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The Monte Carlo simulation code MCNPX has been used to simulate the production of 1241
by 124125Te(p, xn) and 123:124Te(d, xn) reactions to form high activity 1241. For this reason, the
TALYS-1.8 and ALICE/ASH codes were used to calculate the reaction cross-section. The op-
timal energy range of projectile is selected for this production by identifying the maximum
cross-section and the minimum impurity due to other emission channels. Target geometry is
designed by SRIM code based on stopping power calculations with identical dimensions as
the experimental data. The thick target yield of reactions is predicted because of the excitation
functions and stopping power. All of the prerequisites obtained from the above interfaces are
adjusted in MCNPX code and the production process is simulated according to benchmark
experiments. Thereafter, the energy distribution of proton in targets, the amount of residual
nuclei during irradiation, were calculated. The results are in good agreement with the re-
ported data, thus confirming the usefulness and accuracy of MCNPX as a tool for the optimi-
zation of other radionuclides production. Based on the results, the 124Te(p, n)124I process

seems to be the most likely candidate to produce the 1241 in low-energy cyclotrons.
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INTRODUCTION

Numerous experiments are being performed ev-
ery year on the cross-section of reaction and its yield,
in the field of nuclear physics. Nevertheless, the re-
sults of these experiments were compared with some
similar studies; it is also of high importance to take into
account the prediction ability of introduced models.
But the fact to be considered is narrowing the models
on a specific physical phenomenon, e. g. into a nuclear
reaction, to achieve a specific simulator package capa-
ble of reaching the final response by receiving the par-
tial models.

Both modeling and simulation have enabled the
scholars to attain optimal results, so that they can be uti-
lized as a roadmap, especially for high-cost experi-
ments, as a result of their fast and reasonable solutions,
and they can also be used as the benchmark data. In
other words, the modeling provides more information
which leads to a better understanding of the physical
phenomena and its results can act as a guideline in the
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setup and the design of the physical experiments. Thus,
theoretical models used in nuclear processes have a
great role in all the steps of nuclear data evaluation for
both understanding of the physical phenomena and to
estimations of the required cross-sections where data
are not fully available. On the other hand, Monte Carlo
(MC) approaches can provide a realistic view of the
physical phenomena and simulate a the same reality sit-
uation in evaluation of a nuclear reaction. Moreover, it
seems that a wide international cooperation between
theoretical and experimental teams is important for fos-
tering the collection of more detailed and accurate data
on nuclear reactions relevant to radioisotope produc-
tion and improving their theoretical description [1].
To delve more into the problem, applying the
modeled approach, from the production prerequisites
to the yield estimation, this work tends to monitor the
production of '**I (T}, = 4.17d, Ez, =2.13 MeV,
I+ =22 %) and its radioisotopic impurities by charged
particle irradiation. It is worth mentioning that '>*I is a
suitable long-lived radionuclide for both therapeutic
and diagnostic application in nuclear medicine. The
relatively long half-life of 1>*I (4.17 d) is appropriate
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for long-time in vivo studies of heavy molecular com-
pounds absorption, such as positron emission tomog-
raphy (PET) imaging [2].

The '>*I can be produced at cyclotron utilizing
enriched tellurium-124 through deuteron- and pro-
ton-induced reactions, with respect to the type of
available cyclotron, particle, and energies. At first, 1241
was mainly produced by '**Te(d, 2n)'**I reaction
[3-6]. Nevertheless, in the recent years, by increasing
the number of low-energy cyclotrons,'**Te(p, n)'?*1
reaction has attained popularity in practice [7-10]. In
2003, Qaim et al. [10] showed that high purity '>*I can
be produced on a medium scale employing low-energy
(p,n) reactions on high enriched '**Te, at a small-sized
cyclotron. The evaluation of possible processes for the
production of '?*I from enriched Te and antimony tar-
gets were presented by Aslam et al. [11, 12] according
to the TALYS, STAPRE and EMPIRE codes and vari-
ation of optical parameters. However, Braghirolli et al.
[13] have summarized recent advances in 241
radionuclide production and its medical applications,
with mainly discussion in targetry, target processing,
and PET imaging application. Recently, the excitation
functions of all the possible reactions based on differ-
ent nuclear codes for the production of 2] and also the
1231 1257 and '29 radionuclides were evaluated, which
may be co-produced with '?*I as radionuclidic impuri-
ties [14]. Therefore, this literature will certainly pro-
vide results with a meaningful comparison.

