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The present study focuses on the analytical and numerical calculations of the solid angle, ef-
fective solid angle, efficiency, and gamma-ray average path length within the detector materi-
als as a function of the source position. This analysis is conducted for a Romashka module of
the 4n NaI(Tl) gamma-ray detector array (NaGRaDA). NaGRaDA comprises 2 x 27
gamma-ray detector modules, with each module consisting of six NaI(T1) crystals arranged in
a compact configuration resembling a Daisy flower (known as Romashka in Russian). Each of
the twelve scintillators has a unique design, distinguishing them in shape and size from con-
ventional scintillation detectors. This type of 41 multi-detector system is applicable for mea-
suring gamma radiation from samples exhibiting very low activity. It is employed in neutron
activation analysis and prompt-gamma neutron activation analysis. Furthermore, this system
can be instrumental in the experimental investigation of the characteristics of neutron-in-
duced nuclear reactions. The results obtained throuh direct analytical and numerical methods
will be compared with the upcoming comprehensive characterization of the upgraded and
modernized Romashka NaGRaDA. This comparison will utilize GEANT4 simulations along-
side standard point-type gamma-ray sources.

Key words: 4n multi-detectors array, geometrical solid angle, total efficiency, average path length

INTRODUCTION

The Nal(T1) scintillation crystals are available in
single and polycrystalline forms, exhibiting a high light
production. Furthermore, they demonstrate negligible
self-absorption of scintillation light. The emission spec-
trum aligns effectively with the sensitivity characteris-
tics of bialkali photocathodes used in photomultiplier
tubes (PMT) [1-3]. The Nal(TIl) detectors exhibit ex-
ceptionally high luminescence efficiency and can be
fabricated in different dimensions and geometries. This
versatility makes them the most commonly used scintil-
lators in various applications. Thallium-doped Nal
scintillator produces one of the highest signals in a
photomultiplier tube for a given amount of absorbed ra-
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diation. Under optimal conditions, approximately 10*
photoelectrons are generated per 1 MeV gamma-ray
energy [4-6]. The Nal(TI) exhibits multiple decay time
constant mechanisms. The primary single exponential
decay constant at room temperature is approximately
250 ns. As temperature rises, the longer time constant
components and the response curves converge, reduc-
ing the decay time from 1 ms to 12 ms [7, §].

The scintillation crystal should not be subjected to
ultraviolet (UV) radiation from sunlight or luminous
lamps, as such exposure can significantly impair and di-
minish the scintillation performance [9, 10]. The Nal(TI)
scintillation crystals are routinely manufactured with po-
tassium concentrations below 0.5 parts per million (ppm),
which makes them particularly suitable for low back-
ground applications. These Nal(Tl) crystals are exten-
sively used in various radiation detection applications.
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They are particularly prevalent in well logging, environ-
mental monitoring, nuclear medicine, aerial surveys, and
nuclear physics, among several other applications
[11-13]. In summary, protecting scintillation crystals
from UV exposure and moisture is essential. Further-
more, the development of low-potassium sodium iodide
doped with thallium Nal(TI) crystals enhances their ef-
fectiveness in sensitive detection applications. Currently,
polycrystalline Nal(T1) scintillation detectors are increas-
ingly recognized as viable alternatives to single-crystal
scintillators in various applications where mechanical and
thermal shocks are prevalent, such as in gas exploration
and oil extraction. These detectors offer a combination of
robustness and scintillation performance comparable to
that of single-crystal Nal(Tl) detectors [5, 14].

The polycrystalline configuration of Nal(Tl) is
produced through a well-defined process in which sin-
gle-crystal bricks are recrystallized under applied pres-
sure and heat. The resulting material can be characterized
as a polycrystalline substance comprising randomly ori-
ented crystal particles within a mixed structural frame-
work [5, 15]. The density of Nal remains unchanged dur-
ing the development process. This characteristic
enhances the mechanical strength of the material without
impacting the performance of the scintillation process, as
the optical properties of Nal(Tl) in polycrystalline form
are comparable to those of single-crystal Nal(TI) [5, 16].
Cracks that occur due to mechanical or thermal shock in
Nal(TI) polycrystals are typically confined to small local
regions known as grains. Since the cleavage planes of the
grains are randomly oriented, it is unlikely that a small
crack would propagate across the grain boundaries. This
characteristic makes Nal(Tl) polycrystalline material a
preferred choice in applications where durability is criti-
cal, such as aerospace and well-logging [5, 17-19].

