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Va na dium-48 was pro duced through the ir ra di a tion of the nat u ral ti ta nium tar get via the
natTi(p, xn)48V re ac tion. The ti ta nium tar get was ir ra di ated at 1 mA cur rent and by a 21 MeV
pro ton beam for 4 hours. In this pa per, the ac tiv ity of 48V, 43Sc, and 46Sc radionuclides and the
ef fi cacy of the 47Ti(p, g), 48Ti(p, n), and 49Ti(p, 2n) chan nel re ac tions to form 48V radionuclide
were de ter mined us ing MCNPX code. Fur ther more, the ex per i men tal ac tiv ity of 48V was
com pared with the es ti mated value for the thick tar get yield pro duced in the ir ra di a tion time
ac cord ing to MCNPX code. Good agree ment be tween pro duc tion yield of the 48V and the
sim u la tion yield was ob served. In con clu sion, MCNPX code can be used for the es ti ma tion of
the pro duc tion yield.
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IN TRO DUC TION

Pos i tron emis sion to mog ra phy (PET) is a
non-in va sive med i cal im ag ing tech nol ogy that can
gen er ate high res o lu tion im ages of phys i o logic func -
tions with clin i cal ap pli ca tion for on col ogy, car di ol -
ogy, and neu rol ogy [1]. For merly, the ma jor ity of the
PET cen ters used to em ploy 68Ge (T1/2 = 271 d) in equi -
lib rium with 68Ga for rou tine trans mis sion scan ning.
In or der to im prove the qual ity of PET im ages by ac -
quir ing high count and short du ra tion trans mis sion
scans, the pos i tron emit ter 48V (T1/2 = 15.97 d; b+ de cay 
50% and  g-line: 944.13, 983.52, and 1312.10 keV) [2]
that can be pre sented by many PET cy clo trons, is an
in ter est ing can di date for PET im ag ing [2-6].

48V is fre quently used in nu clear med i cine; for
ex am ple, the 48V ra dio ac tive stent was pro duced by a
nickel-ti ta nium stent ir ra di a tion with the pro ton beam,
and the ef fi cacy of ra dio ac tive stent for ap pli ca tion in
re nal ar tery brachytherapy was stud ied [7].

Ti ta nium, a light, strong, non-toxic metal, has a
wide ar ray of prac ti cal ap pli ca tions in the field of in -
dus try and aero space. Its phys i cal and chem i cal prop -
er ties, to gether with an un re stricted avail abil ity make
ti ta nium an ideal tar get ma te rial for mon i tor ing beam

pa ram e ters. There fore, the natTi(p, x)48V is a suit able
re ac tion for mon i tor ing the in ten sity and en ergy of
charged par ti cle beams [2, 6, 8]. The use of mon i tor re -
ac tion is a con ve nient and cheep method for de ter min -
ing the en ergy and in ten sity of the bom bard ing beam. 

Pro duc tion of 48V by nat u ral ti ta nium, has been
stud ied via the natTi(p, xn) [2-9], natTi(d, xn) [4] and
natTi(a, xn) [10] re ac tions. The natTi(p, xn)48V re ac tion 
is suit able for me dium to low-en ergy cy clo trons. Ta ble 
1 shows the nu clear data of 48V pro duc tion through the
dif fer ent iso topes of nat u ral Ti us ing TALYS code.

More over, Ti is a po ten tial can di date for the pro -
duc tion of med i cal radionuclides, such as 48V, 43Sc,
46Sc, and so on. The pos i tron emit ting radionuclide
43Sc (T1/2 = 3.89 h; Eg = 372.8 keV) could be used for in 
vivo do sim e try [11] and 46Sc radionuclide was used as
a radiotracer to an a lyze lungs [12]. There fore, the
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Ta ble 1. Nu clear data 48V pro duc tion through dif fer ent
iso topes of nat u ral Ti us ing TALYS code

Contributing
reactions

Q-value
[MeV]

Threshold
[MeV]

Abundance of
target nucleus

[%]
47Ti(p, g)48V 6.83 0 7.3
48Ti(p, n)48V –4.79 4.89 73.8

49Ti(p, 2n)48V –12.93 13.20 5.5
50Ti(p, 3n)48V –23.88 24.36 5.4



natTi(p, x)48V, 43,46Sc nu clear pro cesses have great im -
por tance in the field of nu clear med i cine.

