Csl at room
and liquid nitrogen temperature. There is a shift in
the peak emission from 310 nm to 340 nm at the lower
temperatures. Thiz wonld produce only a ~ 3% increase
in photoelectzon yield due to quantum efficiency of the
photodiode. The difference between the increase observed
with the photodiode and the PMT could be due to a
difference between the two samples or a change in the
photodiode characteristics at lower temperatures.

4. RADIATION DAMAGE

Radiation damage in scintillating materials can severly
limit their usefulness in certain applications. This damage
is caused by the formation of color centers that reduce
the light transmission, or by destroying the luminesceat
centers in the material. It has been shown that Cal(TI)
is susepsible to radiation damage at rather low doses
(S 10% rad) (14]. However, it would not be suprising if
undoped Csl were considerably more radiation resistant
than CsI(Tl) due to the fact that radiation induced color
center formation is largely dependent on the presence of
impurities in the crystal lattice.

A total of five undoped Csl samples 2.54 cm dia.
x 2.54 cm long were irradiated with gamma rays to
doses in excess of 10% rad at the *°Co Radiation Fa-
cility at Brookhaven National Lab {15]. The samples
were irradiated in a atmospherically controlled chamber
through which dry nitrogen flowed continuously to pre-
vent any surface deterioration due to moisture during
the exposure. The optical transmission and scintillation
light output were measured before and after irradiation
to determine separately the loss in light output due to
increased absorption snd reduced scintillation in the ma-
terial. In addition, ihe radiation source was temporarily
removed at periodic intervals during the exposure in order
to measure the transmission through the samples. These
measurements were made typically within $-b minutes af-
ter removing the source to observe any effects of radiation
damage which have a short recovery time.

Figure 11 shows the radiation induced absorption for
two samples, one from Horiba aad another from Bicron.
These samples were typical of the other samples measured.
The data ate given in terms of the induced absorptioa
coefficient a as a function of wavelength, where o is
defined as I = [,e~=", and 3 is the sample thickness in
cm. The induced absorption is defined as the increase
in absorption relative to the unirradiated sample. The
solid curves shown ate for doses of 10%, 104, 108, 10¢
and 1.5x10% rad in order of increasing absorption. The
squares show the absorption measured 3 days after the
radiation was halted. During the recovery period, the
samples were kept in the durk at room temperature.

Both samples show a prominent absorption band at
~ 800 nm snd several baads in the 250-550 nm region.
This 800 nm band has been obsetved before and bas
been tentatively identified as due to an F-center [16}.

Absorpfion Coefficient (cm™)

= b) BICRON
g B1
g’
T 010
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% 008
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Fig. 11: Absorption coefficient vs. wavelength
for various doses of *Co gamma radiation: 10%,
104, 10%, 10° and 1.6x10° vad a) Hozxiba b) Bicron.
Squares thow the recovery after 3 days in the dark
at room temperature. '

The telative intensity of the 250-550 nm bands differ
appreciably between the two samples, as well as rate of
growth of the different bands. In the Bicron ceystal, the
800 nm band begins to saturate st higher doses, while
in the Horiba crystal, the absorbarce continues to grow.
The opposite effect is true in the 250-500 nm tegion. In
both cases, the absarption coeflicient increased by ~ .05
in the region of the fast scintillation emission, implying
that the expecied loss in light cutput due to increased
absorption would be ~ 12%. Both samples show little
of no recovery in the short wavelength region, but the
Biczon sample shows a substantial zecovery for the 300 nm
absotption band, where the Horiba sample shows almost




Table IIT

the total amount of damage observed is considerably less
Change in Light Outpat and S/L Ratio After 1.5x10¢

than has been reported in Cal(T1).
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