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Abstract

In the current research, a computer simulation program was designed and written according to the Monte
Carlo method to serve as a virtual practical system instead of a real one. The program has been statistically,
geometrically and numerically tested for virtual radioactive source-detector setup. The simulation program
is carried out for Nal(TI) detector, and once for Gieger-Muller counter, for a range of energy up to 10 MeV.
The Law of Large Numbers and the Central Limit Theorem were used to test the accuracy and precision of
the program’s workflow and an indication of how the results are close to their averages and, statistically,
how they tend to a normal distribution. Generally, results of a number of detector efficiency types showed
a high agreement with published experimental and several global codes results within a percentage error of
~ 0.02-5% (i.e. the accuracy ~ 95-99.98%) and the significance level reflects the precise of the algorithm
of simulation. The accurate and precise estimation of the current simulation gives it the desired reliability.
The current simulation program also showed flexibility and effectiveness in designing any nuclear source-
detector system and providing the relevant workers or experimenters with indicators that help in the optimal
design of a system in terms of equipment and geometrical configuration with the least time. It may take a
few seconds to a few minutes of execution time for a personal computer with normal specifications. Unlike
laboratory experiments which may take from several minutes to several hours. In addition, it provides an
ideal work environment that is completely free of radiation hazards. Also, the current simulation provides
a deep understanding of the interactions that occur in a real physical practical system.

Keywords: Central limit theorem, Large numbers law, Monte Carlo simulation, Nal(TI) detector
efficiency, Radiation counting statistics.

Introduction

Designing and testing a particular detection system
usually brings some financial costs and time
considerationst. Numerical Simulation can be an
effective and economical alternative tool. Monte
Carlo simulation is a numerical simulation method
that mimics physical phenomena and can be thought
of as an 'experiment' carried out on a personal
computer. Since Monte Carlo is a simulation of
stochastic processes??, therefore, it can be used for
designing and analyzing radiation detectors. This is

because detector responses are derivable from
Measurable quantities such as particle flux or current
densities, that can be interpreted as expected of a
statistical system.

In nuclear and radiation physics, one of the main
reasons to implement Monte Carlo simulation is that,
in many practical cases, it is difficult to provide
calibrated radioactive-sources that cover all energy
ranges; furthermore, these sources are obviously
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limited regarding to their dimensions and
compositions. With, by Monte Carlo technique, one
can reproduce, flexibly, any experimental
circumstances, whatever complicated®. Another clear
advantage of this approach is the short computation
time.

As can be done by experimental®® or theoretical’®
approaches, Monte Carlo technique has been used in
gamma detection techniques which have a
fundamental role in the field of gamma-rays
spectroscopy®° applied in nuclear physics, radiation
measurement of environmental samples radiation

Materials and Methods

The proposed configuration for the current
simulation is shown in Fig. 1 including, a 'virtual’,
radioactive source and detector (for example type of
Nal(T)), in the coordinates system. The source lies
within the fixed dimensions system with Cartesian
coordinate axes (X,y,z)?° to determine the position of
the source with respect to the axial z-axis.

. Eiting
‘ The simulation Out from

/’_ﬂf—f’ deudur
!kl
;

interoction §

side

Outfrom
detector
bottom

Sonrce

bl (b) b2

Figure 1. The suggested design for the present
source-detector systems simulation, the trajectory
t represents a propagating “beam” of y-ray that

dosimetry!*1>,  medical radiography®, neutron
activation analysis!’, well logging®, and study of
cosmic rays'e.

Monte Carlo simulation computer program, as a
virtual setup, was designed and written to be used
instead of a real experimental system. The
achievements concerning time assumption and
flexibility versus the complicated were verified. A
number of statistical, geometrical and characteristic
parameters concerning the detection system have
been estimated.

passes through point r in many of random
directions.

(a) Fixed dimensions system and, (b) Reference
dimensions system. Where, (b1) The Cartesian
coordinate system (X, y, z) and, (b2) The Spherical
coordinate system (r, 6, @), where r is the radial
distance from the origin, @ with the range 0 < 0 <
m is the polar (or zenith) angle and ¢ with range 0
< ¢ <2n is the azimuthal angle.