In this work, pro duc tion of radionuclide through
the natTi(p, x) re ac tion, was sim u lated us ing Monte
Carlo code. In this sim u la tion, the nat u ral Ti – 46Ti
(8.0%), 47Ti (7.3%), 48Ti (73.8%), 49Ti (5.5%), and 50Ti
(5.4%) – was irradiatedat 10 mA cur rent and 21 MeV
pro ton beam, with 10 mil lion pro ton his to ries. The
com puter code MCNPX was cho sen to sim u late the
pro ton flux in the nat u ral Ti and de ter mined the
radionuclide ac tiv ity. The com par i son study was made
be tween ex per i men tal and theoretical of the 48V ac tiv ity 
and the cal cu lated val ues based on the sim u lated pro ton
flux.

MA TE RI ALS AND METH ODS

Cal cu la tion of ex ci ta tion func tion

The TALYS code: The pre-equi lib rium par ti cle
emis sion is de scribed us ing the two-com po nent
exciton model. The model im ple ments new ex pres -
sions for in ter nal tran si tion rates and new
parameterization of the av er age squared ma trix el e -
ment for the re sid ual in ter ac tion ob tained us ing the op -
ti cal model po ten tial. The phenomenological model is
used for the de scrip tion of the per-equi lib rium com -
plex par ti cle emis sion. The equi lib rium par ti cle emis -
sion is de scribed us ing the Hauser-Feshbach model
[13]. 

Ex ci ta tion func tions of natTi(p, x)48V re ac tion
were cal cu lated by us ing TALYS 1.0 code.

TALYS 1.0 is a com puter code sys tem for the
anal y sis and pre dic tion of nu clear re ac tions. The ba sic
ob jec tive be hind its con struc tion is the sim u la tion of
nu clear re ac tions that in volve neu trons, pho tons, pro -
tons, deu ter ons, tritons, 3He-par ti cle, and al pha par ti -
cles in the 1 keV-200 MeV en ergy [13]. The good
agree ment be tween most of the lit er a ture data and data
from the TALYS code was ob served [2, 6, 8].

Ex ci ta tion func tions cal cu lated by TALYS-1.0
code are shown in fig. 1 at dif fer ent de cay chan nels af -
ter pro ton bom bard ment of nat u ral ti ta nium. As seen
in fig. 1, the op ti mum bom bard ing en ergy range is

8-20 MeV, with the max i mum cross-sec tion of 464 mb
(1 mb = 10–31m2) at 13 MeV. The re ac tions lead to the
for ma tion of 46Ti, 46/47/48/49V, and 43/47Sc ac tiv ity im -
pu ri ties. 

Non-iso to pic con tam i na tions can be sep a rated
by vir tue of chem i cal meth ods and the iso to pic im pu ri -
ties 46V and 47V were not no ta ble, since their half-lives
are ex tremely short (0.46 s and 32.6 m) and 49V has a
very small cross-sec tion in the 8-20 en ergy range.

The ex ci ta tion func tion of 48V on nat u ral Ti
through the 47Ti(p, g), 48Ti(p, n), 49Ti(p, 2n), and
50Ti(p, 3n) nu clear re ac tions us ing the TALYS code, is
shown in fig. 2. 

Ac cord ing to the SRIM (The Stop ping and
Range of Ions in Mat ter) code, the re quired thick ness
of the tar get was cal cu lated for any re ac tion [14]. The
phys i cal thick ness of the Ti layer (0.11 cm) is cho sen
in such a way that for a given beam/tar get an gle ge om -
e try (90°) the in ci dent beam of the tar get layer be ex -
cited with the pre dicted en ergy. 

