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Factors influencing on obtaining
a light output homogeneous distribution
along long-length detectors based
on Csl(TI) scintillators
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The role of matting the long-dimension scintillators based on CsI(TI) single crystals for
achieving a homogeneous distribution of light output along their length was studied. It
was shown that the matting of scintillators resulted in developing roughness on their
surface and in violating the optical homogeneity which is manifested in the appearance of
birefringence bands. It is established that the maximum homogeneity of the distribution
of the light output along long-length detectors is achieved due to the interaction of the
light of scintillations with the regions of the crystal in which the optical characteristics
differ from those in the neighboring space with these regions.

Keywords: CsI(T1) long-length scintillators, matting, homogeneity of distribution of
light output.

HccnemoBana poss MATUPOBAHUA JJIMHHOMEPHBIX CIHHHTUJJIATOPOB HA OCHOBE MOHOKPUC-
tasiaoe Csl(Tl) B gocTriKeHun OJHOPOAHOIO pPACIpEIE]EHUA CBETOBBIXOAA BAOJb UX [JIUHBIL.
ITokasaHo, 4TO MaTHPOBAHNE CUMHTIILIATOPOB HPUBOAUT K O0PA30BAHHIO IIEPOXOBATOCTH HA
UX IIOBEPXHOCTH, & TAK K€ HAPYIIEHUIO OITHYECKON OJHOPOMSHOCTH, KOTOPOE IIPOABJIAETCA B
BOSBHMKHOBEHUU B HUX II0JIOC ABYJIYUYEIIPEJOMJICHNA. ¥ CTAHOBJIECHO, UTO MAKCHMAJIbHAS OIHO-
POLHOCTDL pacIpelesieHnd CBETOBBIXOAA BIOJb IJIMHHOMEPHBIX [IeTeKTOPOB [LOCTUIAETCH
BCJIGICTBYE B3aMMOAEMCTBUSA CBeTa CHMHTHUAMALMYA ¢ 00JacTAMM KPHCTAJJIA, B KOTOPBIX
OIITHYECKNE XAPAKTePUCTHKU OTJIMYAKTCH OT AHAJOIMUYHBLIX WM B I'PAHMYAINEM, C STUMU
obyiacTsMu, IIPOCTPAHCTBE.

dakTopH, MO0 BILNIHBAIOTHCA HA OTPHMAHHA rOMOTEHEBOr0 PO3MOIiJbHOTO BUIPOMIiHIO-
BAaHHA CBITJOYHOTO BWUTOTOBJEHHA /JS JOBroCTPOKOBHX [JeTEKTOPIiB Ha OCHOBIi
cuuaTIitatopis CsKTI). J.1.30cim
Hocrim:keHo poab 0cobJIWBOTO BUAY WULTIYBAHHA AOBTOMIPHMX CIWHTUJAATOPIB Ha OCHOBI
monokpucranis Csl(Tl) B gocaArmeHHi piBHOMIpHOro poO3HOLiNY CBITI0BOr0 BUXOLY Y3IOBM IX
mopxxuuu. Iloxkasamo, 1o MexaHiuna o00poOKa CUMHTHUJIATOPIB HPU3BOAUTH MO0 YTBOPEHHS
IMIOPCTKOCTI Ha IX II0OBEPXHi, a TaKOMK IIOPYIIEHHS OITHYHOI OXHOpPigHOCTI, SKe MIpPOAB-
JA€ThCA YV BUHMKHEHHI B HUX CMYT JBOIIPOMEHEBOI'O 3aJIOMJIEHHSA. BCTaHOBJIEHO, 1[0 MAaKCU-
MaJIbHA OJHOPiAHICTL PO3IOAiNYy CBIiTIIOBUXOAY B3HOBMK JOBrOMipPHUX JETEKTOPIB JOCATaEThHCA
BHACJIZOK B3aeMoOmil CBiT/Ia CHMHTHIAINN 3 IiIdHKAMM KPUCTANY, B AKHUX ONTUYHI BJIACTU-
BoCTi BigpisHsoTBCA Big aHaJsorivuHmx IiM y IpocTOpi, 10 3 HUMU MEXKYE.
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1. Introduction