While the space outside of the source volume
towards the detector lies within the reference
dimensions system with spherical coordinate axes
(r,0,0)% to follow the random geometric projections
of emitted photons from the source on the planes of
the detector and to determine the random
probabilities of whether or not a photons they were
to fall and be detected. The distance between the
source and the detector can change. Based on the
suggested configuration, a Fortran95 program for
Monte Carlo simulation has been developed. It was
designed and written to depict the interaction
processes that occurred when the photon beam came
into the detector, the results of which are that only
the photons that are incident within a solid angle
covered by the detector are to be impinging with the
front face of the detector. These photons, later, are to
be registered (counted) after satisfying a number of
concern conditions as will be explained. These
registered events allowed us to study “virtually” the
characteristics of the experimental system
concerning geometrical characteristics of a system.
The present program is executed by Compaq Visual
Fortran Professional edition 6.6.0, 2000 compiler
package under windows 10.

The attenuation in the material of the radioactive
source and in the air between the source and detector
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are neglected. The particles are transferred using the
eq. 124

where: x, is initial position, X is a new position with
u direction and s is the distance that the particle
travels before it intersects with a plane of a specific
region.

In calculating particle transport in Monte Carlo as
well as ray-tracing algorithms, a common problem is
finding the distance a particle must travel in order to
intersect a particular surface. Therefore the
distribution function method can be used to sample
the distributed photon path length. The probability
function is given by Eq. 222

p(x) =y exp(—pyx) «oo e eee 2

where: y; is the linear attenuation coefficient for a
certain medium.

Briefly, the history of photons can be illustrated in
the following algorithm:

1. Based on simple linear congruential generators
(LCG)?, generate two random numbers Rn; and
Rn; into the interval (0, 1).

2. Infixed coordinates, using Eq. 1 to determine the
random gamma emitting position from a
radioactive source, with rsRadius, (Xs,Ys,Zs)?:

Xg = Ty + 175€C0S 0, ++oveeeee 3a
yS =r5 SII’190 ......... 3b
zg =0 e 3c

where 1y is off-axial location of source. Then a
certain counter called emitting photon is increasing.

3. Asinstep 1, generate two random numbers Rng
and Rn4 within range [0,1].

4. By using cosine sampling?, Forced formulas
have estimated the values of incident angles of
photons on the front face of the detector?,

6; = cos™! (((1 — Rn3) oS Orpin)
+ (Rn3 cos Omax)) --------- 4a

;i = (((1 - Rn4)(pmin)
+ (Rn4(pmax))

5 In the reference dimensions system, Fig. 1 b2
sampling Eq. 1 in spherical coordinates to locate
the intersection point of random gamma photon
path with the front face of the detector

(ng,ysdf,zgf), 22

x_ff = Xg +tgfsin9i CoS@; -+ 5a
ysdf =y, + tgf sin@; sing; -+ 5b

fo =Zs+tffcost9l-

6. Calculate the spherical projection radius of a
gamma-ray on the front detector face r,;¢, where:

1/2

rdf:(x;if_l_ysdf) ......... 6

7. If rgp > 7y , this means that the radius of the
spherical projection of the photon is greater than
the radius of the front face of the detector. Then
the photon was rejected, a certain counter called
non -incident is increasing, and come back to
step 1, else a certain counter called incident
photon is increasing, then continue.

8. Generate one random number Rns: 0 < Rng <
1

9. Solve the probability function?, Eq. 2, to
determine the free path-length of gamma photon
within/not the active medium of detector gives:

10. From steps (5 and 9), estimate the photon
interaction position location within the detector,
that is, (x,vY,zY ), then?:

x;’ = xs + (lfp + tgf) Slngl COoS (pl cee ses ses 8a
Yd =Ys+ (lf_p_ + tgf) sin@; sing; +++ -+ 8b
2y = zg + (lpp. + £57) cos ;

11. Calculate the spherical projection radius of a
gamma-ray on the detector planes, r,,. Where:

Taw = (XS’ + yy)l/z ......... 9

12. With exception when 1, < ryand dgg < zY <
(dsq + hy), the photon must be rejected and a
certain counter called unregistered photons are
increasing, then come back to step 1, otherwise a
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certain counter called registered photons are
increasing, then continue.

13. Classification of the registered photon according
to the type of interaction (photo-electric,
Compton scattering or pair production)
depending on the probability of occurrence of
that interaction.

14. Repeat the above steps of the algorithm by the
number of emitted photons from the radioactive
source.

15. Ordering the results in particular files.

The total efficiency of the detector was estimated by
comparing the number of registered photons and

Spectech
ST360 Counter

Cs-137
radioactive
Source

those that were emitted from the source. While, the
intrinsic efficiency was estimated by the ratio of
registered photons number to those that hit the front
face of the detector. The geometric efficiency was
estimated by comparing the number of photons that
hit the front face of the detector and those that were
emitted from the source.

The values of mass attenuation coefficients for the
active medium of detector were calculated using the
XCOM program?,

For more Accurate validation, GM-counter system
(type ABG, CAT: PA1885-020-030) as shown in
Fig. 2 was used to validate, experimentally, some
findings of the present simulation.

