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The light collection has been simulated in of the short-range radiation detectors based
on Csl:Tl crystals. For detection of the X-ray and gamma-radiation in the energy range
from 5.9 to 60 keV, it was found that the surface matting causes a decreased light
collection coefficient. The decreased scatter of the light collection coefficients for the
different surface parts was observed. The radial distributions practically coincide in this
energy range both in case of polished and matted surfaces due to the same light collection
conditions. This is due to an insignificant difference in the radiation penetration depth for
various energies (3—300 pum). The use of the scintillation efficiency dependence on the
scintillation depth coordinate in the simulation allowed to approach the simulation results
to the experimental energy dependences of the specific light output. This made it possible
also to study the reflector influence on the character of the energy dependence of the
relative specific light output.

IIpoBeneno mogenupoBaHUE CBETOCOOMPAHUS B JETEKTOPAX KOPOTKOIIPOOEKHOI'O H3Jyde-
Hus Ha ocHoBe KpuctayyuoB Csl:Tl. Ina ciayyaeB perucrpanuy peHTTeHOBCKOI'O W raMMa-u3-
JIyUeHUs B AuanasoHe sHepruii or 5.9 go 60 ksB HalifieHO, YTO MaTHUPOBaHUE ITOBEPXHOCTU
IPUBOJUT K YMEHBIIeHUI0 Koo(duiineHTa ceerocobupanmusa. IIpu sToM A1 pasHBIX YUaCTKOB
TIOBEPXHOCTU HAOJIIOZAIOCH YMeHbIlleHUe pasbpoca KoaPUIIMEeHTOB cBeTocOOUpanusa. B sTom
JuanasoHe SHEPTHUIl pagualbHBIe pacupefiejleHUs OPAKTUUYECKU COBIALAIOT KAk B cjydae
OJIUPOBAHHOI, TAK U MaTHPOBAHHOM ITOBEPXHOCTHU U3-3a OJUHAKOBBIX YCJIOBUII cBeTOCOOUpA-
HUfA, IOCKOJBKY OIpeResaioTCAd HeOGOJbIIINM pPasjindyueM INIyOWHBI MIPOHUKHOBEHUS U3JIyUe-
HUA pasHBIX 9Hepruit (3—300 mrm). Mcmonb3oBaHUe B MOJEJIUPOBAHUU 3aBUCUMOCTH CI[MH-
TUWIAANNOHHON 5(M(MEKTUBHOCTH OT KOOPAWHATHI MeCTa BCHBIIIKKM II0 TJy0WHE II03BOJIMJIO
IpUONIUBUTH Pe3yJIbTATHl MOJEJIUPOBAHUA K 9KCIEPUMEHTAJbHLIM 3aBUCUMOCTSAM U3MeHeHU
YZeJbHOTO CBETOBOTO BBIXOJA OT Hepruu. TakiKe 5TO a0 BO3BMOKHOCTL UCCJIEJOBATH BJIUA-
HIUe OTpasKkaTesd Ha XapaKTep 3aBUCUMOCTHU OTHOCUTEJHHOTO YeJbLHOTO CBETOBOTO BHIXOJA OT
9HEPI'UU.

© 2010 — STC "Institute for Single Crystals”

1. Introduction

The light collection simulation is one of
the main tools for the prediction of the
characteristics of the scintillation detectors.
Numerous programs which allow success-
fully simulate the light collection in the
volume scintillators have been developed re-
cently [1-6]. The simulation versions are
known for the light collection simulation in
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the short-range radiation detectors being
heterogeneous structures with significant
light scattering. The light collection simula-
tion in such systems is carried out as for
homogeneous scintillator but specific scat-
tering properties of the volume are taken
into account [7, 8]. The simulation in het-
erogeneous columnar structure of the scin-
tillation screens is performed under account
for the X-ray radiation penetration depth
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and the presence of the interfaces in the
medium [9]. The light collection in X-ray
detectors with Nal:Tl and Csl:Na single crys-
tals has been simulated depending on the
detector design, the reflector types and
scintillator surface treatment [10].

The known light collection simulation
versions in the short-range radiation detec-
tors do not take into account a number of
well-known peculiarities that are observed
in experiment. The short-range radiation
detectors are thin (millimeters or several
hundreds of micrometers); that is why the
surface effects are of a great importance in
the scintillator response generation. The
changes of scintillation efficiency in the
near-surface layers as compared to the val-
ues for bulk scintillator play a significant
role in the scintillator response formation.
The significance of the light collection in
the formation of the short-range radiation
detector response remains under discussion.
A substantial role in the change of the spe-
cific light output as the radiation energy
function is assigned to the light collection
[11]. Tt is shown [12] that the the light
collection coefficients must be calculated to
understand the nature of the light output
non-proportionality in the low energy range
of 5.9-60 keV.