The modeling and simulation have more signifi-
cance in high-cost experiments such as cyclotron pro-
duction of radioisotopes, to explore the best condition
of the production because of their fast, reasonable and
low-cost solutions. Therefore, in the '**I production
procedure, because of its relatively high cost of pro-
duction and the need of applying benchmark data, uti-
lization of a Monte Carlo (MC) code for optimization
of production process, i. e. using an appropriate reac-
tion and optimum range of projectile energy for pro-
duction of '?*I nuclide, assumes a very important role
in assessing the yield of >*I, as well as contaminants
inherent in the production of '>*I nuclide. On the other
hand, since the accuracy of the calculations depends
on the correctness of the computational models, im-
plemented in the used MC code, the comparison of the
results of different codes, with different implementa-
tions of physics and tracking, as well as experimental
data, have a special importance for selection of an ap-
propriate code with the least discrepancies with the ex-
perimental data.

In this study, Monte Carlo code, MCNPX 2.6
[15], was utilized to calculate the production prerequi-
sites of 1?*] and its co-produced impurities ('*’I and
1257) through '?*Te(p, n), '>*Te(p, 2n), '**Te(d, n), and
124Te(d, 2n), reactions. In each process, the calculated
cross sections in our previous work [14] were utilized
to estimate the desired radionuclide production yield.
Stopping power and range of particles in target matter

were obtained utilizing the SRIM code [16]. The target
system was modeled with identical dimensions as the
experimental data [17, 18]. In each reaction, the avail-
able experimental values were used as the benchmark
data. At the end of the study, the appropriate reaction
and optimum energy range of projectile for the pro-
duction of 12T, as well as the usefulness of MCNPX
code for optimizing the radionuclide production, were
considered.

MATERIALS AND METHODS
MCNPX 2.6 code

MCNPX is a general-purpose Monte Carlo radi-
ation transport code developed by the Los Alamos Na-
tional Laboratory (LANL). MCNPX was planned to
follow various particle types over a wide energy range
and to analyze the transport of protons, neutrons, elec-
trons, gamma rays and other particles. MCNPX 2.6
has many new abilities, particularly in the areas of
transmutation, burn-up and delayed particle produc-
tion. Moreover, many new tally sources and vari-
ance-reduction options have been expanded [15].

The MCNPX input file contains information
about a desired problem; such as geometry character-
istics, definition of materials, description and location
of sources, type of tallies, and variance-reduction
methods utilized to enhance the performance of a pro-
gram [19].

TALYS-1.8 and ALICE/ASH codes

TALYS-1.8 and ALICE/ASH are nuclear codes
used to predict and analyze nuclear reactions or pro-
duce nuclear data.

TALYS is utilized to simulate nuclear reactions in-
volving protons, neutrons, deuterons, photons, tritons,
3He- and a-particles, in the 1 keV to 200 MeV energy
range and covers the target nuclides of mass 12 and
heavier. By default, TALYS utilizes phenomenological
optical model parameterizations for neutrons and pro-
tons on a nucleus-by-nucleus basis to obtain the trans-
mission coefficients and reaction cross-sections. If such a
potential is not available, TALY'S automatically utilizes a
global optical mode. For deuterons and other complex
particles, the nucleon potentials, either local or global,
are taken as the basis of these complex particle potentials
[20, 21].

ALICE/ASH code is an improved version of the
ALICE code. This code was written to investigate the
interaction of intermediate energy nucleons with tar-
get nuclei. This code calculates energy and angular
distributions of particles emitted in nuclear reactions,
residual nuclear yields and total non-elastic cross-sec-
tions for nuclear reactions induced by particles with
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energy up to 300 MeV. Models utilized in this code ex-
plain the pre-compound composite particle emission
and fast y-emission and contain different procedures
for nuclear level density and fission fragment yield
calculations. The geometry dependent hybrid model
(GDH) is utilized to describe pre-equilibrium particle
emission from nuclei [22].

