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Abstract—Because of its fast scintillation and low cost,
undoped Csl crystal has been used to construct crystal calorime-
ters for high-energy physics experiments. Undoped CsI crystal
samples from three vendors were investigated at the Caltech
Crystal Laboratory. In addition to the 30-ns fast scintillation
peaked at 310 nm, a slow scintillation component peaked at 450
nm was found with a decay time of a few microseconds. The
intensity of the slow component may be varied from the seed
to the tail end, so it affects crystal’s light response uniformity.
It was also found that the slow component is highly correlated
with the radiation-induced readout noise and may be eliminated
spectroscopically by using an optical filter. The slow component is
believed to be related to impurities and/or defects in the crystal.

Index Terms— Radiation-induced readout noise (RIN), slow
scintillation component, undoped caesium iodide.

I. INTRODUCTION

ECAUSE of its fast scintillation and low cost, undoped

Csl crystal has been used to construct crystal calorimeters
for the KTeV [1] and super Belle [2]-[4] experiments and
has recently been chosen by the Mu2e experiment at Fermi-
lab [5]-[8]. Historically, optical and scintillation properties of
undoped Csl crystals have been intensively studied [9]-[20].
There are, however, still two crucial issues to be understood:
the slow scintillation component with microseconds decay
time (slow component) and the radiation-induced readout
noise (RIN).

Undoped Csl crystal samples grown by AMCRYS Inc.
(Kharkov), Optomaterials Inc., and Shanghai Institute of
Ceramics (SIC) were characterized at the Caltech HEP Crys-
tal Laboratory. The slow component, its effect on crystal’s
performance, and the RIN were investigated. While our early
report was given in the NSS 2016 Conference [21], the detailed
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Fig. 1. Undoped Csl samples from Kharkov, Optomaterials, and SIC.
results of this paper are presented in this paper. Following this
investigation, 72 preproduction undoped Csl crystals were pro-
cured from commercial produces and were characterized at the
Caltech HEP Crystal Laboratory and the Laboratori Nazionali
di Frascati dell’ INFN. The results are compared to the Mu2e
specifications defined according to physics requirements and
presented in the SCINT 2017 Conference [22]. Seven undoped
CslI crystal samples of various dimensions from three vendors
were investigated. While three samples from Kharkov are of
29 x 29 x 230 mm?, one from Optomaterials is 30 x 30 x
200 mm?3, and three from SIC are 30 x 30 x 200 mm? and 34
x 34 x 200 mm?>. Fig. 1 shows the photograph of the samples
tested. All samples are optically polished by manufactures.

II. SLow COMPONENT IN UNDOPED
CAESIUM IODIDE CRYSTALS

Crystal’s light output (LO), full-width at half-maximum
energy resolution (ER) and light response uniformity (LRU)
were measured with 200-ns integration time by a Hamamatsu
R2059 photomultiplier (PMT) with a bialkali photocathode
and a quartz window. We used a LeCroy 2415 HV power
supplier which offers an output ripple (rms) of less than
50 mV and a temperature coefficient of £50 ppm/°C. Since
the room temperature of our lab is maintained at 20 °C with
an rms instability of 0.2 °C measured over 24 h, the HV
instability, thus, is less than 25 ppm for the HAMAMATSU
R2059 PMT at 2100 V. The corresponding gain stability of
R2059 is less than 250 ppm, or 0.03%. The photocurrent from
the PMT was integrated by a LeCroy 3001 charge, voltage,
and time in the Q mode. The integration gates were provided
by a LeCroy 2323A programmable gate generator. To avoid
scratching crystal’s soft surfaces, an air gap was used to couple
one end of the sample to the PMT while all other five faces
of the sample were wrapped with two layers of Tyvek paper.
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Fig. 2. PHS (top) and LRU (bottom) with (a) A end coupling and (b) B end
coupling for sample SIC 6.

Pulse height spectra (PHS) were obtained by aiming a colli-
mated Na-22 source at seven points evenly distributed along
the crystal’s axis. Na-22 y -ray peak positions were determined
by a simple Gaussian fit. The overall systematic uncertainty
in repeated LO measurements is about 1%. Crystal’s LO and
ER are defined as the average of seven points. Crystal’s LRU
is defined as the rms value of the seven points. Crystal’s LO
at seven points were also fit to a linear function

—1 +5( al- 1) (1)
Ymid Xmid

where ymiq represents the LO at the middle point of the crystal,
o provides another representation of the LRU, and x is the
distance to the PMT.