Pb blocks
shield

Figure 2. Uncovered (to illustration) *’Cs radioactive source- GM counter configuration.

Results and Discussion

The random nature of radiation interaction with
matter must be explained and interpreted according
to probabilistic terms. Two of the main results in
probability: are the Law of Large Numbers (LLN)?*
and the Central Limit Theorem (CLT)?*. Both are
related to sums of independent random varibles® that
are included in the above algorithm. So, to complete
the calculations with an accurate estimation of the
value to be calculated, it must be re-implemented for
a suitable large number of photon histories based on
the LLN. Fig. 3. Exhibits a smaller number of trials
for 10, 102 and 103 do not effectively estimate value
conformity with a standard or observed value (one of
values of Hoang?®). While, the result of 10* and 10°
trials produce a values are close to observed value.
Concern 10° trials, the resultant are the closest with
the smallest percentage error rate and highest
accuracy.

X MC. Value ——Observed value
0.021
X
X
0.020 = *
X
o 0019 —r
= 0.
E Trial Error®% | Accuracy%
%0018 10 19.28 80.7
s 100 -1.71 08.3
< 0017 1000 410 95.0
x 10000 0.37 99.6
0.016 100000 0.55 99.5
1000000 -0.06 99.9
0.015
10 100 1000 10000 100000 1000000

Number of Trials

Figure 3. A clarification of the law of large
numbers using a particular run of the simulation.

These accuracy values refer to how Monte Carlo
values get closer to the observed values up to 99.9%.
However this test is insufficient to assess the
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performance of present simulation, because these
values are based, in their calculation, on independent
random variables. Consequently, besides the LLN,
the CLT is considerably useful in precisely
predicting the characteristics of these random
variables and how they are distributed.

The experimental curve in Fig. 4 is the result of
statistical repetitions of series of one hundred 1
minute counts of a Cs-137 source made with G-M
laboratory counter set up which is shown in Fig. 2.

s EXP.

N
o

with 4495 of standard devaition and chi square
79.942. It took about 5 minutes. From the table of y?
values, the experimental and simulated significance
level was 0.706 and 0.77 respectively. This indicates
that the results reflect feasible instrument operation
and the precision of the performance of the
measurement system and the algorithm of
simulation. The accurate and precise estimation of
the current simulation gives it the desired reliability.

Fig. 5 depicts an additional representation of the total
and partial attenuation coefficients for y-rays, which
were obtained through the current simulation of a
3"x3" Nal(TI) detector at specific energies of a
radioactive source. The attenuation coefficient, in
probabilistic terms, describes how radiation interacts
with matter. As a function of energy, Fig. 5 and Fig.
6 are identical.

©
3]

c e=fll— M.C.:10"6
E '\ photons
o 30 ——M.C.i10%2
8 C.:

o photons
‘45 M.C.:10
P 20 photons
c

]

=

@ 10 -

S

LL

Deviation

Figure 4. Experimental and simulated frequency
distrbution curves.

While , the simulated curves in Fig.4 are the result of
a series of one hundred 10, 102 and 10° history of
photons for 662 keV that was executed to mimic the
experimental setup that is shown in Fig. 2. The
distribution curve of 10 history of photons is not
normal, right another hump is formed. As for the
curve of 100 history of photons is not precise enough
to be normal. While the identical is clear between the
experimental and simulated 10° history of photons
curves and the variation between them s,
axiomatically, due to random error introduced by
radionuclide decay that is a randomly varying
guantity.  Therefore,  repetition of  more
measurements, the measurements tend to be a normal
distribution, as stated in the central limit theorem.
Thats is, the values close to the expected value are
more frequent than values that are far from them.

The average value for the results of series of 1 minute
counts of a Cs-137 source made with G-M counter
was 1940 C/1mint. with 40.4 of standard deviation
and chi square (y?) 24.43. It took about 1.5 hours.
Whereas for a series of one hundred 108 history of
photons for 662 keV, the average was 250196 count

1.E+06 1

8.E+05 -

6.E+05 |
4E+05 |

2E+05

Number of reqgistered photons

0.E+00 -

0.080 0.662 1.173 3.253

10.290

E, (MeV)

Figure 5. Comparing the number of detected
photons that interact by photoelectric, Compton
scattering and pair production effects at
particular energy.
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Figure 6. Total and partial mass attenuation
coefficients of Nal(TIl) detector material.