In contrast, single crystals can fracture along spe-
cific planes under stress. In a detector assembly com-
posed of single crystal material, even a minor crack can
propagate throughout the entire crystal, adversely affect-
ing signal height resolution and the light collection pro-
cess [5, 20, 21]. In nuclear physics, the prompt gamma
neutron activation analysis (PGNAA) technique is rec-
ognized as a highly effective method for simultaneously
determining the quantity and presence of multiple ele-
ments in samples with masses ranging from micrograms
to several grams. This non-destructive technique is mini-
mally affected by the sample's physical shape and chemi-
cal composition. Classic measurements were obtained
over durations ranging from several minutes to a few
hours for each sample under investigation [22-24]. The
technique can be described as the sample is irradiated
with a narrow beam of neutrons. The constituent ele-
ments within the sample capture a portion of these neu-
trons, resulting in the emission of prompt gamma rays,
which are precisely measured using a gamma-ray
Nal(Tl) or HPGe spectrometer.

The energies of the emitted gamma-rays identify
the neutron-capturing elements, while the intensities of

the gamma-ray peaks at these energies indicate their con-
centrations. The quantity of the elements under
investigation is determined by the ratio of the count rate
of the peak of interest in the sample to the count rate of a
known mass of an appropriate elemental standard irradi-
ated under identical conditions [25-27]. Typically, the
sample will not acquire significant long-lived radioactiv-
ity, allowing for its potential removal from the irradiated
facility for additional applications. One of the primary
uses of PGNAA is as a mass material analyzer in the coal,
mineral, and cement industries [28-30]. At the Institute
for Nuclear Research and Nuclear Energy of the Bulgar-
ian Academy of Sciences, a Nal(Tl) scintillator crystal
system, designed in the shape of a daisy flower (referred
to as Romashka), has been constructed and tested [31,
32]. This system can investigate radiative neutron cap-
ture and fission reactions [33, 34] involving various
mono-isotopes that are important to nuclear science and
its applications. The incorporation of high-quality lead
shielding renders the system suitable for operation as a
low-background radiation detector, facilitating the mea-
surement of natural radioactivity in environmental mate-
rial samples [35]. Additionally, it can be utilized for ele-
mental analysis of samples in conjunction with the
resonance neutron time-of-flight spectrometer IREN at
the Frank Laboratory of Neutron Physics of the Joint In-
stitute for Nuclear Research [36]. In both types of inves-
tigations, the potential application of the gamma- -multi-
plicity method warrants exploration [37].

In all the aforementioned applications, accurate
values of gamma-ray detection efficiency for Nal(Tl)
or HPGe spectrometers at specific gamma energies are
essential. Mitigating interference from different
gamma energies requires a thorough understanding of
the detector's resolution corresponding to these ener-
gies [18, 19]. Resolution and detection efficiency val-
ues vary depending on the detector size and other pa-
rameters. Therefore, it is imperative to ascertain these
values for a specific detector before its application in
quantitative investigations [20, 21]. This study fo-
cuses on the calculation of the solid angle, effective
solid angle, and efficiency of a Romashka module us-
ing an analytical numerical technique. Additionally, it
investigates the average path length within the detec-
tor materials as a function of the source position. The
12 Nal(TI) scintillator gamma detectors form a spe-
cialized 4m multi-detector array system (NaGRaDA)
that differs from conventional and well-known
multi-detector gamma-ray spectrometers in both
shape and size. This 47 system enables the measure-
ment of samples with extremely low gamma activity
and is applicable in conventional instrumental neutron
activation analysis (INAA) and prompt-gamma neu-
tron activation analysis. The results may provide valu-
able insights for applications in radiation detection
and nuclear physics. Additionally, they can inform sci-
entists regarding the optimization and design of detec-
tion setups tailored to specific experimental condi-
tions.
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MATHEMATICAL VIEWPOINT

