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Abstract

The paper is dedicated to the evaluation of statistical uncertainty of simulating the process of light transfer in Nal (TI)
and BGO scintillators by Monte Carlo method. The DETECT2000 program with a unified surface model was used.
The process of light transfer (“fate”) by light photons was traced from the moment of appearance in the scintillator to
the moment of passing through its exit window. The light collection coefficient was determined as the ratio of the number
of photons that passed through the exit window to a given number of emitted photons. Different values of the number of
emitted photons, optical transparency coefficients and fractions of the surface diffuse reflection were set. Multiple repetitions
of the simulation process for a different set of properties made it possible to evaluate the precision and type A uncertainty
of simulating the light collection coefficient for all possible options. It is shown that the uncertainty decreases when the
statistics of the emitted photons is increased, and increases when the transparency and diffuse reflection fraction are decreased.
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1. Introduction

Evaluation of light collection in scintillators is an
important final step when characterizing scintillators in
terms of absolute light yield. An attempt was made to
experimentally determine the value of a light collection
coefficient using a light-measuring ball [1]. However,
the laboriousness, the uncertainty in the magnitude of
the scintillator transparency coefficient included in the
calculations and the need to take into account a num-
ber of photometric quantities, make its application
problematic. Subsequently, the evaluation of light
collection was carried out by calculation. Initially,
analytical methods were used taking into account
various influencing factors [2]. Then, computational
numerical methods for simulating various processes,
including light collection, became widespread. Most
often, to solve the problems of radiation transfer,
both ionizing and light, a probabilistic numerical me-
thod, which is Monte Carlo method (MCM), was
used [3, 4].

Institute of Scintillation Materials of the National
Academy of Sciences of Ukraine also performs work
on simulating the process of light collection in scintil-
lators using MCM [5, 6]. However, the uncertainty
of light collection simulation by MCM has not yet
been evaluated and has not yet been described in the
literature. Therefore, it was of great interest to evaluate

© HHILI «Incturyt Merposorii», 2022

statistical uncertainty of simulating the light collection
coefficient by MCM. In this paper, these estimates
were made for cylindrical single crystals based on
Nal(Tl) and BGO. To implement the MCM, the
DETECT2000 program was used [7].

The purpose of the paper: evaluation of statisti-
cal components of uncertainty — precision and type
A uncertainty — when simulating a light collection
coefficient by MCM in Nal(Tl) and BGO scintilla-
tors taking into account various influencing factors.

2. Description of the DETECT2000 program

DETECT2000 is based on its original version
DETECT [8].

In these programs, when simulating the passage
of light in scintillators, individual scintillation photons
are generated in a given quantity in a certain place.
A random direction of each photon is set and its “fate”
is played (absorption, exit from the medium or regi-
stration by a photodetector) when it moves through
different components of the optical system. Any ele-
ment of the system can be specified as a volume
bounded by flat, cylindrical or other surfaces.

Each optical element is characterized by a refrac-
tive index, volumetric absorption and light scattering,
which are played out using the length of a free path
of the photon in a given medium.
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Fig. 1. Intensity of the reflected and refracted rays in the unified model

Reflection or refraction is played out on the
surfaces of optical elements for a photon using the
refractive indices for the adjacent media, as well as
well-known Snell's laws and Fresnel's formulas [9].

For each case of reflection, refraction or scattering
of a photon, the program determines a new direction
of movement, identifies the component, in which it
is moving, and calculates the next intersection with
the surface.

The photon moves in the optical system until it is
absorbed or registered, or leaves the system.

In addition to optical characteristics of the
medium, the type of surface and the presence of an ex-
ternal reflector strongly influence the “fate” of a pho-
ton. The DETECT2000 software provides various
options for surface models: polished, rough, painted,
metal (mirror). The program also uses a unified surface
model [10], which gives a better approximation to
real surfaces. It represents the surface in the form of
microfaces and makes it possible to set different ratios
of the reflected light components using appropriate
weighting factors.

Fig. 1 shows the reflected and refracted compo-
nents of the surface radiation in the unified model and
the weighting factors that determine their probability.

Fig. 1 shows the following symbols:

d, is the direction of an incident ray;

0, is the angle of an incident ray with respect to
the average surface normal;

0, is the angle of refraction with respect to the
average normal;

T is the distribution of refracted rays;

nl is the refractive index of the medium from
which the beam falls;

n2 is the refractive index of the medium into
which the beam penetrates;

C,, is the coefficient that determines the probabi-
lity of back reflection;

C, is the coefficient that determines the probabi-
lity of specular reflection relative to the average surface
normal;

C, is the coefficient that determines the probability
of specular reflection relative to the microface normal;

C, is the coefficient that determines the probabi-
lity of Lambert diffuse reflection.

The sum of the four coefficients must remain
equal to 1.