Because of its rectangular shape, one of the two ends
marked as A and B randomly may be coupled to the PMT.
Fig. 2(a) and (b) shows the PHS at points 1, 3, 5, and 7 (top)
and the LO as a function of distance to the PMT (bottom) mea-
sured for the A and B end coupled to the PMT, respectively,
for SIC 6. The LO and ER values are listed in the top plots,
and the average LO, rms, and J values are listed in the bottom
plots. Both the rms and J values are smaller with the B end
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Fig. 3.  Summary of LO (top), ER (middle), and LRU (bottom) measured
for undoped Csl samples from three vendors.

coupling for SIC 6. Csl is an intrinsic scintillator. Its LRU
is affected by both the light production and light propagation
in the crystal bulk. While the former may be position depen-
dent due to the density of defects and inclusions introduced
during the growth process, the latter is affected, in addition,
by crystal’s surface quality. To minimize the degradation of
calorimeter ER caused by light response nonuniformity, B end
may be chosen as the coupling end for this crystal [23].

Fig. 3 summarizes the LO (top), ER (middle), and rms
(bottom) values together with the Mu2e specifications (dashed
lines). Since the performance of the samples is the coupling
end dependent, the average of both coupling ends is used in
this figure. The LO of almost all the samples satisfies the spec-
ification except two Kharkov samples, presumably because of
its slim dimension which increases the light bouncing numbers
in the crystal bulk. The sample SIC 2016-1 has the highest LO,
which is presumably due to its larger coupling face than the
others. The ER of all the samples satisfies the specification,
where two Kharkov samples show the worst ER because of
their low LO. One SIC sample shows bad LRU, indicating
the necessity to improve the crystal surface processing. In a
conclusion, commercially available undoped CsI crystals may
be used to construct the Mu2e calorimeter.

Fig. 4 shows the LO as a function of integration time mea-
sured for three undoped Csl samples from different vendors.
In these measurements, a collimated Na-22 source was aimed
at 29 and 25 mm from the PMT for 230- and 200-mm-long
samples, respectively, which corresponds to the first data point
closest to the PMT in Fig. 2. The LO is fit to two exponential
decay times. In addition to a fast component with 30-ns decay
time, a slow component with a decay time of a few microsec-
onds was observed in Kharkov and Optomaterials samples.
No slow component was observed in sample SIC 6, indi-
cating that it is not intrinsic, rather impurities and/or defects
related, so can be eliminated through purifying raw material
and optimizing crystal growth technique. This conclusion is
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Fig. 4. LO as a function of integration time for CsI samples.

consistent with early suggestions that the slow component is
due to Nat or CO3 contamination [19], [24], [25] or intrinsic
and extrinsic structure defects [19], [26].

Fig. 5(a)—(c) shows the LO with 200-ns (top) and 3000-ns
(middle) integration time and the fast/total ratio (F/T), defined
as LO (200 ns)/LO (3000 ns), as a function of the distance
to the PMT for Kharkov 4, Optomaterials 11, and SIC 6,
respectively. The F/T ratio values are 75%, 84%, and 98%
for Kharkov 4, Optomaterials 11, and SIC 6, respectively,
indicating that the slow component is sample and vendor
dependent. The F/T ratio also decreases from the one end to
other in Kharkov 4, which is not observed in Optomaterials
11 and SIC 6. The variation of the F/T ratio would certainly
affect the LRU.

Fig. 6 shows a summary of the F/T ratio for all samples
together with the Mu2e specification (dashed lines). Most
samples except one Kharkov satisfy the F/T ratio specification.

Fig. 7 shows the comparison of X-ray excited luminesc-
ence (XEL) spectra for SIC 6 (red curve) and Kharkov 4 (blue
curve), which were measured by a Hitachi F-4500 fluorescence
spectrophotometer for samples excited by an Amptek E3-T
X-ray tube. The result shows almost no slow component in
SIC 6 and a high slow component in Kharkov 4. An additional
emission peaked at 450 nm was clearly observed in Kharkov 4,
which is consistent with the previous investigations [19], [20].
Fig. 7 also shows an FGUV-11 bandpass filter with the
bandwidth of 275-375 nm which was used to select the main
emission and cut the slow component in undoped CsI.

Although not applicable in the Mu2e calorimeter, the use
of the FGUV-11 bandpass filter is investigated to understand
the nature of the slow component in Csl. Fig. 8 shows the
comparison of LO as a function of integration time measured
with (red square) and without (black circles) the FGUV-11
filter for two CslI samples with slow component: Kharkov 4
and Optomaterials 11. The slow component was completely
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Fig. 5. LO with 200-ns (top) and 3000-ns (middle) integration time and
the F/T ratios (bottom) measured at seven points along the CsI samples from
three vendors. (a) Kharkov 4. (b) Optomaterials 11. (c) SIC 6.

eliminated by the filter in both samples. As a consequence,
however, the LO of these samples was reduced to about half
by using this filter.
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Fig. 9(a) and (b) shows the LO with 200-ns (top) and
3000-ns (middle) integration time and the F/T ratio (bottom)
as a function of the distance to the PMT measured with the
FGUV-11 bandpass filter for Kharkov 4 and Optomaterials 11,
respectively. Both the F/T ratio and the LRU are improved with
the FGUV-11 bandpass filter, confirming that eliminating the
slow component improves the LRU for undoped CslI crystals.