Target geometry and beam configuration

In the fabrication of target material for cyclotron
bombardment, the tellurium target and its 3 mm back-
ing plate along with the 10 um thick aluminum-foil
cover were represented by elliptical and rectangular
macro-bodies. The incident beam passes through a
28 mm in diameter, 50 pm thick titanium foil, that sep-
arates the vacuum region from the target assembly
(fig. 1). Moreover, a set of vacuum beam line and a
graphite collimator have been located at the 6°
beam-target angle. Figure 1 shows the modeled target
system, as designed for input file of the MCNPX. The
configuration was specified by the source definition
(SDEF) card. The SDEF card has many parameters
that are used to define approximately all the character-
istics of all the sources. The projectile beam was de-
signed to reach to the target with 6° target-beam angle.
The target thickness is decreased and optimized by 90
% as aresult of the angular shifting. The monoisotopic
tellurium targets were irradiated by 15.2 MeV and
21.9 MeV protons and 13.3 MeV and 16.9 MeV deu-
terons. These irradiation energies were calculated in
such a way thataccording to the SRIM results, the inci-
dent particles, after losing a part of their energy when
passing through the 50 pm titanium and 10 pm in-
clined aluminum foils, enter the tellurium target layer
by desired effective energies of 14 and 21 MeV for
protons and 11 and 15 MeV for deuterons, respec-
tively. So, the effect of the Ti vacuum and Al cover
foils was taken into account in the calculations as a re-
ducing agent of energy beams while passing through
it. The optimum thickness of the target layers were
procured for 90° beam-target angle geometry em-
ploying the SRIM code. The beam, that was speci-
fied by SDEF card, has a Gaussian distribution in
energy and in divergence with the mean full width at
half maximum (FWHM) values of about 300 keV and
17.4 mrad, respectively, and a circular shape in the
plane perpendicular to the incident direction of the

Target cover foil (alumnnum)

Beam line Colllmator

Vacuum isolation foil ( t|tan|um)

beam, with a Gaussian spatial distribution and FWHM
value of 4 mm.

Simulation yield calculation

Regarding the simulation-based yields, incident
particle flux (proton and deuteron) and energy distri-
butions were computed utilizing MCNPX version 2.6.
The projectile energy bin width was set to 0.5 MeV
and energy range extended to 30 MeV. Repeated simu-
lations were run with a history of 107 projectiles as a
variance reduction method. To estimate radionuclide
activity, the normalized particle energy distribution
function P(E) in the tellurium target body was com-
puted from the "f4/e4" tally output (flux) for each reac-
tion. The results are shown in fig. 2. As can be seen,
energy distributions of incident particles in the tellu-
rium target layers cover the desired irradiation energy
ranges, i. e. 14 to 7 MeV for protons in '?4Te, 21 to 15
MeV for protons in '>3Te, 11 MeV to 6 MeV for deu-
terons in '>3Te, and 15 MeV to 10 MeV for deuterons

n '?4Te target.

Hence, the efficacious distribution function
P(E)o(E) was computed from the model based
cross-sections from TALYS-1.8 code. By integrating
the following differential equation for a radioactive
product nuclide, the activity of the generated
radionuclides can be determined [23]

E,
dpdNy (- [P(E)o(E)AE (1)
M out
where A(%) is the product nuclide activity (in Bq), Ny —
the Avogadro number, / — the projectile beam current,
A —the radionuclide decay constant, 1 —the time of irra-
diation, £y, and E, are the initial and outgoing ener-
gies of the beam. M, p, and d are the molar mass, den-
sity and thickness of the target material, respectively.
The tellurium target was irradiated for 60 min with
1 uA beam current.

A(t) =

SRIM code calculations

There are several computational codes for calcu-
lating the stopping power and the range of incident
particles and also the required thickness of target mat-
ter. SRIM code is a group of programs which compute
the stopping and range of ions (up to 2 GeV/amu) in
the target matter utilizing a quantum mechanical treat-

Tellurium target

Figure 1. Simulation setup of target
geometry and source configuration

Backing  designed by visual editor MCNPX
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Figure 2. The normalized energy distribution function (MCNPX tally) for: (a) protons in 1247e target, (b) protons in 1257,
(c) deuterons in '**Te, and (d) deuterons in '**Te target. The irradiation energies were indicated in each figure

ment of ion-atom collisions. Furthermore, this code is
used to calculate the thick blocks of materials em-
ployed to lower the energy of a beam of particles. This
is mostly carried out for light ions to rapidly obtain
lower energies. The stopping power and range of inci-
dent particles (proton and deuteron) in the target mat-
ter (tellurium isotopes) and also the physical thickness
of target block were calculated for the given beam-tar-
get angle geometry (6 ©) in optimum energy range us-
ing the SRIM-2013 code [16, 24-27].

Theoretical yield calculation

To calculate the theoretical yield, the cross-sec-
tional data and the stopping power of the projectile
in the target, were acquired by employing the AL-
ICE/ASH, TALYS-1.8 and SRIM codes, respectively.
The thick-target integral yields can be calculated em-
ploying the following equation [14]

IN B dE
A(t)=—2 (1-eH E)dE (2
(=—r(l-e )E{m(d(px)]a() )

where dE/d(px) is the stopping power of incident parti-
cle in target matter. Other parameters are the same as
given in eq. (1). The Simpson numerical integral
method was used to solve the integral.

