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Vanadium-48 was produced through the irradiation of the natural titanium target via the
natTi(p, xn)48V reaction. The titanium target was irradiated at 1 mA current and by a 21 MeV
proton beam for 4 hours. In this paper, the activity of 48V, 43Sc, and 46Sc radionuclides and the
efficacy of the 47Ti(p, g), 48Ti(p, n), and 49Ti(p, 2n) channel reactions to form 48V radionuclide
were determined using MCNPX code. Furthermore, the experimental activity of 48V was
compared with the estimated value for the thick target yield produced in the irradiation time
according to MCNPX code. Good agreement between production yield of the 48V and the
simulation yield was observed. In conclusion, MCNPX code can be used for the estimation of
the production yield.
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INTRODUCTION
Positron emission tomography (PET) is a
non-invasive medical imaging technology that can
generate high resolution images of physiologic functions with clinical application for oncology, cardiology, and neurology [1]. Formerly, the majority of the
PET centers used to employ 68Ge (T1/2 = 271 d) in equilibrium with 68Ga for routine transmission scanning.
In order to improve the quality of PET images by acquiring high count and short duration transmission
scans, the positron emitter 48V (T1/2 = 15.97 d; b+ decay
50% and g-line: 944.13, 983.52, and 1312.10 keV) [2]
that can be presented by many PET cyclotrons, is an
interesting candidate for PET imaging [2-6].
48V is frequently used in nuclear medicine; for
example, the 48V radioactive stent was produced by a
nickel-titanium stent irradiation with the proton beam,
and the efficacy of radioactive stent for application in
renal artery brachytherapy was studied [7].
Titanium, a light, strong, non-toxic metal, has a
wide array of practical applications in the field of industry and aerospace. Its physical and chemical properties, together with an unrestricted availability make
titanium an ideal target material for monitoring beam
* Corresponding author; e-mail: msadeghi@nrcam.org

parameters. Therefore, the natTi(p, x)48V is a suitable
reaction for monitoring the intensity and energy of
charged particle beams [2, 6, 8]. The use of monitor reaction is a convenient and cheep method for determining the energy and intensity of the bombarding beam.
Production of 48V by natural titanium, has been
studied via the natTi(p, xn) [2-9], natTi(d, xn) [4] and
natTi(a, xn) [10] reactions. The natTi(p, xn)48V reaction
is suitable for medium to low-energy cyclotrons. Table
1 shows the nuclear data of 48V production through the
different isotopes of natural Ti using TALYS code.
Moreover, Ti is a potential candidate for the production of medical radionuclides, such as 48V, 43Sc,
46Sc, and so on. The positron emitting radionuclide
43Sc (T
1/2 = 3.89 h; Eg = 372.8 keV) could be used for in
vivo dosimetry [11] and 46Sc radionuclide was used as
a radiotracer to analyze lungs [12]. Therefore, the
Table 1. Nuclear data 48V production through different
isotopes of natural Ti using TALYS code
Contributing
reactions
47

Ti(p, g)48V
Ti(p, n)48V
49
Ti(p, 2n)48V
50
Ti(p, 3n)48V
48

Q-value
[MeV]

Threshold
[MeV]

6.83
–4.79
–12.93
–23.88

0
4.89
13.20
24.36

Abundance of
target nucleus
[%]
7.3
73.8
5.5
5.4
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natTi(p, x)48V, 43,46Sc nuclear processes have great im-

portance in the field of nuclear medicine.
In this work, production of radionuclide through
the natTi(p, x) reaction, was simulated using Monte
Carlo code. In this simulation, the natural Ti – 46Ti
(8.0%), 47Ti (7.3%), 48Ti (73.8%), 49Ti (5.5%), and 50Ti
(5.4%) – was irradiatedat 10 mA current and 21 MeV
proton beam, with 10 million proton histories. The
computer code MCNPX was chosen to simulate the
proton flux in the natural Ti and determined the
radionuclide activity. The comparison study was made
between experimental and theoretical of the 48V activity
and the calculated values based on the simulated proton
flux.

8-20 MeV, with the maximum cross-section of 464 mb
(1 mb = 10–31m2) at 13 MeV. The reactions lead to the
formation of 46Ti, 46/47/48/49V, and 43/47Sc activity impurities.
Non-isotopic contaminations can be separated
by virtue of chemical methods and the isotopic impurities 46V and 47V were not notable, since their half-lives
are extremely short (0.46 s and 32.6 m) and 49V has a
very small cross-section in the 8-20 energy range.
The excitation function of 48V on natural Ti
through the 47Ti(p, g), 48Ti(p, n), 49Ti(p, 2n), and
50Ti(p, 3n) nuclear reactions using the TALYS code, is
shown in fig. 2.

