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The Monte Carlo simulation code MCNPX has been used to simulate the production of 124I
by 124,125Te(p, xn) and 123,124Te(d, xn) reactions to form high activity 124I. For this reason, the
TALYS-1.8 and ALICE/ASH codes were used to calculate the reaction cross-section. The optimal 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 reported data, thus confirming the usefulness and accuracy of MCNPX as a tool for the optimization of other radionuclides production. Based on the results, the 124Te(p, n)124I process
seems to be the most likely candidate to produce the 124I in low-energy cyclotrons.
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INTRODUCTION
Numerous experiments are being performed every year on the cross-section of reaction and its yield,
in the field of nuclear physics. Nevertheless, the results 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 capable of reaching the final response by receiving the partial models.
Both modeling and simulation have enabled the
scholars to attain optimal results, so that they can be utilized as a roadmap, especially for high-cost experiments, 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
* Corresponding author; e-mail: sadeghi.m@iums.ac.ir

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 situation in evaluation of a nuclear reaction. Moreover, it
seems that a wide international cooperation between
theoretical and experimental teams is important for fostering the collection of more detailed and accurate data
on nuclear reactions relevant to radioisotope production 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 124I (T1/2 = 4.17 d, Eb+ = 2.13 MeV,
Ib+ =.22 %) and its radioisotopic impurities by charged
particle irradiation. It is worth mentioning that 124I is a
suitable long-lived radionuclide for both therapeutic
and diagnostic application in nuclear medicine. The
relatively long half-life of 124I (4.17 d) is appropriate
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for long-time in vivo studies of heavy molecular compounds absorption, such as positron emission tomography (PET) imaging [2].
The 124I can be produced at cyclotron utilizing
enriched tellurium-124 through deuteron- and proton-induced reactions, with respect to the type of
available cyclotron, particle, and energies. At first, 124I
was mainly produced by 124Te(d, 2n)124I reaction
[3-6]. Nevertheless, in the recent years, by increasing
the number of low-energy cyclotrons,124Te(p, n)124I
reaction has attained popularity in practice [7-10]. In
2003, Qaim et al. [10] showed that high purity 124I can
be produced on a medium scale employing low-energy
(p, n) reactions on high enriched 124Te, at a small-sized
cyclotron. The evaluation of possible processes for the
production of 124I from enriched Te and antimony targets were presented by Aslam et al. [11, 12] according
to the TALYS, STAPRE and EMPIRE codes and variation of optical parameters. However, Braghirolli et al.
[13] have summarized recent advances in 124I
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 different nuclear codes for the production of 124I and also the
123I, 125I, and 126I radionuclides were evaluated, which
may be co-produced with 124I as radionuclidic impurities [14]. Therefore, this literature will certainly provide results with a meaningful comparison.
The modeling and simulation have more significance in high-cost experiments such as cyclotron production of radioisotopes, to explore the best condition
of the production because of their fast, reasonable and
low-cost solutions. Therefore, in the 124I production
procedure, because of its relatively high cost of production and the need of applying benchmark data, utilization of a Monte Carlo (MC) code for optimization
of production process, i. e. using an appropriate reaction and optimum range of projectile energy for production of 124I nuclide, assumes a very important role
in assessing the yield of 124I, as well as contaminants
inherent in the production of 124I nuclide. On the other
hand, since the accuracy of the calculations depends
on the correctness of the computational models, implemented in the used MC code, the comparison of the
results of different codes, with different implementations of physics and tracking, as well as experimental
data, have a special importance for selection of an appropriate code with the least discrepancies with the experimental data.
In this study, Monte Carlo code, MCNPX 2.6
[15], was utilized to calculate the production prerequisites of 124I and its co-produced impurities (123I and
125I) through 124Te(p, n), 125Te(p, 2n), 123Te(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
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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 available 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 production of 124I, 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 radiation transport code developed by the Los Alamos National Laboratory (LANL). MCNPX was planned to
follow various particle types over a wide energy range
and to analyze the transport of protons, neutrons, electrons, gamma rays and other particles. MCNPX 2.6
has many new abilities, particularly in the areas of
transmutation, burn-up and delayed particle production. Moreover, many new tally sources and variance-reduction options have been expanded [15].
The MCNPX input file contains information
about a desired problem; such as geometry characteristics, definition of materials, description and location
of sources, type of tallies, and variance-reduction
methods utilized to enhance the performance of a program [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 produce nuclear data.
TALYS is utilized to simulate nuclear reactions involving 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 protons on a nucleus-by-nucleus basis to obtain the transmission coefficients and reaction cross-sections. If such a
potential is not available, TALYS 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 target nuclei. This code calculates energy and angular
distributions of particles emitted in nuclear reactions,
residual nuclear yields and total non-elastic cross-sections for nuclear reactions induced by particles with
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energy up to 300 MeV. Models utilized in this code explain the pre-compound composite particle emission
and fast g-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 backing plate along with the 10 mm thick aluminum-foil
cover were represented by elliptical and rectangular
macro-bodies. The incident beam passes through a
28 mm in diameter, 50 mm thick titanium foil, that separates 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 characteristics of all the sources. The projectile beam was designed to reach to the target with 6° target-beam angle.
The target thickness is decreased and optimized by 90
% as a result 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 deuterons. These irradiation energies were calculated in
such a way that according to the SRIM results, the incident particles, after losing a part of their energy when
passing through the 50 mm titanium and 10 mm inclined 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, respectively. So, the effect of the Ti vacuum and Al cover
foils was taken into account in the calculations as a reducing agent of energy beams while passing through
it. The optimum thickness of the target layers were
procured for 90° beam-target angle geometry employing the SRIM code. The beam, that was specified 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