In this paper, we used a unified model, in which
back scattering and specular reflection from microfaces
were not taken into account, i.e. the weighting
coefficients C,, and C, were set equal to zero. Only
the fractions of specular and diffuse reflection from the
surface, C, and C, respectively, varied. This approach
is close to the “effective specularity” model, which
was used to calculate the light collection coefficients
for various versions of scintillators [11]. Preliminary
calculations of the light collection coefficients carried
out for such objects using the DETECT2000 program
with a unified model showed good agreement with the
results [11].

3. Simulation of Light Collection Coefficients
During the simulation, a different number of
emitted light photons N__. was sequentially set for each

emit
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Table 1
Specified influence coefficients
Scintillator | D, mm | nD N, . photons k, cm™! k.. Effective surface specularity, %
Nal(TT) 40 1.85 | 1000—100000 0.005,0.01 | 0.95,0.9 40
BGO 40 2.15 | 1000—100000 0.02,0.2 0.95,0.9 40

scintillator. Further, influencing factors were added, such
as the refractive index nD, the transparency coefficient
k (in cm™) and the external reflection coefficient k.
The “fate” of the photon was traced until it passed
through the exit window of the scintillator. For each
dataset, the simulation process was repeated n times.
The range of specified values for N,,, and influence
coefficients is shown in Table 1.

Based on the simulation results, the number of
photons passing through the scintillator exit window
N, was recorded and the values of the coefficients

out

of light collection t were calculated using the formula:

mit

out . ]
Ncmit ( )
Then, for each set of repeatedly obtained n va-
lues of t, statistical characteristics of the simulation
uncertainty © by MCM were estimated: the precision
S(t) [12] and type A uncertainty u,(7) [13].

4. Results and Discussion

The scattering of the values of the light collec-
tion coefficient t in Nal(Tl) and BGO scintillators
obtained with repeated variants of simulation with
specified values of the influence coefficients is shown
in Fig. 2.

From Fig. 2 one can see that when N, statisti-
cally increases from 1000 to 100000, the repeatabi-
lity of the simulation results t for both Nal(Tl) and
BGO significantly improves. This is due to a decrease
in the scattering of mean paths and photon loss
probabilities from simulation to simulation with an
increase in the statistics of given emitted photons.

The results of evaluating the precision indicators
S.(t) of simulating the coefficient t by MCM under
given conditions are shown in Fig. 3.

As follows from Fig. 3, the simulation preci-
sion t dramatically improves (the value of S/(t)
decreases) as the specified value of N, increases
from 1000 to 10000 and improves more smoothly when
N,.. > 10000 (or is proportional to 1/Vn). This is
associated with the improved repeatability of results
(see Fig. 2).

Simulation precision decreases with degradation
of the scintillator transparency and the diffuse
reflection of its surface. In this case, the average
value of the simulated coefficient t decreases, which
leads to an increase of the calculated value of S(t).
For a scintillator based on Nal(TIl), a twofold de-
gradation in the specified transparency leads to
a 10% decrease of the simulated coefficient value
and decreases its precision by 1.5—2 times when
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Fig. 2. Light collection coefficient t simulated by MCM under given conditions and with different numbers of emitted photons:

a) N, = 1000, b) N, = 100000
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Fig. 3. Precision indicators Sr(t) of simulating the coefficient t by MCM in scintillators: a) Nal(Tl), b) BGO
1000 < N__ . <10000. With a further increase of N. The results of the estimation of statistical

emit emit

the precision changes only slightly. For a scintillator
based on BGO, the simulation of light collection,
with the transparency reduced by 10 times, leads to
a decrease of the simulated coefficient value t by
almost 4 times, which degradates its precision by
2.8—3.6 times, when 1000 < N, <10000, and by
2 times when N, > 10000. At simultaneous setting
of degraded values of the transparency coefficients
and surface diffuse reflection, the value of the
simulation precision t changes additionally. The nature
of the change is also shown in Fig. 3.

Comparative results of evaluating the precision
S(t) and type A uncertainty u,(7T) of simulating
the coefficient t by MCM in scintillators at different
transparency values for N, = 1000 and k. = 0.95
are shown in Fig. 4.

uncertainty of simulating the coefficient t by MCM
in scintillators for all considered options are given in
Table 2.

5. Conclusion

The use of the DETECT2000 program with
a unified surface model makes it possible to obtain the
values of the light collection coefficients close to the
values available in the literature for similar scintillators
and light collection conditions. This allowed to apply
this variant of light collection simulation to evaluate the
indicators of statistical uncertainty for light collection
simulation by MCM in Nal(Tl) and BGO scintillators
with various options for light collection conditions.