Radiation hardness of undoped Csl samples was measured
with integrated doses of 1, 10, and 100 krad. All samples
were irradiated following the same procedure. The crystals
were irradiated to 1 krad at 30 rad/h, and then to 10 and
100 krad at 7 krad/h. The total irradiation process took
about two days. Since no damage recovery was observed
in Csl crystals at room temperature, there is no dose rate
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dependence [27]. Fig. 10 shows the normalized LO with
200-ns (top) and 3000-ns (middle) integration time and the
F/T ratio (bottom) as a function of the integrated dose for
four undoped Csl samples. The samples Kharkov 4 and SIC
2016-1 show a good radiation hardness with an LO loss of
about 20% and 25% for 200- and 3000-ns integration time,
respectively, after 100 krad. The samples Optomaterials 11 and
SIC 11, however, show a poor radiation hardness, whose LO
loss is about 55% and 60% for 200- and 3000-ns integration
time, respectively, after 100 krad. Since Kharkov 4 and SIC
2016-1 have very different F/T ratios of 75% and 95%, this
observation indicates that the slow component does not affect
the radiation hardness of undoped Csl crystals. Rather, it is
known that radiation hardness in halide crystals is related
to oxygen contamination [27]. On the other hand, it is also
interesting to note that the F/T ratio increases with increased
integrated dose.

III. RADIATION-INDUCED PHOTOCURRENT AND RIN

The radiation environment of the Mu2e experiment is
10-krad ionization dose and 2 x 10'' n/cm? each year
expected at the hottest region with a factor of three safety
margins. Assuming 230 days run (2 x 107 s) per year,
the expected radiation environment at the hottest region is
1.8 rad/h for ionization dose and 1 x 10* n/cm?/s for neutron
fluence [22]. Phosphorescence induced by such radiation envi-
ronment in undoped CsI crystals produces RIN. The energy
equivalent RIN (o) is defined as the standard deviation of the
photoelectron number (Q) in the readout gate

Q MeV. 2)
LO
We define F as the radiation-induced photoelectron numbers
per second, which can be extracted by the photocurrent in the
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Fig. 11 shows the setup used for the measurement of y -ray-
induced photocurrent. A Co-60 source was used to excite
the crystal. The y-ray-induced photocurrent was measured
by the same Hamamatsu PMT R2059 used to measure the
LO. The setup for neutron-induced photocurrent measurement
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Setup of y -ray-induced photocurrent measurement.

is similar, except that the Co-60 source was replaced by
Cf-252 sources.

Fig. 12 shows the history of the photocurrent before (dark
current), during (radiation-induced photocurrent), and after
(afterglow) vy -ray irradiations for three undoped CsI samples
with slow component: Kharkov 4, Optomaterials 11, and
SIC 11, under a dose rate of 1.8 rad/h. In these measurements,
the samples were wrapped with Tyvek paper and coupled to the
PMT with an air gap. They were placed in a dark room until
the dark current reached an equilibrium, and then the source
was applied and removed. The afterglow in all three samples
can be fit to three time constants of 0.8, 4.7, and 22.8 h,
indicating that the same nature of afterglow in these samples.

Fig. 13 shows a similar history of photocurrent for sample
SIC 6 with a very small slow component. Its afterglow can
be fit to two time constants of 0.4 and 3 h, indicating that the
decay constant of 22.8 h in the samples with slow component
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Fig. 12. History of photocurrent measured before, during, and after y -ray
irradiation for undoped CsI samples with the slow component.
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Fig. 13. History of photocurrent measured before, during, and after y -ray
irradiation for undoped CsI samples without slow component.

(Kharkov 4, Optomaterials 11, and SIC 11) is directly related
to the slow component.

Fig. 14 shows a history of photocurrent for Kharkov 3
with slow component and SIC 14 without slow component,
which was measured before, during, and after fast neutron
irradiation at 1 x 10* n/cm?/s. Once again, the afterglow
requires three/two time constants for undoped Csl crystals
with/without slow component. We also notice that the time
constants for the neutron-induced afterglow are consistent with
that induced by y -rays, indicating that it may be caused by
the y-ray background from the Cf-252 sources.