Fig.7 shows the dependence of the registered count
by detector versus the distance between the
radioactive source and detector face (Dsq) for varied
volume values of Nal(Tl) detector. When Dsg
increases, the registered count decreases, and after
passing through minimum, then it increases again.
Since mean free path length of gamma rays is the
inverse of the total attenuation coefficient as shown
in Fig. 8. Therefore, as a function of geometry, Fig.
7 is upside down to Fig. 8 and vice versa. Similar
results have been reported by Hoang 2° , Urkiye ¢,
Ogundare ?” and Jehouani .

Figure 7. Variation of the registered count rate of
different size of Nal(TI) detectors as a function of
source to detector distance for 662 keV of gamma
rays.

16
. —o— Nal (1"x1")
141 —o— Nal (2'x2")
12 - Nal (3"x3")
T10 -
o J
28 -
~ 7 —
6 - ——— \ U
n —
0.001 0.01 0.1 1 10 100 1000

Dsd (Cm)

Figure 8. Mean free path length of various volume
Nal(TI) detectors as a function of Source-to-
Detector distance at 662 keV of gamma rays.

Varying types of efficiency, as numerical factors,
were mimicked to validate the present simulation.
The outcomes, tabulated compared with published
results % for For 2"x2" of Nal(Tl) detector at
particular distances 0.001, 5,10 and 15 cm for
different energies 150-3000 keV as shown in Table
1. The comparison exhibits high agreement within a
percentage error of ~ 0.02-5%. For further distances
between the source and detector, the program has
been implemented as it showed a clear match
whether with the experimental or calculated results
as shown in Table 2.
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Table 1. For 2”"x2" of Nal(TI) detector, Total, intrinsic and geometric efficiency comparison at
particular distances for different energies.

D compa Energy (keV)

(cm) | rison 150 200 300 400 500 600 661 800 1000 1332 2000 3000

ref 25 049 048 041 036 033 030 029 027 025 022 019 0.17
' 88 42 92 58 18 74 4 38 09 95 64 93
present 049 048 041 036 033 030 029 027 025 022 018 0.17

0001 | mc 87 35 9 65 127 91 7 68 3 43 61 7
ﬁ/zror 002 014 005 019 016 055 1.02 110 084 227 524 1.28
ofos 004 004 003 003 002 002 002 002 002 ,,, 00l 001
: 76 35 63 15 8 67 55 38 19 V2 4 57
5 present 0.04 004 003 003 002 002 002 002 002 00l 00l 001
Tot MC. 78 34 635 17 8 68 59 41 21 973 637 564
al f,/zmr 042 023 014 063 070 037 157 126 091 135 592 038
effi 001 001 001 001 000 000 000 000 000 000 000 0.00
cien ref.25

c 41 33 17 04 96 88 86 81 74 67 59 54
y 10 present 0.01 0.01 001 001 000 000 0.00 000 0.00 0.00 0.00 0.00
M.C. 43 34 172 044 956 899 868 811 749 67 56 534

ﬁ/zmr 142 075 017 038 042 216 093 012 122 003 508 1.11
fps 000 000 000 000 000 000 000 000 000 000 000 0.00
: 65 64 56 51 46 44 42 4 37 33 29 27
15 present 0.00 000 000 000 000 000 000 000 000 000 000 0.00
M.C. 657 628 561 508 468 441 428 402 372 334 281 268
f,/zror 108 18 018 045 174 023 190 050 054 121 310 070
ofos 099 096 083 073 066 061 058 054 050 045 039 035
: 8 88 87 18 39 5 82 77 19 91 3 87
000l | PrEsEnt 099 096 083 073 066 061 059 055 050 044 037 035
: MC. 74 72 8 3 25 8 53 36 7 87 23 4
ﬁ/';mr 006 017 007 018 021 054 121 108 1.02 227 527 131
s 088 079 066 058 052 049 046 043 040 036 031 029
: 05 99 73 16 9 08 99 8 24 93 89 05
5 present 087 079 066 058 052 049 047 ,, 040 036 030 028
Intr MC. 62 69 63 23 66 29 52 42 69 23 1 76
'C”S' fgor 049 038 015 012 045 043 113 420 112 190 561 1.00
effi ofos 092 086 075 067 061 057 055 051 047 044 038 035
cien : 33 56 3 47 58 47 5 89 93 15 29 14
oy | 1 present  0.92 086 075 067 061 057 .. 052 048 043 036 034
MC. 12 44 45 3 64 98 037 42 32 26 58
ﬁ/zror 023 014 020 025 010 089 090 093 102 188 530 159
ofos 094 090 080 072 066 062 059 056 052 048 041 038
: 51 4 56 28 38 7 95 62 19 03 74 43
5 present 094 090 080 072 066 062 060 ., 052 047 039 038
MC. 28 02 29 37 62 72 81 S 75 41 790 02
ﬁ/';ror 024 042 034 012 036 003 143 067 107 129 467 107
Geo ofos 049 049 049 049 049 049 049 049 049 049 049 049
met | 4 go1 : 98 98 98 98 98 98 98 98 98 98 98 98
ric | present 0.49 049 049 049 049 049 049 049 049 049 049 0.49
effi M.C. 999 999 999 999 999 999 999 999 999 999 999 999
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cien error 0.03 0.03 0.03 0.03
cy % 8 8 8 8
ref 25 0.05 0.05 0.05 0.05
' 41 44 43 42
5 present 0.05 0.05 0.05 0.05
M.C. 45 45 45 453
error
% 0.74 018 037 061
ref 25 001 0.01 0.01 0.01
' 53 54 55 54
10 present 0.01 0.01 0.01 0.01
M.C. 554 554 553 55
error
% 157 091 019 0.65
0.00 0.00 0.00 0.00
ref.25 69 71 7 7
15 present 0.00 0.00 0.00 0.00
M.C. 697 698 699 701
error
% 1.01 169 014 0.20