It is shown that the precision and type A
uncertainty of light collection simulation by MCM
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Fig. 4. Comparison of estimates of statistical uncertainty of simulating the coefficient t by MCM in scintillators: a) Nal(Tl), b) BGO
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Table 2
Indicators of statistical uncertainty of simulating the coefficient by MCM in scintillators
Scintil- Size, k, it _ S| u (7)), _ S (1), u(7),
lator mm D refl phot(;ns T % | "o her T % "o,
1000 | 0.654 | 1.70 | 0.644 0.573 | 3.316 1.253
0.005 | 0.95 10000 | 0.650 | 0.35 | 0.132 0.9 0.573 | 1.105 0.418
100000 | 0.649 | 0.33 | 0.124 0.574 | 0.078 0.029
Nal(Tl) | @40x40 |1.85 1000 | 0.589 | 2.55 | 0.965 0.536 | 3.318 1.254
001 0.95 10000 | 0.583 | 0.79 | 0.300 09 |0-526]0.619 0.234
100000 | 0.582 | 0.35 | 0.133 0.527 | 0.233 0.088
1000 | 0.443 | 3.00 | 1.133 0417 | 4.61 1.744
10000 | 0.442 | 0.72 | 0.271 0418 | 1.10 0.417
0.020 | 0.95 0.9
100000 | 0.443 | 0.45 | 0.171 0415 | 0.34 0.129
BGO | @40x40 |2.15 1000 | 0.114 | 8.55 | 3.230 0.114 | 5.04 1.907
10000 | 0.115 | 2.62 | 0.989 0.114 | 2.77 1.049
0.2 0.95 0.9
100000 | 0.116 | 0.85 | 0.321 0.115 | 0.67 0.253

improve by 5—10 times when the statistics of given
emitted photons is increased by 100 times, which is
associated with a decrease in the scattering of mean
paths and photon loss probabilities from simulation
to simulation.

It was found that the estimation of statistical
characteristics of simulation uncertainty depends on

the given optical and surface properties of the scintil-
lator — the transparency and fraction of the surface
diffuse reflection. Degradation of these characteris-
tics leads to a decrease of the average value of the
simulated light collection coefficient and increase
of the calculated values of the estimated characte-
ristics.

OuniHoBaHHA BILIMBY pi3HMX (hpakTOpiB
HA HEBM3HAYEHICTb MOJEIIOBAHHS CBITJI030MpPaHHA

Yy CHMHTHJIATOPAX
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AHoTamis

Poboty npuCBSIYeHO OLIIHIOBAaHHIO CTaTUCTUYHOI HEBM3HAYEHOCTI MOJAEIIOBaHHS 3a MeTogoM MoHTte-Kapio mpouecy
nepeHeceHHs cBitna y cuumHtuiaaropax Nal(Tl) ta BGO 3 ypaxyBaHHSIM BIUIMBY 3alaHUX BJIACTUBOCTEl. 3aCTOCOBYBaslacs
nporpama DETECT2000 3 BUKOpuUCTaHHSIM YHihiKoBaHOI Mojesi roBepxHi “unified”, sika mae Haiikpaiie HaOJIMKEHHS
JI0 peajlbHUX MOBEepXOHb. BoHa MpeacTaBiisie MOBEPXHIO y BUIISAAI MiKpOrpaHeil Ta CTBOPIOE MOMKJIMBICTb 3aJaBaTv pi3Hi
CHIBBIIHOIIEHHS KOMITOHEHTIB BiOMTOrO CBiTJIa 3a JOIOMOTIOIO BiIMOBIAHUX BaroBux KoedilieHTiB. Monenab 103BoJIsIE
3a1aBaTi e(PeKTUBHY N3ePKaJbHICTh MOBEPXHI Ta Ja€ rapHUii 30ir po3paxyHKOBUX 3HAUYe€Hb KOEMIlliEHTIB CBITIO30MpPaHHS
3 JitepaTypHUMU naHumu. [lig yac MozientoBaHHS MPOLECY MEPEHECEHHS CBITIa ISl KOXHOTO CBIiTJI0BOro (hoTOHA i3 3amaHoi
KIiJIbKOCTI MpocTexkyBajiacs iXHs “10Js” Bill MOMEHTY TOSIBU Y CUMHTUJISITOPI IO MOMEHTY TPOXOJKEHHS Yyepe3 oro BUXigaHe
BikHO. KoedilieHT cBiTIO30MpaHHS BM3HAYaBCS SIK BiIHOIIEHHS 4uciaa (GOTOHIB, IO MPOMIUIM 4Yepe3 BUXiAHE BIiKHO, 10
3alaHOTO 4Yucia (POTOHIB, 10 BUIIPOMIHIOIOThCSA. 3ajaBajiuCs pi3Hi 3HAYEHHS: 4ucia (POTOHIB, IO BUIPOMIHIOIOTHCS,
KOe(illieHTIB ONTUYHOI IPO30POCTi Ta YAaCTKM OU(Y3HOTO BiIOWTTS TOBepxHi. baraTtopa3zoBe MOBTOpeHHS IIpoliecy
MOJIETIOBAHHS JIJIS Pi3HOMAHITHOrO HA0OPYy 3aJaHMX BJIACTUBOCTEN AO3BOJIMIIO OLIIHUTU TPELU3iliHICTh Ta HEBU3HAYEHICTh,
110 po3paxoBaHa 3a TUIIOM A, IJII MOJAETIOBaHHS KoedillieHTa CBITIIO30MpaHHS Pi3HMX MOXKJIMBUX BapiaHTiB. 3HaAWICHO,
110 MOKA3HUKHU MPELU3iHHOCTI Ta HEBU3HAYEHOCTi 32 TUMIOM A MOJEIIOBAaHHSI 3MEHIIYIOThCS 3i 30UIbLIEHHSIM CTATUCTUKU
(hOTOHIB, 1110 BUIPOMIHIOIOTHCS, Ta 30iMBIIYIOTHCS TPU 3MEHIIEHHI MPO30POCTi Ta YAaCTKU AU(PY3HOTO BimdOUTTS.