CsI(Tl) scintillators in the form of an
irregular truncated pyramid with polished
surfaces are characterized by an inhomo-
geneous distribution of light output along
their length. According to results of [1,2],
the inhomogeneity of the distribution of the
activator in the crystal bulk cannot be the
reason of the effect [3] if only the local
values of concentration do not exceed the
limits of the "plateau” on the dependence of
light output concentration. In the case
where the inhomogeneity of the light output
distribution is a factor limiting the practi-
cal application of scintillators [4,5], it is
removed by matting the crystals by abrasive
materials [6]. The purpose of this treatment
is to create a roughness on the surface of
the crystal. This method is based on the
notion that the interaction of the light rays
of scintillations with the surface roughness
increases the probability of their getting to
the photo-detector [7,8]. Meanwhile, in the
experiment, with constant parameters of
matting, the reproducibility of the homoge-
neity values of the light output distribution
is comparatively low from sample to sample,
cut out even from one single-crystal boule.
This effect can be a consequence of that
under the matting of crystals, processes are
activated which contribution to the change
in light-gathering predominates over the
contribution of the mechanisms of interac-
tion of scintillation light with a roughness.

2. Experimental

The CsI (T1) crystals were grown by an
automated seed drawing method in a conical
crucible [9]. "Samples-witnesses” in the
form of a rectangular parallelepiped with a
length of 4.5¢cm and a cross-section of
1l.1ecmx2.3cm were cut from the layer of
boules along their generatrix by directional
dissolution in water [10]. These samples
were used for qualitative and quantitative
control of the composition of impurities in
crystals by optical and IR spectroscopy. The
concentration of the activator impurity in
boules was in the interval of values of 0.04 to
0.14 mol% . The content of uncontrolled impurity
molecular anions does not exceed 3x1075 mol%.
Billets in the form of an irregular truncated
pyramid with a length of 17cm, bases
1.58x2.93 cm?2 and 2.27x4.55 cm2, as well as
ones with a length of 18 em and bases
1.58x2.98 cm?2 and 2.81x4.46 cm? were cut
on the lathe. After machine processing, the
scintillators were ground and then polished.
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Fig. 1 Photograph of the area of the matted crystal

Csl (Tl) (A =0.48%) in polarized light.

The need for such processing is justified in
[11]. In grinding and polishing operations,
ethylene glycol (C,HgO,) was used as the
wetting liquid. The homogeneous distribu-
tion of the light output along the length of
the pyramids was obtained by matting the
crystal surfaces with F400 grinding paper
without the use of wetting liquids. For
measurements of the light output (Ly) and
the amplitude resolution (R) of the pyra-
mids, they were placed in the outer reflec-
tive envelope of VM3M. Then, the pyramids
were placed with a large base on an optical
membrane based on sylgard 184 with thick-
ness 0.13cm, which was located directly on
the photomultiplier. In the experiments we
used a Hamamatsu R1306 photomultiplier
with maximum photocathode sensitivity
Amax = 420 nm (Ly = Ly;,) and Hamamatsu
R669 with A ,. = 600 nm (Ly = Ly,). The
distribution of Ly along the scintillators
was measured by collimation of the y-rays
from the 137Cs radionuclide.

The homogeneity of the distribution of
the light output along the length of the
pyramids (A) was determined from the rela-
tion A = (L¥pax Ly in)/Lysye 100%,
where Ly.xs LUmin» LUave are maximum,
minimum and average Ly values in the data
array obtained by scanning the samples;

Lygpe = % - Y Ly,,, N is the number of points
m

along the crystal, in which the light output
was measured. In studies of the R(E) de-
pendence, noncollimated sources of %7Co,
22Na and '37Cs radiation were used which
were located at a distance equal to two of
their lengths from the crystals. The distribu-
tions of the pulse amplitudes obtained from
scintillators when excited by 7y-photons were
recorded with a Sugan spectrometer [12].