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 distributions 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 simulations 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 computed from the "f4/e4" tally output (flux) for each reaction. The results are shown in fig. 2. As can be seen,
energy distributions of incident particles in the tellurium target layers cover the desired irradiation energy
ranges, i. e. 14 to 7 MeV for protons in 124Te, 21 to 15
MeV for protons in 125Te, 11 MeV to 6 MeV for deuterons in 123Te, and 15 MeV to 10 MeV for deuterons
in 124Te target.
Hence, the efficacious distribution function
P(E)s(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]
A (t ) =

E in
IrdN A
(1- e - lt ) ò P ( E ) s ( E ) dE
M
E out

(1)

where A(t) is the product nuclide activity (in Bq), NA –
the Avogadro number, I – the projectile beam current,
l – the radionuclide decay constant, t – the time of irradiation, Ein and Eout are the initial and outgoing energies of the beam. M, r, and d are the molar mass, density and thickness of the target material, respectively.
The tellurium target was irradiated for 60 min with
1 mA beam current.
SRIM code calculations
There are several computational codes for calculating the stopping power and the range of incident
particles and also the required thickness of target matter. 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-

Figure 1. Simulation setup of target
geometry and source configuration
designed by visual editor MCNPX
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Figure 2. The normalized energy distribution function (MCNPX tally) for: (a) protons in 124Te target, (b) protons in 125Te,
(c) deuterons in 123Te, and (d) deuterons in 124Te 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 employed 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 incident particles (proton and deuteron) in the target matter (tellurium isotopes) and also the physical thickness
of target block were calculated for the given beam-target angle geometry (6 °) in optimum energy range using the SRIM-2013 code [16, 24-27].
Theoretical yield calculation
To calculate the theoretical yield, the cross-sectional data and the stopping power of the projectile
in the target, were acquired by employing the ALICE/ASH, TALYS-1.8 and SRIM codes, respectively.
The thick-target integral yields can be calculated employing the following equation [14]
A (t ) =

E in
INA
æ dE ö
(1- e - lt ) ò ç
÷ s ( E ) dE (2)
M
E out è d ( rx ) ø

where dE/d(rx) is the stopping power of incident particle 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 124I was predicted through
124Te(p, n), 125Te(p, 2n), 123Te(d, n) and 124Te(d, 2n) reactions with different energies. Tellurium targets covered
by Al-foil (fig. 1) were irradiated through 4 different energy levels, for 1 hour. The simulation yields of 124I production based on the TALYS-1.8 code were obtained
through modeled proton and deuteron energy distribution functions in the targets body (fig. 2). Furthermore,
the simulation yield of undesired nuclides, 123I and 125I,
were obtained to determine the best energy range to decrease the production of undesired radionuclide impurities. The results are shown and compared with the available experimental values in tab. 1.
According to SRIM code calculation plotted in
fig. 3, a 540 mm thickness is required for the 124Te target 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 mm for 125Te, 123Te and
124Te targets, respectively, according to the incident
particle energy. In the investigated energy regions of
various 124I production channels, two other
radionuclides, 123I (13.2 h) and 125I (59.4 d), may be
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Table 1. Comparison of 124I simulated yields with the theoretical and experimental data in
the optimum energy range of projectiles
Reactions
124

124

Te(p, n) I
Te(p, 2n)124I
123
Te(d, n)124I
124
Te(d, 2n)124I
125

*

Optimum
Theoretical yield (124I)
Effective
tar
get
[MBq(mAh)–1]
energy range thickness
[MeV]
TALYS-1.8 ALICE/ASH
[mm]
0.540
27.54
29.18
14 ® 7
0.681
78.58
86.37
21 ® 15
0.212
2.54
2.84
11 ® 6
0.272
20.40
20.79
15 ® 10