KiouoBi cjioBa: CLIMHTUIISTOP; CBITJI030MpaHHS; MoAeIoBaHHs 3a MeTonoM Monte-Kapno; nporpama DETECT2000;
yHidbikoBaHa Mofenb moBepxHi “unified”; mpenu3iiiHicTh; HEBU3HAYEHICTh 32 TUTIOM A.

OunennBanye BJIMSHUA PA3IAYHBIX (PAKTOPOB
HA HeOompeaeJeHHOCTh MOAEIUPOBAHUSA CBETOCOOMPAHUS
B CIHMHTHLIATOPAX

B.A. Tapacos, b.B. 'punes, H.P.TypopxsaH, O.B. 3eneHckas, J1.U. Muuan,
J1.J1. BawleHko

UHCmumym cuyuHmunnsyuoHHbIXx mamepuanos HAH YkpauHel, np. Hayku, 60, 61072, Xapbkos, YkpauHa
nana.mneyan@gmail.com

AHHOTaIMSA

Pabota mocBsiiieHa OlleHKe CTAaTMCTUYECKON HEOIpeneJeHHOCTH MOoAenupoBaHus MetonoM Monte-Kapio mporecca
nepeHoca cBeta B cuuHTuuisstopax Nal(Tl) m BGO. Hcnoab3oBanack nporpamma DETECT2000 ¢ npumeHeHuem
YHUGDUIIMPOBAHHON Monenau moBepxHocTh “unified”. IlpocnexuBaycs mporecc mepeHoca cBeta (“cynpba’”) CBETOBBIMHU
(boToHaMU OT MOMEHTa BOSHMKHOBEHUSI B CLIMHTJUISITOPE IO MOMEHTA IPOXOXKIEHUS Yepe3 ero BeIxomHoe okHo. KoadduimeHt
CBETOCOOMpPAHUS OMpeNesisiicsl KaK OTHOILEHUE Yncia (POTOHOB, MPOLICANINX Yepe3 BBIXOJHOE OKHO, K 3aJlaHHOMY UYHUCITY
SMUTHPYEMBIX (DOTOHOB. 3aIaBajUCh pa3IMUHble 3HAYEHMS YMCIa SMUTUPYEMBIX (OTOHOB, KOI(DMUIIMEHTOB ONMTUYECKOI
MPO3PaYHOCTH W A0 IU(GdY3HOrO OTpaKkeHUsi MOBEPXHOCTU. MHOroKpaTHOe MOBTOPEHME Mpoliecca MOAETUPOBAHUS
ITO3BOJIWJIO OIIEHUTH TPEIU3MOHHOCTh U HEONPeNeIeHHOCTh MO TUMY A MOJETVMPOBAHUSI CBETOCOOMPAHMS IS Pa3Idd-
HBIX Ha0OpOB CBOWCTB. [ToKazaHO yMEHbILIEHNE HEOMPEACICHHOCTH MPU MOBBILICHUN CTATUCTUKU 3MUTUPYEMbIX ()OTOHOB
Y yBeJIMYEHHE — MPU MOHMXEHUM MPO3pavyHOCTH U aoau auddy3HOro oTpaskeHMs.

KiroueBbie clioBa: CIMHTUIUISATOP; CBeTOCOOMpaHue; MonenrpoBanue metonqoM Monte-Kapio; mporpamma DETECT2000;
YHU(DULIMPOBAHHAsI MOJeJIb MOBEpXHOCTU “unified”; mpeun3MOHHOCTh; HEOMPEeaeIEHHOCTb 0 TUITY A.
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