The analytical numerical technique has been em-
ployed to estimate the solid angle, effective solid an-
gle, efficiency of the Romashka Nal(Tl) module, and
the average gamma-ray path length within the materi-
als of the detector, contingent upon the position of the
source. The general expression for the geometric solid
angle, denoted as (2, formed between a radioactive
source and a Romashka Nal(Tl) gamma-ray detector
module, in a spherical coordinate system, is repre-
sented by the following eq.

Q; =|[sin0dode (1)
Q0
The geometrical efficiency of a Romashka
gamma-ray detector module, &g, is defined as

_%%
4r
The total efficiency, denoted as of a Romashka

Nal(Tl) gamma-ray detector module in relation to ra-
dioactive sources, is represented by the following eq.

Qeff

gT(axial) = Ar

2)

&g

3)

where Q. a denotes the effective solid angle between
the source and the detector, accounting for all materi-
als between the source and the detector, as well as the
detector material itself. To calculate the efficiency of
the Romashka Nal(Tl) gamma-ray detector model,
one must consider the positioning of the radioactive

Source

A

source concerning the detector. Furthermore, this
analysis will address all potential scenarios involving
the utilization of a radioactive point source, which will
be discussed in next sections.

Casel: (h>L)

The radioactive point source is positioned above
the detector surface at a height (4 > L), where L represents
the side length of the detector, as illustrated in fig. 1.

The effective solid angle, denoted as €2, will
take one of the following expressions, ranging from
(a)to (e), depending on the values of the polar angle.
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0| 6, 0, 06

64 65 67
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05 0, 05
(5)

Figure 1.
Radioactive point
source at axial
position (& > L)
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The parameter f; can be represented as follows

fi=(—e™) f ©9)

The f; values depend on the path length of the
photon, as shown in fig. 2, through the detector mate-
rial d;. This relationship takes on ten distinct expres-
sions, which are as follows

L R, h-L

4 = cos(0) _sin(B) cos(d)
d,=BC+ ]
cos(0)
Jo_pera| LR AL
} Lcos(e) sin(9) cos(Q)J

d, =BC+ Ry kL
sin(@) cos(6)

R R
d5=BC’+[ 3__ 2}

sin(@) sin(@)
_ L Ry L
6 cos(0) sin(@) cos(@)
L
d, =
cos(0)
_ Ry R
* “sin(@) sin()
Ry R
~sin(@) sin(9)
Ry h-L 0
sin(@) cos(0) (10)

9

10

The factor u represents the total attenuation co-
efficient of the detector material. Additionally, f;,, de-
notes the attenuation effect of all absorbers located be-
tween the source and the detector material. The
relationship can be expressed as follows

for horizontal absorbers

for verticalabsorbers Jaw =€

The terms p; and ¢, represent the total attenuation
coefficient and the thickness of the i ™ absorber, re-
spectively. The BC and BC' parameters are shown in
fig. 3, and they can be obtained using the following ex-
pressions

c_h-h _[h ~L, -L, ](Cos (x-6, )j
cos(0) cosd, cos (x—0)
3o R _(h—Ll -L, j(cos (x-6, )]
cos[ﬁ _QJ cos 0, cos (x—0)
2 (12)

All path lengths are influenced by the polar an-
gles 8 which are represented by seven distinct expres-
sions delineated in the subsequent equations

R
0, :tanl(—lj
h
0, =tan”" R
h—-1L,
0, =tan~" Ry
h-1L,
R
0, :tanl(—zJ
h—L, -L,
R
0; =tan | —2-
h—L
R
O¢ :tanl[—3]
h

0, :tanl[%] (13)

Casell: (L>h>L,+L,)

The radioactive point source is placed below the
detector surface at position (L>#A>L, +L,), where, L,
and, L,, are illustrated as shown in fig. 4.