3. Results and discussion

In polarized light, birefringence bands
are observed in a matted crystal (Fig.l).
This effect indicates that matting, as a
method of obtaining roughness, causes the
appearance of areas in the crystals where
their optical homogeneity is impaired.
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Fig.2. Correlation between the increment of
the exponent 8¢ and the value 8A for CsI(TI)
scintillators in the form of an irregular trun-
cated pyramid.

In this case, the probability that light
from scintillations hits the photo-detector is
determined by the interaction of scintilla-
tion light both with the surface roughness
and with the areas of the crystal where op-
tical inhomogeneities are present. The con-
tributions of each of the mechanisms to the
value of A are proposed to be divided by
analyzing the dependence of R on E, or,
which is the same, R on Ly. The essence of
the approach is as follows: the interaction
of scintillation light with a roughness
causes a change in the light-gathering (7)
only; its interaction with areas with optical
inhomogeneities leads to variations of
T that correlate with a conversion efficiency

(n) change initiated by violations of the
structural perfection of scintillators. Be-
cause of this, the dependence of R on Ly,
which has the form R ~ Ly %, obeys differ-
ent laws [13] which correspond to different
values of the exponent ¢g. The growth of
real crystals leads to inhomogeneities both
in T and n  values. Their contributions to
the investigated processes were taken into
account by comparing the results of meas-
urements of experimental samples and
"specimen-witnesses”. The latter were cut
from the same sections of the boules as the
experimental samples but were not sub-
jected to any machining. The results of the
experiments are shown in Fig. 2 in the form

of the dependence of g on J0A, where &g =
(Qgr - qo)/q()’ 0A = (Ap - Agr)/Ap’ q0 and dgr
are values ¢ for "samples-witnesses” and
crystals in the form of a pyramid after mat-

ting, Ap and Agr are values A for pyramids
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Fig.3. Correlation between the wvalues of A
and the Ly,/Ly, ratio in Csl (Tl) crystals in
the form of an irregular truncated pyramid.

with polished and matted surfaces. The
inset in Fig. 2 shows the typical character
of the g, behavior, which is caused by the
matting of the crystals; the corresponding
"samples-witnesses” have the values
q, = 0.28+0.01. The scattering of the

experimental data in Fig. 2 can arise due to
the instability of the spectral matching co-
efficient of the CsI(Tl) radioluminescence
(RL) spectra with the spectral sensitivity (&)
of the photomultiplier cathode to the concen-
tration gradient of the activator (Tl) in the
scintillators. This effect is due to the fact that
as the Cq increases in the boundaries where
Ly(Cy)) = const, the width of the Csl(Tl) RL

spectrum (0;) decreases at a rate of ~546

nm/mol%, while @, of the photomultiplier
R1306 decreases with a speed
~0.89mA/W-nm with growing (within o)).
Analogous measurements carried out on the
photomultiplier R669 show a 2.9 times
smaller scatter in the data, since in this
case, @, parameter increases with the veloc-
ity ~0.14mA/W nm with increasing
A within o,. It was found that the de-

crease in long truncated pyramids is ac-
companied by a change in the Ly,/Ly, ratio
in Fig.3.

Matting of the surface of crystals changes
the relief of the interface between crystal and
air media and, as can be seen from Fig. 1,
induces birefringence bands in crystals.