The goal of this study is to evaluate the
light collection role in the change of spe-
cific light output as a function of the radia-
tion energy for the short-range radiation
detectors. Csl:Tl inorganic scintillation crys-
tals were selected as objects for our investi-
gations and simulations. These objects were
the simplest among the alkali halide scintil-
lators. Unlike Csl:Na or Nal:Tl scintillators,
those are nonhygroscopic and provide sim-
pler conditions for comparative analysis of
the experimental and calculated data.

2. The scintillator model and
simulation principles

The scintillation detector was simulated
as an optical system consisting of a set of
the shells (scintillator, output glass), each
having a disk shape. The flat surfaces of
the disks were in direct contact. Different
parts of each shell surface possibly could be
in contact with a medium having different
characteristics (air, immersion) and reflec-
tors (without any reflector, absorber, specu-
lar reflector, diffuse reflector). Optical
characteristics of the materials and reflec-
tors were taken into account as correspond-
ing light absorption and refraction coeffi-
cients and those of reflectors, as reflection

Functional materials, 17, 1, 2010

factors, respectively. Monte-Carlo simula-
tions were used to build the light ray traces
from the scintillation generation points.
The points of the scintillation emission in
the scintillator through the surface and
depth were selected under account for the
distance from the source and radiation
penetrability, respectively. The light ray di-
rection was defined by the isotropic random
vector. This vector was simulated by the
statistical sampling of the polar angle co-
sine and of the azimuth angle cosine and
sine (using Neumann algorithm) followed by
the transformation thereof into the direc-
tion cosines in the Cartesian rectangular co-
ordinates [13]. The shell intersection points
and the sequence thereof were determined
using standard [14, 15] or modified algo-
rithms. The exponential character of the
light attenuation was taken into account
during the statistical sampling of the light
absorption in the optical medium. The re-
flection probability from the reflector surface
was determined using the reflection coeffi-
cients for the specular or diffuse surface.

The reflection or refraction at the optical
medium boundaries were taken into account
after determination of the reflection coeffi-
cient at the boundary. The reflection coeffi-
cient and the angle of reflection (refraction)
were calculated by the Fresnel formula. The
refractive indices at the medium boundary
and the incidence angle on the interfaces
were taken into account during the calcula-
tions. The interface can be smooth or rough
formed of the micro-facets [14—-16]. It
should be noted that the simulation pro-
grams describe the micro-facet orientation
distributions using different approaches
(the diffuse reflection model [2], the effec-
tive reflectivity model [3], striated model
[4]). Generally, the micro-facet orientation
distribution on the surface is specified by
relative parameters (roughness [4], effective
reflectivity [3], normal distribution with
the specified dispersion [2]). The relative
parameters reduce the prediction possibility
of the scintillator characteristics basing of
the performed simulation. Thus, it is not
quite clear how to realize in the real scintil-
lators the optimum micro-facet distribu-
tions obtained under the simulation.

The micro-facet distribution obtained in
[17] proceeding from experimental study of
the reflectance distribution functions of the
surfaces treated by abrasives with various
grain size has been used in this work. The
application of this surface model allows to
link the predicted characteristics with the
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particular conditions of the surface treat-
ment. This result was confirmed experimen-
tally for @30 mmx2 mm Csl:Tl reflector-
free scintillators with different surface
treatment (F600, F400, F320, F230 abra-
sives with average grain size of 14 um,
21 pym, 33 pm and 56 um, respectively).
The whole sample volume was excited uni-
formly by 662 keV gamma-radiation from a
137Cs source to reduce the influence of the
scintillation efficiency change of the sur-
face layer for different treatment types.

In the simulation, the trajectory of each
scintillation ray was tracked from the emis-
sion point to the exit from the detector out-
put window or to the absorption in the de-
tector volume or in the reflector. The light
collection coefficient was obtained as a ratio
of the number of the light rays passed
through the detector output window to the
number of the emitted rays from all scintil-
lations. The specific light output was calcu-
lated as a ratio of the number of detected
rays to the energy absorbed in the scintilla-
tor. The dependences of the light collection
coefficients and the specific light output
under different conditions of the light col-
lection and scintillation excitation were
studied. The simulation results were com-
pared with the experimental results re-
ported previously by co-authors of this
work [12, 17].