The effective solid angle (2. will take one of the
following expressions, from (a) to (d), based on the
polar angle values
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Figure 2. The five possible cases of
radioactive point source placed at
axial position (k > L)
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Figure 4. The four possible cases of a radioactive point source placed at an axial position (L>h>L; + L,)
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The parameter f; can be obtained as previously
defined in eq. (9). The f; values depend on the path
length of a photon through the detector material, d,,
which will take nine different expressions as follows

L R +h—L1
cos(0) sin(@) cos(0)
d, =BC+ b
cos(0)
L1+L2+ R, +h—Ll -L,
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_ L-h R
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_ Ry R
® “sin (@) sin ()
_ Ry R
sin(@) sin(6) (18)

d,

6
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The polar angles 6 in these cases will be rede-
fined to align with the new source-to-detector posi-
tion. Seven expressions are presented in the following

equations
R
6, =tan'| =L
h

R

6, =tan"" !

0 =tan "' Ry
h-1L,

R
94 :tan_l 2
Li+L,~h

R
05 =g —tan'| —2-
L-h

R
0, :tan_l(—3]
h

1 R
0, =m—tan I(L—z'h] (19)

Case IIL: (L, + L, > h> L))

The radioactive point source is placed below the
detector surface at the position (L; + L, > h > L,), as
shown in fig. 5. The effective solid angle (2 is given
by one of the following expressions, from (a) to (c),
depending on the polar angle values
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The parameter f; can be obtained as previously
defined in eq. (9). Also, the path length of a photon
through the detector material d; will take nine different
expressions as follows
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Figure 5. The three possible cases of a radioactive

point source placed at an axial (L; + L, >h>L,)

The new polar angles 6 in these cases will be de-
fined as presented in the following eq.

0, =tan_1(&)
h
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0, =tan_1( Ry J
L,
0, =m—tan""' _ R
R
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L-nh
O =tan_l(&)
h

4 R
6, =m —tan I(L—3hj (24)
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The average path length H(,mal) in the detector for
using an axial radioactive point source can be calcu-
lated according to the following eq.

59 X
[1d:0)d2 | [1d,0)1sin0d0d ¢
7 Qg 0 0
dn = - 5
(axial) J' d QG , \ )

Qg

O Y

[sin0dod ¢
0

The parameter 0,,,, is equal to 6, in case (I),
while it is equal to 85 in cases (II and III).

THE NaGRaDA MODULES DESCRIPTION

A 41 NaGRaDA featuring a Romashka-like ar-
rangement of multiple scintillators was specifically
designed to facilitate sensitive gamma-ray measure-
ments of low-activity environmental samples and neu-
tron-induced nuclear reactions. This configuration of-
fers a high-efficiency detection solution tailored for
research applications [31, 32]. The system comprises
12 Nal(T1) scintillators, arranged in two halves. Each
half contains six uniquely shaped crystals that resem-
ble the petals of a Romashka, as illustrated in fig. 6.
The total volume of the Nal(TI) crystals is 16.6 L, con-
tained within a cylindrical casing with an outer diame-
ter of 30 cm. The Romashka crystal configuration
serves effectively as a full absorption detector for
gamma quanta. The scintillations produced by each
crystal are transmitted through a light guide to a
photomultiplier tube for detection. The pulses are
transmitted to a charge preamplifier, where the ampli-

Gap

Opposite

........ Nal(Tl)

fied signals undergo further processing. These signals
can be either summed to produce an amplitude or di-
rected to a multichannel analyzer. At this stage, they
can be analyzed directly or processed by an accompa-
nying analysis computer.