MATERIALS AND METHODS

Calculation of excitation function
The TALYS code: The pre-equilibrium particle
emission is described using the two-component
exciton model. The model implements new expressions for internal transition rates and new
parameterization of the average squared matrix element for the residual interaction obtained using the optical model potential. The phenomenological model is
used for the description of the per-equilibrium complex particle emission. The equilibrium particle emission is described using the Hauser-Feshbach model
[13].
Excitation functions of natTi(p, x)48V reaction
were calculated by using TALYS 1.0 code.
TALYS 1.0 is a computer code system for the
analysis and prediction of nuclear reactions. The basic
objective behind its construction is the simulation of
nuclear reactions that involve neutrons, photons, protons, deuterons, tritons, 3He-particle, and alpha particles in the 1 keV-200 MeV energy [13]. The good
agreement between most of the literature data and data
from the TALYS code was observed [2, 6, 8].
Excitation functions calculated by TALYS-1.0
code are shown in fig. 1 at different decay channels after proton bombardment of natural titanium. As seen
in fig. 1, the optimum bombarding energy range is

Figure 2. The excitation function production of 48V on
natural Ti

According to the SRIM (The Stopping and
Range of Ions in Matter) code, the required thickness
of the target was calculated for any reaction [14]. The
physical thickness of the Ti layer (0.11 cm) is chosen
in such a way that for a given beam/target angle geometry (90°) the incident beam of the target layer be excited with the predicted energy.

Calculation of theoretical yield
using TALYS and SRIM cods
Analytical estimation of the theoretical activity
production were made utilizing the evaluated cross-section data from the natTi(p, x) using TALYS code
and the stopping power calculated using SRIM code.
The production yield Y (in Bq) can be calculated by the
Simpson numerical integral method from eq. (1).
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where NL is the Avogadro number, H – the isotope
abundance of the target nuclide, M – the mass number
of the target element, s(E) – the cross-section at energy E, I – the projectile current, dE/d(rx) – the stopping power, and l – the decay constant of the product
and t – the time of irradiation [15-20].
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Figure 1. The excitation function of natTi(p, x) reaction
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Calculation of simulation yield
using the Monte Carlo
MCNP (Monte Carlo N-particle) is a general
purpose Monte Carlo radiation transport code developed by Los Alamos National Laboratory (LANL)
and designed to track many particle types such as neutron, photon, electron, or coupled (neutron/photon/electron ) over broad ranges of energies [21].
Afterward, the code has been under a constant
development, latest and most advanced version is
called MCNPX. The MCNPX code extends the capabilities of MCNP4C3 to nearly all particle types, to
nearly all energies, and to nearly all applications without an additional computational time penalty. The
MCNPX code is capable of simulating 34 particle
types and more than 2000 heavy ions at low as well as
high energies. It utilizes the latest nuclear cross-section libraries and uses physics models for particle
types.
The MCNPX input file included information
such as: the geometry, the description of materials, the
type tallies, source, and the variance reduction techniques.
The target cell was defined as volume of space
bounded by surfaces. The target consisting of a titanium cylinder (height = 0.11 cm; radius = 0.50 cm) enveloped in high purity Al foil (16 mm thick). The bottom of the cylinder was located in the plane Z = 0 and
the cylinder axis is parallel to Z axis. fig. 3(a) shows
the model of target and source.

Figure 3.
(a) – schematic of the target and source, and (b) – surface of
nat
Ti target, irradiated with 1000 protons, designed with
visual editor MCNPX
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The source was specified by the SDEF command. The SDEF command has many variables or
parameters that are used to define all the char acteristics of all sources. In this work, SDEF card simulated a pulse of proton beam with 21 MeV energy
and I = 10 mA, around the Z axis with a negative direction. The simulated proton beam has an annular
shape (Ø = 1 cm, Rmin = 0, Rout = 0.5 cm). Figure 3(b)
shows the sur face of natural Ti target was irradiated
with 1000 protons, by using the Visual Editor
MCNPX.
Proton flux (F4 and F4/e4) was calculated using
MCNPX version 2.6 and particle distribution functions P(E) was computed from F4 tally data that were
normalized over the entire particle energy range.
The natTi(p, x)48V,43,46,47Sc published cross-section data, and the MCNPX proton flux distributions
have a proton energy dependence. All the cross-section spectra and the proton flux were divided in a series
of 0.5 MeV energy regions. These energy regions are
small enough that the average cross-section and the
proton flux values are considered constant for each region.
The calculation of instable product nuclide was
based on expression
E max