3. The simulation results and
discussion

The radial dependences of the light col-
lection coefficient at the of the short-range
X-ray and gamma-radiation detection in the
energy range 5.9 to 60 keV have been stud-
ied. The local excitation of the surface parts
with the 2 mm spot diameter was simulated
for @30 mmx2 mm Csl: Tl scintillator. The
depth exponential scintillation distributions
with the linear absorption coefficients of
3043 em™1, 203 em™1, 100 em™! and 36 ecm™!
for the photon energy of 5.9 keV, 17 keV,
22.4 keV and 59.6 keV, respectively, were
taken into account in the simulation. The
crystal surface layer is excited under the
short-range radiation absorption. For com-
parison sake, simulation was performed for
662 keV y quanta, when the whole scintilla-
tor volume is excited. The simulation was
carried out for the polished and ground ra-
diation input surface of the scintillator.
Other surfaces were polished. The face and
lateral reflectors were absent. The distribu-
tion of the micro-facet normals for the
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Fig. 1. Radial dependences of light collection
coefficient (1) for the 5.9 keV (I, 6 curves),
17 keV (2, 7), 22.4 keV (3, 8), 60 keV (4, 9)
and 662 keV (5, 10) photons for ground and
polished radiation input surface of a
@30 mmx2 mm Csl:Tl scintillator.

ground surface corresponded to treatment
by the F230 abrasive. The results are shown
in Fig. 1.

The surface matting decreases the light
collection coefficient 1, especially for the
central part of the crystal and at the same
time equalizes the radial dependence of 1
for all energy values. The strongest equaliz-
ing of the light collection coefficient is ob-
tained when detecting of the 662 keV 7y ra-
diation. This radiation ensures the uniform
scintillation distribution through the depth
of the specified scintillator. At lower radia-
tion energies, the radial distribution coin-
cide practically both in case of polished and
ground surface. This means that the light
collection conditions remain the same in the
5.9 to 60 keV energy range due to insignifi-
cant change of the light collection coeffi-
cient while the radiation penetration depth
changes from 3 to 300 pum.

The obtained results are confirmed by
the more detailed simulation (using the
emitted scintillation coordinates) of the
axial and radial dependences (Fig. 2). The
difference of these distributions from the
previous ones is due to the depth and sur-
face part integration of the light collection
coefficients in the first simulation variant
and the absence of such integration during
point-by-point simulation. The weak radial
dependence of the light collection coeffi-
cient for the 5.9 to 60 keV energy range
allows to predict the absence of the energy
dependence for both the light collection co-
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Fig. 2. Radial dependences of light collection
coefficient (1) for ground and polished radia-
tion input surface of a @30 mmx2 mm Csl:Tl
scintillator. At different scintillation emis-
sion height (0.2 mm — (1,5 curves), 1 mm (2,
6), 1.8 mm (3, 7), 1.9 mm (4, 8)) over the
light output scintillator window.

efficient and the relative specific light out-
put when simulating the irradiation of the
whole scintillator surface.

The simulation results of the specific light
output change with energy confirm this pre-
diction (Fig. 3, upper curve). The simulation
was performed for @25 mmx4 mm Csl:Tl
samples with diffuse face and lateral reflec-
tors where a significant deviation of the
specific light output (20 %) for the
5.9 keV energy from its value for the
60 keV energy is observed [12]. It is impos-
sible to explain the experimental depend-
ence only by the change of the light collec-
tion conditions. In [18], dependence of the
relative light output vs. the scintillation
depth is proposed in the form:

L/Ly=1-exp(-A-x), 1)

where L is the light output at a distance x
from the surface; L;, that in the scintillator
volume; A, the surface layer parameter. The
formula (1) is used to describe the influence
of the dead layer value on the scintillation
efficiency in the form [19]:

n=1-exp(-x/dg), (2)

where m is the relative scintillation effi-
ciency; x, the scintillation depth; d,, the
dead layer parameter. The formula (2) pro-
vides a good agreement with experiment for
Csl:Tl scintillators at dy = 0.4 pm.
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Fig. 3. The change of relative specific light
output (§) vs the radiant energy (E) for a
polished @25 mmx4 mm Csl: Tl sample with
diffuse lateral and face reflectors (tetratex)
for different values of the dead layer parame-
ter d, under irradiation of the whole radia-
tion input surface of the scintillator: 1 -
dy=0 2 - d,=0,4 uym; 3 - d,=,5 Opm; 4 —
dp=1 um;