This means that the matting of the scin-
tillators will lead to a change in the light-
gathering, not only because of the scintilla-
tion light scattering by the rough surface,
but also through its propagation through
the regions of the crystal whose optical
characteristics differ from those analogous
to them in the neighboring volume with
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these regions. Despite this, the dependence
of R on E must obey the law R ~ E"1/4, as
it follows from calculations [14]; the experi-
mental confirmation is presented in [15].
Meanwhile, experiments with long-length
detectors have shown that as a result of
matting this dependence is not observed. A
possible reason for this is that when the
crystals are machined, structural defects
appear in their near-surface regions. They
can penetrate into the volume of the crystal
and interact not only with the crystal lat-
tice (Fig. 1), but also with each other and
with impurities. As a result, the inhomo-
geneities in the m distribution appear [16],
which lead to an increase in the spread of
the pulse amplitudes at the output of the
spectrometer, and, as a consequence, to a
deviation from the R ~ E"1/4 type relation-
ship. These inhomogeneities are caused by
the formation of regions in the bulk of erys-
tals in which m differs from the values in
the crystal volume bordering with them.
Authors [13] discriminate these areas by the
ratio of their sizes (d) to the maximum path
(I) of a secondary electron. They showed
that for macroscopic inhomogeneities (d/l > 1)
the relation R ~ E"1/4 is still valid, whereas
for micro inhomogeneities (d/I < 1) this re-
lation is in the form R ~ E~1/2, The value of
! is determined by the concentration of the
scattering centers, the cross section of their
interaction with the electron and by the
temperature of the medium [17,18]. This
makes it possible to assume that the expo-
nent of g can take a continuous series of
values from ~ -1/4 to ~ —1/2 depending on
the degree of crystal perfection. In accord-
ance with accepted assumptions, it can be
concluded that structural defects begin to
occupy the crystals already at the stage of
their machine processing. This is confirmed
by the results of the experiments presented
in Fig. 2, from which it can be seen that in
the polished pyramids (A > 9%) the q value
does not become zero. The monotonous
change in the index g from -1/4 to -1/2
observed with decreasing A (the inset in
Fig. 2) reflects the increasing contribution
to R of the interaction processes of Yy-pho-
tons with micro-inhomogeneities. This is
confirmed by a change in the ratio between
the light output values Ly, and Ly, which
can be determined by measuring scintilla-
tors in photomultipliers with different
quantum sensitivity of photo-cathodes
(Fig. 8). The reason for this phenomenon is
that the intensities of the "blue” and
"green” components in the Csl(Tl) RL spec-
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tra are determined both by the content of
Ct) and by the concentrations of impurity
vacancy and vacancy dipoles [19] which are
sensitive to the crystal structure perfection
[20]. Thus, the matting of ecrystals should
lead to an increase in R due to increasing
the contribution related with the interaction
between y-photons and micro-inhomogenei-
ties. Another mechanism for increasing R,
initiated by matting consists in reducing
due to the scattering of scintillation light
by a rough surface. In [21] it is noticed that
a homogeneous distribution of light output
is achieved with light output losses. This
follows from the equation for t [21], in
which the scattering quantity is taken into

account by the factor ¢ =e M, where H is
the distance from the scintillation location
to the photodetector, n =%k +s, & and s are
the absorption and scattering coefficients,
respectively. In the experiment, meanwhile,
the opposite phenomenon is observed, con-
sisting in decreasing R as A decreases. Con-
sequently, there is an effective mechanism
that dominates the processes of R increase.
It follows from the structure of the equa-
tion for t that this mechanism should be
responsible for the increase of the aperture
angle. The magnitude of this angle is deter-
mined by the refractive index of the crystal,
the local values of which, as it follows from
the presence of birefringence bands, change
under the influence of mechanical treat-
ment. The verification of this assumption
consisted in measuring the Ly values and
Agr for scintillators with a roughness ob-

tained as a result of matting, and after its
removal. The experiments showed that for

pyramids with Ag,. < 3%, the removal of rough-

ness leads to deviation of Ly and Ag. from
those obtained with a rough surface by an
amount not exceeding +0.08%. The thickness
of the layer removed by polishing is ~ 130um.

4. Conclusions

Achievement of homogeneous distribu-
tion of light output along long-length pyra-
mids based on Csl (Tl) single crystals by
matting their surfaces is provided by light-
gathering changes, which are caused by the
formation of regions in crystals where opti-
cal inhomogeneities are induced by treat-
ment. Birefringence bands and inhomo-
geneity of conversion efficiency in scintilla-
tors are created, when matted, by the same
type of structural defects.
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