The signal processing and data collection capabili-
ties of the upgraded version of the previous Romashka
system will feature a computerized 32 channel digital
readout system. This system will utilize two
ADCM16-LTC (16-channel, 14-bit, 100 MHz) ADC
boards from AFI Electronics© [38], similar to those em-
ployed in the TANGRA-Nal(Tl) setup [39]. The digi-
tized signals will be transmitted through the PCI-E bus
into the computer's memory, where data processing and
storage will occur. The system's maximum capacity is
approximately 105 events per second [39, 40]. Some
drawings of a Romashka scintillation unit are shown in
fig. 7. The NaGRaDA main modules are shown as the
collage picture in fig. 8, where: 1 — six Nal(Tl) crystals in
asingle Al cylinder wrapped with Al arc-seals, 2 — photo
multiplier tubes FEU-110 and high-voltage divider, 3 —
Pb shielding-collimator, 4 and 5 — lower and upper Pb
shielding arcs, 6 — adjustable rigid iron support, 7 —
movable iron trolley, 8 — 16 channels HV Sys power sup-
ply, 9 — Parsek Desktop 4k MCA [41], 10 — fast PC with
two ADCM-16 boards, 11 — 16-channel, 14-bit, 100
MHz ADC-board [42], and 12 — laptop with operational
software of PMTs' power supply.

RESULTS AND DISCUSSION

The analytical numerical technique is a straight-
forward method for calculating solid angles, effective
solid angles, and the efficiency of the Romashka

O

Front

Figure 6. Schematic drawing
of a NaGRaDA Romashka
module
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Front ‘

Figure 7. The drawings of a Romashka
scintillation unit include: A — a through cavity
for placing filters, absorbers, and samples,

B — the module casing, C — Nal(T]) crystals,

D — both modules positioned side-by-side. P1
to P10 indicate possible positions for the
radioactive point source, inside and outside
the unit cavity

Nal(T1) multi-crystal units. Additionally, it facilitates
the determination of the average path length within the
detector's materials, contingent upon the positioning
of the radioactive point source. The trapezoidal rule
was employed as the numerical method to compute
systematic integrations with high accuracy. This
method partitions the integration into a large set of in-
tervals (n = 100) and is implemented using a program-
ming language. The analytical numerical method en-
ables technicians and scientists to assist in the
construction and testing of gamma-ray detectors. Fur-
thermore, it facilitates the evaluation of control pro-
cesses governing the reproduction of specialized
scintillator designs and their responses to radiation
measurements.

In this study, the radioactive point source is in-
tended to cover distances ranging from P1 to P10, as il-
lustrated in fig. 7. Some of these distances are posi-
tioned both within and outside the crystal cavity of the
Romashka Nal(TI) unit. This comprehensive approach
aims to encompass all potential scenarios for real mea-
surements. The effective solid angle, €24, between the
radioactive point source and the cavity of the Romashka
Nal(Tl) unit for various locations is depicted in fig.7
and detailed in fig. 9. This estimation is based on cases

Opposite

’ Opposite Holder

®+—P10(25cm)

P9 (20 cn) =@
®+—P8(15cm)

P7 (10 cm) —a®

@+ P6(5cm)

PS(lcm) ——sd
P4 -Top

P3 - Middle of The Region

«—’2 Middle ofthe region

(D), (II), and (IIT) and is presented as a function of pho-
ton energy, ranging from 0.05 MeV to 10 MeV. The
effective solid angle, (2 g, reaches its maximum value at
source position P1, located within the detector cavity.
As the source moves away from P1 and approaches
P10, which is situated outside the detector cavity, the ef-
fective solid angle (2 gradually decreases, ultimately
reaching its minimum at this external position. In addi-
tion, the effective solid angle (2. increases beyond
6 MeV, while Nal(T1) continues to rise in the high-en-
ergy region, reaching up to 10 MeV.

It can be observed that at the lowest source loca-
tions within the detector cavity, specifically P1 and P2,
the geometrical solid angle (2 approaches approxi-
mately 4 steradians. Conversely, at higher source lo-
cations outside the detector cavity, namely P9 and P10,
the value of the geometrical solid angle decreases sig-
nificantly. In fig. 10, the variation of the geometrical
solid angle 2 was investigated as a function of the lo-
cation of the radioactive point source, ranging from P1
to P10. Additionally, the influence of photon energy
was explored, spanning from 0.05 MeV to 10 MeV.

The total efficiency &y Of @ Romashka
Nal(Tl) unit in relation to radioactive sources was eval-
uated at ten different separation locations, ranging from
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Figure 8. The NaGRaDA main
modules, numbered from 1 to 12,
are shown in the collage picture
and are described in the text.