When simulating the changes in the rela-
tive specific light output as a function of
the energy, the relation (2) is included in
the simulation conditions. The simulation
results are presented in Fig. 3 (three lower
curves). Significant changes of the relative
specific light output which approach the ex-
perimental values [12] at dy > 0.4 pmm are
observed. The role of light collection in the
change of the relative specific light output
is studied experimentally in [12] using vari-
ous reflective coatings. We attempted to re-
produce those experimental conditions in
the simulation. The light collection for
@25 mmx4 mm Csl: Tl samples was simu-
lated initially without reflector and then
with different face reflectors at the same
lateral reflector (Teflon ring). The reflec-
tion coefficients for the reflectors were se-
lected in such a way that the relations of
the light outputs for the 60 keV energy
without reflector and with a specified re-
flector correspond to the experimental ones.
The dependences obtained during simulation
of the relative specific light output vs. the
energy without reflector and with Mylar,
Tyvek and Tetratex face reflectors are
shown in Fig. 4a. In this case, the scintilla-
tion efficiency was constant over the whole
scintillator volume.

The changes of the light output C and
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Fig. 4. Dependences of relative specific light output (§) on the radiant energy (E) for polished
@25 mmx4 mm Csl:TI samples without reflector and with Mylar (2), Tyvek (3a) and Tetratex (4a,
3b) reflectors in case of: a) lack of the dead layer, d; = 0; b) existence of the dead layer, d, = 0.4 um.

the 5.9 keV and 17 keV energy, respec-
tively, are compared in Table with the spe-
cific light output for the 60 keV energy ob-
tained by simulation (this work) and experi-
mentally [12]. It is seen from Table and
Fig. 4a that the calculated relative specific
light outputs Ay g g0 and Ay go are almost
the same for all reflector types. The
changes are by order of magnitude smaller
in comparison with experiment [12]. At the
same time, the quantitative dependence of
the light output C on the reflector material
is very similar in the simulation and in the
experiment. It is possible to achieve the
changes of the relative specific light output
approaching the experimental ones in the
absolute magnitude but opposite in sign
when a dead layer of dy= 0.4 um is in-
cluded in the simulation conditions (Fig. 4b).
Such a simulation result is quite predictable
assuming the proposed form of the scintilla-
tion efficiency dependence on the depth
(formula (2)).

It is very hard to explain the contradic-
tions between the simulations and experi-
mental results [12]. On the one hand, the
existence of a dead layer in Csl:Tl and the

estimation of its thickness was reported in
[19]. From this point of view, it is difficult
to suppose that the dead layer is absent in
the Csl:Tl samples used in [12]. A signifi-
cant decrease (~11 %) of the relative spe-
cific light output for 5.9 keV energy is ob-
served for the reflector-free J25 mmx4 mm
Csl:Tl sample (Table). This evidences the
dead layer presence. Moreover, a discrep-
ancy in the experimental results is observed
in [12]. The significant decrease (~20 %) of
the specific light output for 5.9 keV energy
is found when constructing the specific
light output dependence on the energy for
@25 mmx4 mm Csl:Tl sample (with low acti-
vator concentration) with diffuse reflector
(Tetratex). When the same sample in the
similar wrapping with diffuse reflector
(Tetratex) is used to study the reflector in-
fluence, a substantial increase (~9 %) of the
relative specific light output for 5.9 keV
energy is observed. Such a wide variation of
the specific light output (~29 %) cannot be
explained by change of the light collection
conditions, because they are practically the
same in these two cases. On the other hand,
the light collection model used here does

Table. The change of the light output C and the specific light output Ay 4 9 and A;; ¢, for
@25 mmx4 mm Csl:Tl crystals with various reflectors obtained in the simulation and in the

experiment [12]

Reflector C, rel.un. Ay g 600 %o Av7 g0 %
Calculat. Exper. [12] Calculat. Exper. [12] Calculat. Exper. [12]
Absent 1.00 10.2 -1.5 -11 -1.3 +8
Mylar 1.46 14.8 +0.1 0 -0.3 +6
Tyvek 1.47 14.9 +0.3 +7 -0.3 +6
Tetratex 1.93 19.7 -0.2 +9 -0.6 +5
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not take into account a number of factors
that effect the light collection in real condi-
tions. For example, the change of the scin-
tillator luminescence spectrum excited by
the soft radiation of different energy and
dependence of the reflector reflection coeffi-
cients on the wavelength. The model does
not also take into account the change of the
scintillation duration vs. the radiation en-
ergy, as well as the changes in the optical
characteristics of the near-surface layers
(transparency, scattering centers, refractive
index) for the different surface treatment
conditions.