003 003 003 003 003 003 003 0.03
8 8 8 8 8 8 8 8
005 005 005 005 005 005 005 0.05
39 43 42 42 44 43 45 A2
005 005 005 005 005 005 005 0.05
45 45 45 45 448 446 44 44
111 037 055 055 015 029 018 0.37
001 001 001 001 001 001 001 0.01
56 53 55 55 54 53 54 53
001 001 001 001 001 001 001 0.01
551 55 55 549 548 546 543 543
056 1.31 000 006 052 1.05 019 0.85
000 000 000 000 000 000 000 0.00
69 71 7 7 7 7 7 7
000 000 000 000 000 000 000 0.00
703 704 705 705 705 705 705 705
188 085 071 071L 071 071 071 071

Table 2. Variation of the total efficiency for a 3"x 3" Nal(TI) detector respect to point source of 662

keV located at particular distance from the front face and on the symmetric axis of detector.

TEF ERROR%
d(em) Eﬂrecse”t Cal 2 Exp.22 M.C.vs.Cal.  M.C.vs. Exp.
10 0.020483  0.02004 002053 2.16 0.23
15 0010478 001024 001008  2.27 3.80
20 0.00626  0.0062 000594  0.96 5.11
25 000418 000415 000404  0.72 3.35
30 0003004 000297 000294 113 213
35 0.002259  0.00223  0.0022 1.28 2,61
40 0.001776 000174  0.00175  2.03 1.46
45 0.001418 000139  0.00142  1.97 0.14
50 0001164 000114 000124  2.06 6.53

To demonstrate the effect of the source dimensions,
the simulation was carried out for a radiant source
with a disk shape. The results were compared with
the published results of the international code Geant4
based GATE simulation program?®, which clearly
showed quite well congruence, see Fig. 9.

Another Validation was implementing the present
simulation to scrutinize the detection efficiency
versus different 2Rq/Hq ratio of Nal(TI) detectors, so
that the volume of detector remains fixed. The
incident monoenergetic energies of y-rays are 0.662,
1.331 and 4.438 MeV, experimentally, emitted from
187Cs, ®Co and 2"Am radioactive sources
respectively *°. As shown in Fig. 10, the result
reveals that the detector efficiency dependent on the
mentioned ratio of the Nal(TI) detector and the
incident energy of y-photon. At a very low of 2R4/Hyg,

the total detector efficiency increases rapidly and
tends to be stable while the intrinsic of which is on
the contrary. Anyway, the ratio from 1-2, (i.e. with
an average 1.5, matching with ref.30) is an
interesting and meaningful point. It is valuable to
design detectors for detecting y-rays that have
optimal dimensions.
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Figure 9. Total efficiency as a function of y-ray
comparison for point and disc radioactive source
(p.s. and d.s. respectively).

Conclusion

For the radioactive source-detector setup, Monte
Carlo simulation computer program was designed,
written and validated to be used instead of the real
experimental system. Subsequently, the current
works supplies are better to use provide with useful
tool for y-ray spectroscopy and fashions a good
procedure for credible computations in lieu of the
routine of laboratory or experimental measurements.

Authors’ Declaration

- Conflicts of Interest: None.

- We hereby confirm that all the Figures and Tables
in the manuscript are ours. Furthermore, any
Figures and images, that are not ours, have been

Authors’ Contribution Statement

AN.M and Z. K. A. conceived and designed the
study, acquired the data, analyzed and interpreted the
results and wrote the manuscript.