RESULTS AND DISCUSSION
Monte Carlo calculations

The production of '**I was predicted through
124Te(p, n), '>5Te(p, 2n), '?3Te(d, n) and '**Te(d, 2n) reac-
tions with different energies. Tellurium targets covered
by Al-foil (fig. 1) were irradiated through 4 different en-
ergy levels, for 1 hour. The simulation yields of '>*I pro-
duction based on the TALYS-1.8 code were obtained
through modeled proton and deuteron energy distribu-
tion functions in the targets body (fig. 2). Furthermore,
the simulation yield of undesired nuclides, '23I and '%°1,
were obtained to determine the best energy range to de-
crease the production of undesired radionuclide impuri-
ties. The results are shown and compared with the avail-
able experimental values in tab. 1.

According to SRIM code calculation plotted in
fig. 3, a 540 um thickness is required for the '?*Te tar-
get irradiated in proton energy range of 14-7 MeV; the
thickness was chosen in such a way that the outgoing
particle energy should be 7 MeV. The corresponding
values are 681, 212, and 272 um for '*Te, '*3Te and
124Te targets, respectively, according to the incident

particle energy. In the investigated energy regions of
various '>*I production channels, two other
radionuclides, '?*I (13.2 h) and '*I (59.4 d), may be
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Table 1. Comparison of '**I simulated yields with the theoretical and experimental data in

the optimum energy range of projectiles

. Optimum | Theoretical yield (**T) . . g . .
Reactions en}zfgftrla\fge thtiirlgng?ss [MBq(uAh) '] Simulation yield' [MBq(pAh)™'] E;%?ﬁ?}?%;il
[MeV] [mm] |TALYS-1.8|ALICE/ASH|"™1(13.2h) "1 (4.17d)|"*1(59.3d)| [MBq(nAh) ]
2Te(p, n)' > 147 0.540 27.54 41.92 25.76 0.0027 21.1[26]
BTe(p, 20)*T | 21> 15 0.681 78.58 50.22 70.83 0.36 81 [9]
123Te(d, n)'*1 116 0.212 2.54 60.06 24 1.0E-5 2.8 [27]
124Te(d, 2n) "1 15510 0.272 20.40 0.67 18.88 0.17 20.7 [3]

"All values calculated from the TALY'S acquired excitation functions
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Figure 3. Range (aP and stopping power of protons (b) in
the monoisotopic '**Te target

formed as impurities. The 21, because of its short
half-life, is not a major concern and can be drastically
reduced by allowing to decay a few days after the end
of bombardment. However, 21, due to its rather long
half-life, is the major concern in the '?*I production
procedure and makes its removal from product
nuclides difficult. To resolve this, it is necessary to
strategically select the irradiation energy region in
each channel to maximize the >*I production yield and
minimize the produced impurities, especially the 2
nuclide. The selection of this energy range leads to a
disagreement between purity and yield.

According to results (tab. 1), the proton induced
reaction on '?#Te target is a method of choice because

of its rather low amount of '>°I impurity. The high
amount of '2*] product can be minimized by allowing
it to decay a few days after irradiation. The '>Te(p,
2n)'?4] reaction can be utilized in the medium-cyclo-
trons, nevertheless, the high level of > produced in
this route is the major problem. The production yield
of 1?*Lin the '23Te(d, n)'>*I reaction is very low and by
taking into account the high cost of target material
123Te, this is insignificant for the '>*I production. In the
124Te(d, 2n)'?*1 reaction, the level of '2°I impurity is
relatively high, therefore this reaction, when com-
pared to the '?*Te(p, n)!?I reaction, is recessive.

On the other hand, the results show the
8.79-22.08 % relative discrepancies between the MC
code and corresponding experimental data and also
the 5.51-9.86 % between MC code and statistical
codes. As is well known, the experimental yield is in-
fluenced by several factors, such as inhomogeneity in
the target layer, beam profile and intensity, radiation
damage effects, and chemical separation yield. On the
other hand, in this simulation the targets were consid-
ered 100 % pure isotopes, whereas in the experimental
works, the targets have a slight contaminant. There-
fore, it can be said that the computed results are in ac-
ceptable agreement with the experimental values.
Hence, the MCNPX 2.6 code is a good tool for the pre-
requisite calculation and yield estimation of '2*I pro-
duction with the reasonable uncertainties.