Figure 9. Variation of the effec-
tive solid angle as a function of
photon energy at positions from
P1 to P10

Figure 10. Variation of the geo-
metrical solid angle as a function
of photon energy at positions
from P1 to P10
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Table 1. Total efficiency variation at positions from P1 to P10 as a function of photon energy
ranging from 0.05 MeV to 10 MeV
Energy [MeV] P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
0.05 0.640 0.641 0.555 0.374 0.321 0.224 0.146 0.096 0.065 0.046
0.06 0.678 0.676 0.580 0.391 0.340 0.239 0.155 0.101 0.068 0.048
0.08 0.711 0.707 0.601 0.407 0.357 0.253 0.162 0.106 0.071 0.051
0.1 0.725 0.720 0.609 0.413 0.365 0.259 0.165 0.107 0.073 0.051
0.15 0.736 0.730 0.614 0.421 0.374 0.264 0.167 0.108 0.073 0.051
0.2 0.736 0.730 0.612 0.425 0.379 0.264 0.165 0.106 0.072 0.050
0.3 0.722 0.716 0.600 0.427 0.381 0.259 0.159 0.102 0.069 0.049
0.4 0.704 0.697 0.583 0.421 0.377 0.253 0.154 0.099 0.067 0.048
0.6 0.672 0.663 0.551 0.405 0.363 0.242 0.146 0.095 0.064 0.046
0.8 0.646 0.636 0.527 0.390 0.351 0.233 0.141 0.090 0.062 0.044
1 0.624 0.612 0.506 0.377 0.340 0.225 0.136 0.087 0.060 0.043
1.5 0.582 0.569 0.467 0.351 0.317 0.210 0.127 0.082 0.056 0.040
2 0.555 0.542 0.443 0.335 0.303 0.201 0.121 0.078 0.054 0.039
3 0.529 0.515 0.420 0.318 0.289 0.192 0.116 0.075 0.051 0.037
4 0.520 0.506 0.412 0.313 0.284 0.189 0.114 0.074 0.051 0.037
5 0.519 0.504 0.410 0.312 0.284 0.188 0.114 0.073 0.051 0.037
6 0.521 0.506 0.412 0.313 0.285 0.189 0.114 0.074 0.051 0.037
7 0.525 0.510 0.415 0.315 0.287 0.190 0.115 0.074 0.051 0.037
8 0.530 0.515 0.419 0.318 0.290 0.192 0.116 0.075 0.052 0.037
9 0.535 0.520 0.423 0.322 0.293 0.194 0.117 0.076 0.052 0.038
10 0.541 0.526 0.428 0.325 0.296 0.196 0.119 0.076 0.053 0.038
10 ' i ' ' ' ' i ' Table 2. Average path length at different axial positions
f Source axial
5 os- | position dgiyy  |P1|P2|P3|P4|P5 [P6|P7 |PS|P9|P10
}g . l Aver%(g;sl?[}ééff gh 1 315.17.8/8.9/8.8/8.3/5.2/8.5/9.0 9.4
& 0.4 .
ing careful consideration of source placement in ex-
0.2 . perimental setups.
_ Intab. 2 the variation of the average path length
00 i (axiary Within the Romashka Nal(TI) detector unit was
investigated as a function of the radioactive point
0 5 10 15 20 25 3 35 40 45 source location. Given the large volume of the detec-

Source axial position [cm]

Figure 11. Dependence of geometrical efficiency as
a function of the radiation source axial position

P1toP10. These results are tabulated in tab. 1. The total
efficiency &r,yi,) measured within the energy range of
0.05 MeV to 10 MeV reached its maximum within the
detector unit cavity, particularly at position P1. Con-
versely, while the minimum total efficiency was ob-
served outside it, specifically at position P10.