References

1. Fielding AL. Monte Carlo techniques for
radiotherapy applications I: introduction and
overview of the different Monte Carlo codes. J
Radiother Pract. 2023; 22(e80): 1-6.
https://doi.org/10.1017/S1460396923000079

2. Shapiro A. Monte Carlo Sampling Approach to
Stochastic Programming. ESAIM: Proceedings,
December 2003; 13: 65-73.
https://doi.org/10.1051/proc:2003003

A662_int_eff
662_tot_eff

¥ 2754_int_eff
©2754_tot_eff

4438 INT_Eff
©4438_Total_Eff

1
16 @

o
=

Efficiency

0.01 o

0.001 +—O———rrrm
0.01 0.1 1 10

(2Rd)/Hd

Figure 10. Intrinsic and total efficiency as a
function of diameter to height ratio of 3"x 3"
Nal(Tl) detector at different values of y-ray
energy.

Wherefore, one can sock away time by averting the
calibration of practical setup for every geometry
concerned. Significantly reducing radiation risks and
in less time, the current simulation is a good turn for
the experimenter to achieve the best and most
suitable geometry of setup. Also, Monte Carlo
simulation is a viable tool to design the optimal
dimensions of detector for detecting of y-rays.

included with the necessary permission for re-
publication, which is attached to the manuscript.

- Ethical Clearance: The project was approved by
the local ethical committee at Mustansiriyah
University.

3. Gobet E. Monte Carlo Methods and Stochastic
Processes From Linear to Non Linear. CRC Press,
Taylor & Francis Group, LLC, 2016.
https://doi.org/10.1080/14697688.2024.2310568

4. Paxton P, Curran PJ, Bollen KA, Kirby J, Chen F.
Monte  Carlo  Experiments: Design  and
Implementation. Struct Equ Modeling: A Multidiscip
J. 2001; 8(2): 287-312.
https://doi.org/10.1207/S15328007SEM0802_7

Page | 3274



https://doi.org/10.21123/bsj.2024.8822
https://doi.org/10.1017/S1460396923000079
https://doi.org/10.1051/proc:2003003
https://doi.org/10.1080/14697688.2024.2310568
https://doi.org/10.1207/S15328007SEM0802_7

2024, 21(10): 3266-3276
https://doi.org/10.21123/bsj.2024.8822
P-ISSN: 2078-8665 - E-ISSN: 2411-7986

A

Baghdad Science Journal

10.

11.

12.

13.

14.

15.

Hameed BS, Kaddoori FF, Fzaa WT. Concentrations
and Radiation Hazard Indices of Naturally
Radioactive Materials for Flour Samples in Baghdad
Markets. Baghdad Sci J. 2021; 18(3): 649-654.
https://doi.org/10.21123/bsj.2021.18.3.0649

Kim J, Park K, Hwang J, Kim H, Kim J, Kim H, et al.
Efficient design of a 2 x 2 inch Nal(TI) scintillation
detector coupled with a SiPM in an aquatic
environment. Nucl Eng Technol. 2019; 51: 1091-
1097. https://doi.org/10.1016/j.net.2019.01.017
Pepperosa A, Remetti R, Perondi F. ARMAX
Forecast Model for Estimating the Annual Radon
Activity Concentration in Confined Environment by
Short Measurements Performed by Active Detectors.
Int J Environ. Res. Public Health. 2022; (19): 5229.
https://doi.org/10.3390/ijerph19095229

Zambonino SS, Barahona T, Roque S. Simulation of
a HPGe Detector with GEANTA4. Rev Politéc.. 2023,;
50(2): 7-14. https://doi.org/10.33333/rp.vol50n2.01
Akkurt I, Waheed F, Akyildirim H, Gunoglu K.
Performance of Nal(Tl) detector for gamma-ray
spectroscopy. Ind J Phys.. 2022; 96: 2941-2947.
https://doi.org/10.1007/s12648-021-02210-1

Demir N, Kuludztirk ZN. Determination of energy
resolution for a Nal(Tl) detector modeled with
FLUKA code. Nucl Eng Technol. 2021; 53: 3759-
3763. https://doi.org/10.1016/j.net.2021.05.017
Pilakouta M, Pappa FK, Patiris DL, Tsabaris C,
Kalfas CA. A methodology for expanding the use of
Nal(Tl) based spectrometry in environmental
radioactivity measurements. Appl. Radiat. Isot..
2018; 139: 159-168.
https://doi.org/10.1016/j.apradiso.2018.04.032
DePaiva JDS, Sousa EE, DeFarias EEG, DoCarmo
AM, Filho CAS, De Franc EJ. Applied tools for

determining low-activity radionuclides in large
environmental samples. J Radioanal Nucl Chem.
2015; 306(3): 631-636.