Simulation yield* [MBq(mAh)–1]
123

I (13.2 h)
41.92
50.22
60.06
0.67

124

I (4.17 d)
25.76
70.83
2.4
18.88

125

I (59.3 d)

0.0027
0.36
1.0E–5
0.17

Experimental
yield (124I)
[MBq(mAh)–1]
21.1 [26]
81 [9]
2.8 [27]
20.7 [3]

All values calculated from the TALYS acquired excitation functions

of its rather low amount of 125I impurity. The high
amount of 123I product can be minimized by allowing
it to decay a few days after irradiation. The 125Te(p,
2n)124I reaction can be utilized in the medium-cyclotrons, nevertheless, the high level of 125I produced in
this route is the major problem. The production yield
of 124I in the 123Te(d, n)124I reaction is very low and by
taking into account the high cost of target material
123Te, this is insignificant for the 124I production. In the
124Te(d, 2n)124I reaction, the level of 125I impurity is
relatively high, therefore this reaction, when compared to the 124Te(p, n)124I 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 influenced 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 considered 100 % pure isotopes, whereas in the experimental
works, the targets have a slight contaminant. Therefore, it can be said that the computed results are in acceptable agreement with the experimental values.
Hence, the MCNPX 2.6 code is a good tool for the prerequisite calculation and yield estimation of 124I production with the reasonable uncertainties.
Theoretical calculations
Figure 3. Range (a) and stopping power of protons (b) in
the monoisotopic 124Te target
123I,

formed as impurities. The
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, 125I, due to its rather long
half-life, is the major concern in the 124I 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 124I production yield and
minimize the produced impurities, especially the 125I
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 124Te target is a method of choice because

Natural tellurium consists of 8 stable isotopes:
120Te 0.09 %, 122Te 2.55 %, 123Te 0.89 %, 124Te 4.74%,
125Te

7.07 %, 126Te 18.84 %, 128Te 31.74 %, and 130Te
34.08 % [14].The theoretical yield of 124I production
based on TALYS-1.8 and ALICE/ASH codes were
calculated for monoisotopic 123Te, 124Te, and 125Te targets in the mentioned reactions. The calculation results 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. Furthermore, as an application of SRIM code, the stopping
power and range of protons in the 124Te target were obtained 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 124Te(p, n)124I,
125Te(p, 2n)124I, 123Te(d, n)124I, and 124Te(d, 2n)124I reactions through MCNPX and SRIM codes. The result
of calculations was compared with the TALYS-1.8 and
ALICE/ASH results, as well as experimental data, for
the same reactions. Eventually, the reasonable agreement between the theoretical and simulation production yields, as well as experimental data, was achieved
in optimum energy range. According to the results, the
124Te(p, n)124I process appears to be the most likely
candidate to produce the 124I in low-energy cyclotrons,
because of the sufficient amounts of 124I production,
with relatively low levels of 125I impurity as the major
concern in the 124I production due to its rather long
half-life of 59.4 days.
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MONTE KARLO PRISTUP PRORA^UNU PREDUSLOVA PROIZVODWE
RADIOIZOTOPA 124 I RADI PROCENE AKTIVNOSTI
Primenom programskog paketa MCNPX simulirana je proizvodwa

124I

putem reakcija

124,125Te(p, xn) i 123,124Te(d, xn) radi dobijawa 124I visoke aktivnosti. Efikasni preseci za ove reakcije

izra~unati su pomo}u programskih paketa TALYS-1.8 i ALICE/ASH. Optimalni energetski opseg
projektila za ovu proizvodwu izabran je odre|ivawem maksimuma efikasnog preseka i minimuma
ne~isto}a usled emisije ostalih kanala. Geometrija mete dizajnirana je na osnovu prora~una
zaustavne mo}i programskim paketom SRIM pri identi~nim dimenzijama kao i u eksperimentalnim
podacima. Pretpostavqen je doprinos usled reakcija na debeloj meti zbog funkcija ekscitacije i
zaustavne mo}i. Svi preduslovi dobijeni prethodnim prora~unima prilago|eni su MCNPX
programskom paketu i proizvodni proces simuliran je prema ben~mark eksperimentima. Potom je
izra~unata energetska raspodela protona u metama i koli~ina preostalih jezgara posle
ozra~ivawa. Rezultati su u dobroj saglasnosti sa objavqenim podacima ~ime se potvr|uje
pogodnost i ta~nost programskog paketa MCNPX kao sredstva za optimizaciju proizvodwe drugih
radionuklida. Na osnovu rezultata, reakcija 124Te(p, n)124I ~ini se da je najverovatniji kandidat za
proizvodwu 124I u niskoenergetskim ciklotronima.
Kqu~ne re~i: 124I, doprinos proizvodwe, ciklotron, MCNPX, TALYS-1.8, ALICE/ASH