Cal cu la tion of the o ret i cal yield
us ing TALYS and SRIM cods

An a lyt i cal es ti ma tion of the the o ret i cal ac tiv ity
pro duc tion were made uti liz ing the eval u ated cross-
-sec tion data from the natTi(p, x) us ing TALYS code
and the stop ping power cal cu lated us ing SRIM code.
The pro duc tion yield Y (in Bq) can be cal cu lated by the 
Simpson nu mer i cal in te gral method from eq. (1).
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where NL is the Avo ga dro num ber, H – the iso tope
abun dance of the tar get nu clide, M – the mass num ber
of the tar get el e ment, s(E) – the cross-sec tion at en -
ergy E, I – the pro jec tile cur rent, dE/d(rx) – the stop -
ping power, and  l  – the de cay con stant of the prod uct
and t – the time of ir ra di a tion [15-20].
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Fig ure 1. The ex ci ta tion func tion of natTi(p, x) re ac tion

Fig ure 2. The ex ci ta tion func tion pro duc tion of 48V on
nat u ral Ti



Cal cu la tion of sim u la tion yield
us ing the Monte Carlo

MCNP (Monte Carlo N-par ti cle) is a gen eral
pur pose Monte Carlo ra di a tion trans port code de vel -
oped by Los Alamos Na tional Lab o ra tory (LANL)
and de signed to track many par ti cle types such as neu -
tron, pho ton, elec tron, or cou pled (neu tron/pho -
ton/elec tron ) over broad ranges of en er gies [21].

Af ter ward, the code has been un der a con stant
de vel op ment, lat est and most ad vanced ver sion is
called MCNPX. The MCNPX code ex tends the ca pa -
bil i ties of MCNP4C3 to nearly all par ti cle types, to
nearly all en er gies, and to nearly all ap pli ca tions with -
out an ad di tional com pu ta tional time pen alty. The
MCNPX code is ca pa ble of sim u lat ing 34 par ti cle
types and more than 2000 heavy ions at low as well as
high en er gies. It uti lizes the lat est nu clear cross-sec -
tion li brar ies and uses phys ics mod els for par ti cle
types.

The MCNPX in put file in cluded in for ma tion
such as: the ge om e try, the de scrip tion of ma te ri als, the
type tal lies, source, and the vari ance re duc tion tech -
niques.

The tar get cell was de fined as vol ume of space
bounded by sur faces. The tar get con sist ing of a ti ta -
nium cyl in der (height = 0.11 cm; ra dius = 0.50 cm) en -
vel oped in high pu rity Al foil (16 mm thick). The bot -
tom of the cyl in der was lo cated in the plane Z = 0 and
the cyl in der axis is par al lel to Z axis. fig. 3(a) shows
the model of tar get and source.

The source was spec i fied by the SDEF com -
mand. The SDEF com mand has many vari ables or
pa ram e ters that are used to de fine all the char ac ter is -
tics of all sources. In this work, SDEF card sim u -
lated a pulse of pro ton beam with 21 MeV en ergy
and I = 10 mA, around the Z axis with a neg a tive di -
rec tion. The sim u lated pro ton beam has an an nu lar
shape (Ø = 1 cm, Rmin = 0, Rout = 0.5 cm). Fig ure 3(b)
shows the sur face of nat u ral Ti tar get was ir ra di ated
with 1000 pro tons, by us ing the Vi sual Ed i tor
MCNPX.

Pro ton flux (F4 and F4/e4) was cal cu lated us ing
MCNPX ver sion 2.6 and par ti cle dis tri bu tion func -
tions P(E) was com puted from F4 tally data that were
nor mal ized over the en tire par ti cle en ergy range.

The natTi(p, x)48V,43,46,47Sc pub lished cross-sec -
tion data, and the MCNPX pro ton flux dis tri bu tions
have a pro ton en ergy de pend ence. All the cross-sec -
tion spec tra and the pro ton flux were di vided in a se ries 
of 0.5 MeV en ergy re gions. These en ergy re gions are
small enough that the av er age cross-sec tion and the
pro ton flux val ues are con sid ered con stant for each re -
gion.

The cal cu la tion of instable prod uct nu clide was
based on expression

A t P E E E
N

t

L

M

E
p t( ) ( ) ( ) ( )

max

= ò - -s r ld
d

d
e

0

1d (2)

where A(t) is the prod uct nu clide ra dio ac tiv ity, l –
the de cay con stant of the prod uct iso tope, L – the
Avo ga dro con stant, M – the tar get ma te rial mo lar, r
– the tar get ma te rial den sity, d – the tar get thick ness,
I = =.dNp/dt  – the pro ton beam cur rent, and t – the ir -
ra di a tion time. The prod uct func tion P(E)s(E) was
com puted from cross-sec tion mul ti ply ing poly no -
mial fits of 5th de gree of the par ti cle dis tri bu tion
func tions based on the MCNPX code. Fig ure 4
shows the nor mal ized en ergy dis tri bu tion func tion
P(E) for pro ton in the Ti cell.
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                                        Fig ure 3.
(a) – sche matic of the tar get and source, and (b) – sur face of
natTi tar get, ir ra di ated with 1000 pro tons, de signed with
vi sual ed i tor MCNPX