The variation of the geometrical efficiency de-
noted as for the Romashka Nal(Tl) unit is illustrated
in fig. 11. It is evident that geometrical efficiency
reaches its maximum when the source is located at the
lowest position P1 within the detector cavity. Further-
more, as the source location increases and extends be-
yond the detector cavity, geometrical efficiency values
noticeably decline. This trend highlights the spatial
dependence of the detector's performance, necessitat-

tor, the observed changes in the average path length
were minimal. The average path length was deter-
mined to be approximately 8.5 cm.

CONCLUSION

The results demonstrate that detection efficiency
is significantly affected by both the gamma-rays'
source location and energy. These findings hold sub-
stantial implications for applications in nuclear phys-
ics and radiation detection. They provide valuable in-
sights for manufacturers and researchers regarding the
design and optimization of detection structures under
specific measurement conditions. Understanding the
efficiency and behavior of each detector is crucial be-
fore applying quantitative analysis techniques. Apart
from the importance of the results, the analytical nu-
merical technique provides a valuable basis for further
phenomenological studies of the measurements con-
ducted using these detector arrays.
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Ady3eng A. TABET, Moxamep C. bagasn, Ajman XAM3ABU,
Hean H. PYCKOB, Moxameq U. BAJJABU, Usan A. CUPAKOB, Jypn H. KOITAY,
Humurap H. TPO3JAHOB, Boxajca A. CAJIEM

JUPEKTHA AHA/INTUYKA INIPOIHEHA E®UKACHOCTH
Nal(Tl) JETEKTOPA T'AMA 3PAKA (POMAIIKA)

Pag ce ¢okycupa Ha aHaIMTUYKE M HYMEpUYKe IIpopadyHe IPOCTOPHOr Yria, e(heKTUBHOT
MIPOCTOPHOT yIiia, e(hUKACHOCTH M MpOCeuHe Ay>KWHE MyTa TaMa 3paka yHyTap Marepujana IeTeKTopa Kao
(pyHKIMje TonOXKaja W3BOpa. AHaim3a je crpoBefieHa 3a Momyn Pomawxa 4m Nal(Tl) rama-3paysor
nerekTopckor Hm3a (Hal'PaJIA). Hal'PaJlA ce cactoju o 2 x 27 MOJy/ia IeTeKTopa rama 3paka, Ipu 4eMy ce
cBaku Mopy cactoju of mmect Nal(Tl) kpucramna pacnopehennx y KoMmmakTHOj KOH(pUrypanuju koja nopceha na
[BET TpaTHHYKIE (TI03HAT Kao Pomauuxa Ha pyckoM). CBaK# Of IBAHAECT CIMHTIIATOPA MMA jeIMHCTBEH IU3ajH,
IITO UX Pa3NuKyje MO OONUKY ¥ BEJIWIMHU Off KOHBEHIMOHAHNAX CIMHTUIIAIMOHUX JieTeKTopa. OBaj Tvun 471
MYJITHETEKTOPCKOL CUCTEMA je IPMMEHIBUB 32 MEPEH-E TaMa 3padeba U3 y30opaka Koju II0Ka3yjy BeoMa HUCKY
akTUBHOCT. Kopuctu ce y aHanu3u akTuBalldje HEYTPOHA M aHAIW3M akTHBalyje Op30r ramMa HEyTpOHa.
llraBuiie, oBaj cucTeM MOXe OWTM WHCTPYMEHTAIM30BAaH Y EKCHEPUMEHTATHOM HUCTPasKUBAHY
KapaKTepHUCTHKA HyKJIeapHUX peakiyja n3a3BaHuX HeyTpoHuMa. Pesynraru nooujeHn JupeKTHIM aHATUTHIKAM
7 HyMEpHYKIM MeTofiaMa 6rhe yropehenn ca npefictojehom cBeoOyxBaTHOM KapaKTepr3alyjoM Haforpabene n
mopepan3oBane Pomawixa Hal'PaJlA. OBo nopebeme kopuctnhe GEANT4 cnmymanyje mopen craHgapaHIx
TayKacTUX M3BOpa rama 3paka.

Kwyune peuu: 4w myattiudeilieKilopcKu HU3, 2e0MeMpUjcKu UpocitiopHU y2ao, yKyiHa epukacHocil,
Ccpeorba OyicuHa uyiia