Tables I and II summarize the dark current, photocurrent, F,
and the RIN (¢) induced by y -rays and neutrons, respectively.
All the numbers were corrected to the crystal volume of
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Fig. 14. History of photocurrent measured before, during, and after neutron
irradiation for two undoped Csl crystals.

TABLE I
VOLUME NORMALIZED y -RAY-INDUCED READOUT NOISE

LO of

Sample Dimens}ions 200 ns Clzfrreit ci}:etr(l)t F N

(cm’) gate (A (nA)* (p.e/s/rad/hr)*  (MeV)*
(p.e./MeV)
Kharkov4 2.9x2.9x23 96 0.035 679 6.68E+09 5.11E-01
Opto 11 3x3%20 140 0.039 663 6.53E+09 3.46E-01
SIC 6 3x3x20 125 0.015 296 2.91E+09 2.59E-01
SIC 11 3x3x20 128 0.018 330 3.25E+09 2.67E-01
SIC 13 3x3x20 130 0.026 461 4.54E+09 3.11E-01
TABLE 11

VOLUME NORMALIZED NEUTRON-INDUCED READOUT NOISE

LO of Dark Photo

Dimensions F c
Sample 3 200 ns gate Current  current 2 %
(em’) (p.e/MeV) (mAy*  (nayx (Pe/mem) (MeV)
Kharkov 3 2.9x2.9x23 88 0.08 112 5.01E+04 1.1E-01
SIC 2014 2.5%2.5%20 140 0.013 165 8.68E+04 9.4E-02

* Dark current, photocurrent, F and ¢ are corrected to the volume 3.4x3.4x20 cm’.

3.4 x 3.4 x 20 cm?® for the Mu2e experiment. It is also clear
that the RIN induced by y-rays is larger than that from fast
neutrons from the Cf-252 sources even without subtracting the
y -ray background.

Fig. 15 shows the RIN values induced by y -rays in undoped
Csl crystals from three vendors. Fig. 15 also shows the Mu2e
specification (dashed lines) of 0.6 MeV. While all samples
satisfy the specification, it is clear that the SIC samples have
relatively lower RIN values than the samples from Kharkov
and Optomaterials.

Fig. 16 shows two correlations between the dark cur-
rent (top) and the RIN induced by y-rays (bottom) versus
the F/T ratio, where the crystal volume was normalized to
3.4 x 3.4 x 20 cm?. Fig. 16 also shows the linear correlation
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Fig. 15. RIN induced by y -rays for undoped Csl crystals from three vendors.
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Fig. 16. Correlations between the dark current (top) and the RIN induced

by y-rays (bottom) versus the F/T ratio.

coefficients (CC), defined as
__2&=H-))
VI =023y - 5)
Excellent correlations at a level of 90% and 97% are observed
between the dark current and the RIN induced by y -rays,
respectively, versus the F/T ratio, indicating that the sup-
pression of the slow component in undoped Csl crystals is
important for crystal quality control for the Mu2e experiment.

Similarly, Fig. 17 shows an additional correlation observed
between the dark current and the RIN induced by y -rays.
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Fig. 17. Correlation between the dark current and the y -ray-induced noise.

These excellent correlations have also been confirmed by
the recent results obtained with 72 preproduction undoped
Csl crystals measured by the Mu2e experiment [22]. These
good correlations indicate that the RIN induced by y -rays may
be estimated by measuring the F/T ratio or the dark current,
offering more convenient approaches to characterize undoped
Csl crystals.

IV. CONCLUSION

Undoped Csl crystals are chosen for the Mu2e experiment at
Fermilab. Its fast emission peaked at 310 nm with 30-ns decay
time requires photodetector with the UV extended response.
Large size undoped Csl crystal samples produced by Kharkov,
Optomaterials, and SIC were investigated at Caltech. Most
samples from three vendors satisfy the Mu2e specifications,
indicating that the growth technique of undoped Csl crystals
is mature in the commercial market.

A slow component peaked at 450 nm with microseconds
decay time is observed in undoped Csl crystals. We believe
that it is impurities or defects related. Since, the distribution
of the slow component is not uniform along the crystal, the
LRU of the crystal would be affacted, so is the ER of the
calorimeter. The slow component in undoped CsI may be
completely eliminated spectroscopically by inserting an optical
filter with a price for a reduced fast LO.

The photocurrent induced by y-rays and neutrons was
measured for undoped Csl crystals and were used to extract
RIN. Excellent correlations are observed between the dark
current, the RIN induced by y -rays, and F/T ratio, indicating
the importance to eliminate the slow component for undoped
CslI crystals. These correlations also offer a convenient crystal
quality control approach by measure the F/T ratio and/or the
dark current for undoped CsI crystals.
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