4. Conclusions

The radial dependences of the light col-
lection coefficient at the detection of the
X-ray and y radiation in the 5.9 to 60 keV
energy range have been obtained when
simulating the light collection in the Csl:Tl
detectors with various treatment of the ra-
diation input surface. The surface matting
results in a decreased light collection coeffi-
cient for the indicated energy values, espe-
cially for the central part of the scintilla-
tor. Meanwhile, the dispersion of the light
collection coefficients for the different sur-
face parts decreases. The maximum equaliz-
ing of the light collection coefficient has
been obtained for the detection of the pene-
trating y radiation which gives the uniform
depth distribution of the scintillations in
the specified scintillator. The radial distri-
butions are practically coincided for lower
radiation energies both in case of polished
and ground surfaces. This is due to almost
the same light collection conditions for the
5.9 to 60 keV energy range and appropriate
change of the radiation penetration depth
from 3 to 300 pm.

The weak radial dependence of the light
collection coefficient results in the constant
relative specific light output in the 5.9 to
60 keV energy range when the irradiation
of the whole scintillator surfaceis simu-
lated. This disagrees with existing experi-
mental results. Taking into account the
dead layer as a dependence of the scintilla-
tion efficiency on the depth approaches the
simulation results to the experimental de-
pendence of the relative specific light out-
put change on the energy. When studying
the reflector influence on the energy de-
pendence type of the relative specific light
output, insignificant changes in this de-
pendence on the reflector type have been
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also obtained. These changes increase when
the scintillation efficiency dependence on
the scintillation depth coordinate is taken
into account. The simulation results ob-
tained in this particular case are inconsis-
tent with experimental data and at the pre-
sent time there is no reasonable explanation
for this difference.
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MopgesoBaHHSA CBiTJ0300PpY Y CHMHTUIANINHUX
JEeTeKTOpPaX KOPOTKOMPOOiKHOTO BUIIPOMIHIOBAHHSA

B.O.Tapacos, I.B.Ruarumuwyx, O.T.Budaii

ITpoBemeno mMomeOBaHHS CBIiTJI0300PY Yy AeTEKTOPAX KOPOTKOIPOOiKHOr0 BUIPOMIHIOBAH-
Ha Ha ocHoBi kpucramiB Csl:Tl. dasa Bumagkis peecrparlii ciaGoIpOHMKAIOUOr0 PEHTreHiB-
ChbKOI'0 i raMMa-BUIIPOMIiHIOBAHHA y Aiamadoni eHepriit Bixm 5.9 mo 60 xeB suailimeno, mro
MAaTyBaHHfA I[IOBEPXHi MPUBOAUTHL O 3MeHIIeHHS Koedilnienta citmosbopy. IIpu npomy mia
pisHUX [IiNAHOK IIOBEPXHi cIiocTepirajocs 3MeHINeHHA PO3KUAY KoedilieHTIB cBiT/I0360pYy.
¥ npomy pianasoHi eHepri#l pagianbHi posnmoisin MPaKTHUUYHO CIiBOAAAIOTh AK Yy pasi mojaipo-
BaHOi, TaK i MaToBaHOI MOBEepXHi i3-3a OZHAKOBUX YMOB CBiT/I0800DY, OCKiJIbKU BU3HAUYAIOThH-
c HeBeJIUKOI0 BifMiHHIiCTIO I'IuMOMHN IPOHWKHEHHS BUIIPOMiHIOBaHHA Pi8HUX eHepriii (3—
300 mkM). BukopuctaHHA y MOJeJIOBaHHI 3aJI€KHOCTI CIUHTUIALINHOI e()eKTUBHOCTI Bif
KOODAMHATU MicIlf crajaxy 3a TNIMOMHONI JO3BOJUJIO HAOJMBUTH PE3yJIbTATU MOJEJTIOBAHHSA
IO eKCIIepUMEeHTAJbHUX 3aJeKHOCTell BMiHM IHTOMOr'0O CBiTJIOBOrO BUXOJY Bijg eHeprii.
Tako: IIe OaJl0 MOMKJIUBICTH OOCHiMKyBaTH BILIMB BigOuBaua Ha XapaKTep 3aJIeKHOCTL
BiTHOCHOTO ITMTOMOTO CBIiTJIOBOTO BUXOXY Bia eHeprii.
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