https://doi.org/10.1007/s10967-015-4219-x
Hinrichsen Y, Finck R, Martinsson J, Raaf C.
Monte-carlo  simulations of external dose
contributions from the surrounding ground areas of
residential homes in a typical northern european
suburban area after a radioactive fallout scenario. Sci
Rep. 2020; 10: 14764.
https://doi.org/10.1038/s41598-020-71446-4
Baldoncini M, Albéri M, Bottardi C, Chiarelli E,
Raptis KGC, Strati V, et al. Investigating the
potentialities of Monte Carlo simulation for assessing
soil water content via proximal gamma-ray
spectroscopy. J Environ Radioact. 2018; 192: 105-
116. https://doi.org/10.1016/j.jenvrad.2018.06.001
Kilahci F, Akozcan S, Gilinay O. Monte Carlo
simulations and forecasting of Radium-226,
Thorium-232, and Potassium-40 radioactivity
concen-trations. J Radioanal Nucl Chem.. 2020;
324(1): 55-70. https://doi.org/10.1007/s10967-020-

07059-y

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

Kyriakou I, Sakata D, Tran HN, Perrot Y, Shin WG,
Lampe N, et al. Review of the Geant4-DNA
Simulation Toolkit for Radiobiological Applications
at the Cellular and DNA Level. Cancers. 2022; 14: 35.
https://doi.org/10.3390/cancers14010035

Gao Y, Jiaming L, Jichen L, Liu L. Simulation of the
cement measurement based on the pulse DT neutron
generator: A Monte Carlo study. PLoS One, 2021.
https://doi.org/10.1371/journal.pone.0252078

Niu F. Application of position sensitive detector in
nuclear well logging tools. PhD. Thesis. Simon Fraser
University, Canada. 2020.

Sarkar R, Roy A, Chakrabarti S. Simulation of
Cosmic Rays in the Earth’s Atmosphere and
Interpretation of Observed Counts in an X-ray
Detector at Balloon Altitude Near Tropical Region.
Adv  Space Res.. 2020; 1: 189-197.
https://doi.org/10.1016/j.asr.2019.09.046

Churchill CW. Radiative transfer. New Mexico State
University. Chap 4: 20009.
https://doi.org/10.1007/978-3-030-95247-1

Bielajew AF. Fundamentals of the Monte Carlo
method for neutral and charged particle transport. The
University of Michigan. 2020.

Ljungberg M, Strand SE, King MA. Monte Carlo
Calculations in Nuclear Medicine: Applications in
Diagnostic Imaging. I0P Publishing Ltd 1998
https://doi.org/10.1201/b13073

Berger MJ, Hubbell JM. XCOM Program V.3.1:
Photon Cross Sections Database. NIST standard
reference database. 1999.
https://dx.doi.org/10.18434/T48G6X

Rubinstein RY, Kroese DP. Simulation and the
Monte Carlo Method. 3 ed., John Wiley & Sons.
Inc., 2017. https://doi.org/10.1002/9781118631980
Tam HD, Thanh TT, Tao CV. Evaluation of the total
and intrinsic efficiencies of a 3 in x 3 in Nal(TI)
crystal by using the hybrid Monte Carlo method. J
Sci Technol Dev.. 2013; 16(4): 26-34.
https://doi.org/10.32508/stdj.v16i4.1593

Tarim UA, Giirler]l O, Yalgin S. A Quick Method to
Calculate Nal(TI) Detector Efficiency Depending on
Gamma ray Energy and Source-to-detector Distance.
CBUJOS. 2018; 14(2): 195-199.
https://doi.org/10.18466/cbayarfbe.396704
Ogundare FO, Oniya EO, Balogun FA. Dependence
of Nal(TI) detector intrinsic efficiency on source-
detector distance, energy and off-axis distance:Their
implications for radioactivity measurement. Pramana.
2008; 70: 863-874. https://doi.org/10.1007/s12043-
008-0095-z

Jehouani A., Ichaoui R., Boulkheir M. Study of the
Nal(TI) efficiency by Monte Carlo method. Appl.
Radiat Isot. 2000; 53(4-5): 887-891.
https://doi.org/10.1016/S0969-8043(00)00254-2
Yavuzkanat N, Gingir D, Yal¢in S. The
Determination of the Total Efficiency for Nal(TI)
Detector by GATE Simulation. BEU J Sci. Technol.