Fig ure 4. Nor mal ized en ergy dis tri bu tion func tion for
the pro ton in the nat u ral ti ta nium given by MCNPX



RE SULTS AND DIS CUS SION

The o ret i cal pro duc tion
yield – TALYS and SRIM codes

Nat u ral titanium was used as the tar get for the ir -
ra di a tion,  but  for ma tion  of  the  48V  radionuclide  in 
20-8 MeV en ergy range is only con trib uted to by sev -
eral di rect re ac tions: the 47Ti(p,  g), 48Ti(p, n), and
49Ti(p, 2n).  The  re ac tion  chan nel  50Ti(p, n)48V,  did 
not con trib ute  sig nif i cantly,  since  their  start ing  en -
ergy is >20 MeV (see fig. 2). The yield of 48V through
the 47Ti(p, g)48V and 49Ti(p, 2n)48V re ac tions, are very
small (0.004 and 0.7 MBq/ mAh). The the o ret i cal pro -
duc tion yield 48V via the natTi(p, n)48V re ac tion was
cal cu lated 21.18 MBq/mAh.

Sim u la tion pro duc tion
yield – MCNPX code 

The es ti mated ex per i men tal value for the yield
pro duc tion 48V in 4 hours of ir ra di a tion at 10 m A is cal -
cu lated 22.25 MBq/mAh at the end of the bom bard -
ment [3]. 

The pro duc tion of the 48V yield in the sim u lated
10×106 pro ton his to ries is eval u ated as 22.17 MBq/mAh.
Ta ble 2 shows a com par i son be tween the the o ret i cal and
ex per i men tal ac tiv ity of 48V with the cal cu la tion ac tiv ity
based on the pro ton flux dis tri bu tions on the nat u ral Ti
us ing the sim u la tion code MCNPX, through the natTi(p,
x)48V re ac tion.

The pro duc tion radionuclide con tam i nants  were 
cal cu lated us ing the MCNPX. The sim u la tion of pro -
duc tion 43,46Sc in the Ti can be es ti mated re spec tively,
as 11.22, and 0.019 MBq/mAh. The con tri bu tions to
the im pu ri ties radionuclide could be elim i nated us ing
100% iso to pi cally en riched 48Ti tar get in stead of nat u -
ral  Ti.  The  sim u la tion  yield of  48V  through the
47Ti(p,  g)48V and 49Ti(p, 2n)48V re ac tions, are 0.005
and 1.02 MBq/mAh based on the MCNPX code.

Ta ble 3 shows the pro duc tion of radionuclide
48V and 43,46Sc through the natTi(p, x) re ac tion and

com par i son be tween the o ret i cal yield and cal cu la tion
based on the MCNPX code.

CON CLU SIONS

In this work, the sim u la tion code (MCNPX) was
used to es ti mate the ac tiv ity 48V and con tam i nants
radionuclide through the natTi(p, x) re ac tion. The 48V
ac tiv ity through the natTi(p, x)48V re ac tion was al most
equal to the ac tiv ity data from the 48Ti(p, x)48V re ac -
tion, be cause the 48Ti(p, n) (48Ti: 73.8% in nat u ral Ti)
re ac tion is the dom i nant pro cess for pro duc tion of 48V
us ing nat u ral Ti.

Good agree ment ob tained be tween the the o ret i cal
and ex per i men tal data of the radionuclide ac tiv ity, and
the cal cu lated ac tiv i ties based on the MCNP pro ton flux.
This com par i son dem on strated that the MCNPX pro -
vides a suit able tool for sim u la tion of pro ton ir ra di a tion
for the pur pose of radionuclide pro duc tion.
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SIMULACIJA  PROIZVODWE  VANADIJUMA-48
UPOTREBOM  MCNPX  PROGRAMA

Vanadijum-48   proizvodi  s e   ozra~ivawem   prirodnog   titanijuma  putem  reakcije 
natTi(p, 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 pro gram mo`e koristiti za procenu prinosa proizvodwe.

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