Theoretical calculations

Natural tellurium consists of 8 stable isotopes:
120Te 0.09 %, 122Te 2.55 %, '23Te 0.89 %, '24Te 4.74%,
125Te 7.07 %, '29Te 18.84 %, '*8Te 31.74 %, and '3°Te
34.08 % [14].The theoretical yield of '**I production
based on TALYS-1.8 and ALICE/ASH codes were
calculated for monoisotopic '>3Te, '?4Te, and '?°Te tar-
gets in the mentioned reactions. The calculation re-
sults were utilized as a benchmark data for simulation
yields to determine the accuracy of the MC code. The
calculation results are presented in tab. 1. Further-
more, as an application of SRIM code, the stopping
power and range of protons in the '24Te target were ob-
tained in a wide energy range (fig. 3).

The results of these figures have been utilized to
determine the optimum thickness of the target body, to
achieve the required energy range of incident particle
in that region (as mentioned above).
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CONCLUSION

In this study, the ability of analytical and Monte
Carlo models was used to predict nuclear parameters.

The simulation production yields, over a wide
energy range, were predicted for '**Te(p, n)'?*,
125Te(p, 2n)'?41, 123Te(d, n)'?*1, and '**Te(d, 2n)'?*I re-
actions through MCNPX and SRIM codes. The result
of calculations was compared with the TALY'S-1.8 and
ALICE/ASH results, as well as experimental data, for
the same reactions. Eventually, the reasonable agree-
ment between the theoretical and simulation produc-
tion yields, as well as experimental data, was achieved
in optimum energy range. According to the results, the
124Te(p, n)!?*I process appears to be the most likely
candidate to produce the '>*I in low-energy cyclotrons,
because of the sufficient amounts of '?*I production,
with relatively low levels of '?°I impurity as the major
concern in the '?*I production due to its rather long
half-life of 59.4 days.
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Xamun ASU3AKPAM, Maxagu CAIEI'U, [Tapeuz AIITAPU, ®apxag 30J1PATAPIIYP

MOHTE KAPJO MNPUCTYII IPOPAYYHY NPEQYCIOBA INIPOU3BOJIILE
PAIMOU30TOMNA 1241 PAIM NMPOLIEHE AKTUBHOCTU

IMpumeHoM mporpamckor nakera MCNPX cuMynupaHna je nmpoussofma 241 mytem peakiuja
124,125Te(p, xn) 1 123124Te(d, xn) pagu no6ujama 41 Bucoke akTusHOCTH. EcpuKkacHu mpeceny 3a oBe peakije
n3padyHaTu cy nomohy mporpamckux makera TALYS-1.8 m ALICE/ASH. OnTtuManHu eHepreTCKH OIcer
MPOjEeKTHUIIA 32 OBY POM3BO/LY M3abpaH je onpebuBameM MakcnMyma epUKacHOT peceka 1 MUHAMYMa
HeuucToha ycieq emMuchje ocranux KaHaja. ['eomeTpuja MeTe u3ajHMpaHa je Ha OCHOBY IMpOpadyHa
3aycTraBHe MOhm mporpamMckuM naketoMm SRIM npn MICHTHYHAM ANMEH3HjaMa Kao 1 y eKCIIepUMEHTAITHAM
nopmanmMa. [IpeTnocraBibeH je IOMpUHOC yCien peaknuja Ha ie6ernoj MeTH 300T (pyHKIUja eKCIuTanuje u
3aycraBue Mohu. CBH TpenycioBH HOOWjeHM MPETXOJHUM IMpopadyHuma mpmiarobern cy MCNPX
IIPOrpaMCKOM MAKETY ¥ MTPOU3BOJHY POIEC CUMYNIHpPaH je IpeMa OeHUMapK ekcnepuMeHTrMa. ITotom je
nm3padyHaTa CHEpreTcka pacrmojeiia MpoTOHAa y MeTaMa M KONMYMHA MPEOoCTaINX je3rapa Iocie
o3paumBama. Pesyaraté cy y /00poj cariacHOCTH ca OO0jaB/beHMM TMOfialluMa 4YWMe ce TMOTBphyje
MOTOTHOCT M TAYHOCT IporpamMckor nakera MCNPX kao cpeficTBa 3a ONTHMU3AIH]y TPOU3BOIEE APYTUX
pamuonykiua. Ha ocHOBy pesynrara, peakiuja 24Te(p, n)!?*l unnu ce ja je HajBepOBAaTHUjM KAHAM/AT 32
pou3BOMbY 241 y HHCKOEHEPreTCKUM HUKJIOTPOHUMA.

Knyune peuw: 12#1, doiipunoc fipouszsodme, yuxaoiipon, MCNPX, TALYS-1.8, ALICE/ASH