dN p

0

dt

A ( t ) = ò P ( E )s ( E )dE

dr

L
(1- e - lt ) (2)
M

where A(t) is the product nuclide radioactivity, l –
the decay constant of the product isotope, L – the
Avogadro constant, M – the target material molar, r
– the target material density, d – the target thickness,
I = =.dNp/dt – the proton beam current, and t – the irradiation time. The product function P(E)s(E) was
computed from cross-section multiplying polynomial fits of 5th degree of the particle distribution
functions based on the MCNPX code. Figure 4
shows the normalized energy distribution function
P(E) for proton in the Ti cell.

Figure 4. Normalized energy distribution function for
the proton in the natural titanium given by MCNPX
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RESULTS AND DISCUSSION

comparison between theoretical yield and calculation
based on the MCNPX code.

Theoretical production
yield – TALYS and SRIM codes
CONCLUSIONS

Natural titanium was used as the target for the irradiation, but formation of the 48V radionuclide in
20-8 MeV energy range is only contributed to by several direct reactions: the 47Ti(p, g), 48Ti(p, n), and
49Ti(p, 2n). The reaction channel 50Ti(p, n)48V, did
not contribute significantly, since their starting energy is >20 MeV (see fig. 2). The yield of 48V through
the 47Ti(p, g)48V and 49Ti(p, 2n)48V reactions, are very
small (0.004 and 0.7 MBq/ mAh). The theoretical production yield 48V via the natTi(p, n)48V reaction was
calculated 21.18 MBq/mAh.
Simulation production
yield – MCNPX code
The estimated experimental value for the yield
production 48V in 4 hours of irradiation at 10 m A is calculated 22.25 MBq/mAh at the end of the bombardment [3].
The production of the 48V yield in the simulated
6
10×10 proton histories is evaluated as 22.17 MBq/mAh.
Table 2 shows a comparison between the theoretical and
experimental activity of 48V with the calculation activity
based on the proton flux distributions on the natural Ti
using the simulation code MCNPX, through the natTi(p,
x)48V reaction.
Table 2. Comparison between the theoretical activity, the
experimental activity and the calculation 48V activity
based on MCNPX
Reoretical
nat

48

Ti(p, x) V

Theoretical
activity
[MBq]
847.23

Experimental
activity [3]
[MBq]
890

Simulation
activity
[MBq]
886.87

In this work, the simulation code (MCNPX) was
used to estimate the activity 48V and contaminants
radionuclide through the natTi(p, x) reaction. The 48V
activity through the natTi(p, x)48V reaction was almost
equal to the activity data from the 48Ti(p, x)48V reaction, because the 48Ti(p, n) (48Ti: 73.8% in natural Ti)
reaction is the dominant process for production of 48V
using natural Ti.
Good agreement obtained between the theoretical
and experimental data of the radionuclide activity, and
the calculated activities based on the MCNP proton flux.
This comparison demonstrated that the MCNPX provides a suitable tool for simulation of proton irradiation
for the purpose of radionuclide production.
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SIMULACIJA PROIZVODWE VANADIJUMA-48
UPOTREBOM MCNPX PROGRAMA
Vanadijum-48 proizvodi s e ozra~ivawem prirodnog titanijuma putem reakcije
xn)48V. Titanijumska meta zra~ena je 4 sata protonskim snopom energije 21 MeV, pri ja~ini
struje od 10 mA. U ovom radu, kori{}ewem programa MCNPX utvr|ene su aktivnosti radionuklida
48V, 43Sc i 46Sc, kao i efikasnosti reakcija kanala 47Ti(p, g), 48Ti(p, n) i 48Ti(p, 2n) radi formirawa 48V.
Eksperimentalno odre|ena aktivnost 48V pore|ena je sa procewenom vredno{}u za prinos debele
mete prema MCNPX programu. Uo~ena su dobra slagawa prinosa proizvodwe i simuliranog prinosa
48V, odakle se zakqu~uje da se MCNPX program mo`e koristiti za procenu prinosa proizvodwe.
natTi(p,

Kqu~ne re~i: aktivnost, MCNP program, prirodni titanijum, 48V