Page | 3275



https://doi.org/10.21123/bsj.2024.8822
https://doi.org/10.21123/bsj.2021.18.3.0649
https://doi.org/10.1016/j.net.2019.01.017
https://doi.org/10.3390/ijerph19095229
https://doi.org/10.33333/rp.vol50n2.01
https://doi.org/10.1007/s12648-021-02210-1
https://doi.org/10.1016/j.net.2021.05.017
https://doi.org/10.1016/j.apradiso.2018.04.032
https://doi.org/10.1007/s10967-015-4219-x
https://doi.org/10.1038/s41598-020-71446-4
https://doi.org/10.1016/j.jenvrad.2018.06.001
https://doi.org/10.1007/s10967-020-07059-y
https://doi.org/10.1007/s10967-020-07059-y
https://doi.org/10.3390/cancers14010035
https://doi.org/10.1371/journal.pone.0252078
https://doi.org/10.1016/j.asr.2019.09.046
https://doi.org/10.1007/978-3-030-95247-1
https://doi.org/10.1201/b13073
https://dx.doi.org/10.18434/T48G6X
https://doi.org/10.1002/9781118631980
https://doi.org/10.32508/stdj.v16i4.1593
https://doi.org/10.18466/cbayarfbe.396704
https://doi.org/10.1007/s12043-008-0095-z
https://doi.org/10.1007/s12043-008-0095-z
https://doi.org/10.1016/S0969-8043(00)00254-2

2024, 21(10): 3266-3276 ‘D
https://doi.org/10.21123/bsj.2024.8822 -
P-ISSN: 2078-8665 - E-ISSN: 2411-7986 Baghdad Science Journal

2019; 8 (Special Issue): 37- Crystal. Appl Mech Mater.. 2014; 529: 391-394.
45.https://doi.org/10.17798/bitlisfen.649129 https://doi.org/10.4028/www.scientific.net/ AMM.52
30. Hu J, Liu F, Ouyang X. Monte Carlo Simulated the 9.391

Detection Efficiency of Different H/R Ratio of Nal: Tl

S Giga 51 9 aranalll AEWS — pdia jlaa alUS
é\‘):_“ ¢dany ez\i)m.\:\u.d\ PN 64:\4‘)4!\:\:\&56;1:!‘):\55\?“5

AadAl

05 S ol i) lae ol ey ¢S SIS e A phal (a5 (o guils BlSLae i S 5 psanai sl Canill i o
203 sl RS ol jll 3 o CBS wiie janl oaal i) aUadl Gose 5 Tuia 5 Tolian iyl s & ddgal) ol
43S el Al Ayl g (LLN) 300 lac Y1 5l alatind 5 MeV 10 ) diay &8Uall (e 5] HSUS alaal g 53 gaall
Y Jaai s (sl () lilan 5 clgilam sia o gElil) i gae ) 8LV s el Jae s Jasay 282 LAY (CLT)
Oe e g by sdiall Ay aill il pe 1S Tl 55 CRlIS B LS £ 53l (g 200 il @ jelil cale ISy anall a5 5l
O B8l daa ) 53 alSa) (uSay dilan) VS (5 ginas 5(%99,98-95 482 (1) %65-0,02 Uad Lo ania Laadlal) el )
d Adlle Alad 5 Ay pe Jall BlSLaall ali yn sedal LS A sllaal) 38 55 gall Lgaiay Agllal) 8lSLaall 1 guaall 5 (3ol (peal)
e L shaiall JiaY) araail) 8 aclod ol ey A8 13 G saal) o clelall 3555 5 (5553 RIS - Haan alai gl arana
Cosmla aladiuly 345 (e 3 (G damy ) 58 damy e GRS 3B Gl 5 Agia ) e JHb allal) dpuria 5 U Sl
Jae Ay g )AL clelusae ) @ilissae (e (5xind 8 3l 4 pasal o jladl) e e dole cliial oy add

siiall laall 3 3l Uil 8 el (e Caaag Lol iiae Tagh Jad) el jall iy LS "Lalal g L) (g AA Al

eﬁl\ﬂh?;.hd\ e):m}.zd\ Jgjﬁ‘dﬁ&ﬁ;\js ¢ s IS i e 48y yha ¢ 3 ) Jlacy) Ol (A S pal) Aall 4y ylas ;K.PLSM\ clalsly
&\zﬁxy‘ 2o Alilbias) ‘Nal(Tl)

Page | 3276


https://doi.org/10.21123/bsj.2024.8822
https://doi.org/10.17798/bitlisfen.649129
https://doi.org/10.4028/www.scientific.net/AMM.529.391
https://doi.org/10.4028/www.scientific.net/AMM.529.391

