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Abstract: This presented study is to make comparison of cross sections to produce 117Sb and 90Nb via

different reactions with particle incident energy up to 70 MeV as a part of systematic studies on particle-induced

activations on enriched Sn, Y2O3 and ZrO2 targets, theoretical calculation of production yield, calculation of

required thickness of target and suggestion of optimum reaction to produce Antimony-117 and Niobium-90.
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1 Introduction

117Sb (T1/2=2.8 h) decays mainly by EC (only

1.7% β+) with the emission of the nearly single X-

ray of 158.56 keV suitable for imaging. In fact, the

energies and intensities of the emitted photons in
117Sb decay are very similar to the photons emit-

ted by the widely used SPECT isotope 123I. Inter-

nal dosimetry constitutes a very important part of

radionuclide therapy but because of the absence of

penetrating photon emission, 117Sb can be produced

and used for labeling a precursor using the same tech-

nique as for 119Sb. Both isotopes being of the same

element also ensures identical properties in-vivo. In

this respect, the isotope pair 117Sb/119Sb resembles

the 86Y/90Y pair [1, 2]. The radioisotope 117Sb can

give SPECT or SPECT/CT based patient-specific 3D

dosimetry. From the planar scintigraphy and the

transversal slice through the SPECT tomography of

the Jaszczak Phantom, it can be seen that117Sb is a

suitable imaging isotope [2, 3].

Auger electron emitting radionuclides have po-

tential for the therapy of small-size cancers because

of their high level of cytotoxicity, low-energy, high

linear energy transfer, and short range biologic ef-

fectiveness [2–7]. Besides the direct effect of Auger

electrons on DNA double strands, an indirect ra-

diation effect of Auger energy deposition will oc-

cur via production of radicals. The radicals diffuse

freely in the intracellular space and can cause fur-

ther DNA damage [4–7]. 64Cu combines both β+ and

Auger electron emissions in its decay mode, hence

considered as promising radionuclide targeting DNA.

Similarly, 90Nb (T1/2=14.6 h) combines positron and

Auger electrons with favorable energy and intensity

(2.02 keV, 77.7% and 13.4 keV, 17.5%), and therefore

it is a potential candidate radionuclide for targeted

radionuclide therapy. Apart from probable clinical ap-

plications, 90Nb may also find its utility in simulat-

ing the behavior of 91Nb (T1/2=680 a), a potentially

hazardous radionuclide in nuclear waste. In all these

applications, 90Nb is preferred in its no-carrier-added

state [8, 9].
117Sb and 90Nb excitation functions via 117Sn(p,

n)117Sb, 118Sn(p,2n)117Sb, 119Sn(p,3n)117Sb, 120Sn(p,

4n)117Sb, 117Sn(d,2n)117Sb, 115Sn(α,2n)117Te→ 117Sb,
90Zr(p,n)90Nb, 91Zr(p,2n)90Nb, 92Zr(p,3n)90Nb and
89Y(α,3n)90Nb reactions were calculated by AL-

ICE/91, ALICE/ASH and TALYS-1.2 codes and

compared to existing data. Requisite thicknesses of

targets were obtained by SRIM (the Stopping and

Range of Ions in Matter) code for each reaction.

2 Methods

2.1 Calculation of excitation function

Nuclear data play a very important role in the
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choice of a radioisotope for a medical application.

Nuclear structure and the decay data determine the

suitability of a radioisotope for diagnostic application

while the nuclear reaction data study the possibil-

ity of its production in a pure form. The production

of non-conventional radionuclides, however, demands

detailed nuclear data work covering both experimen-

tal investigations and nuclear model calculations. Ra-

dioisotopes produced by charged-particle nuclear re-

actions find important applications in medicine [10,

11]. Nuclear reaction models are frequently needed

to provide estimates of the particle-induced reaction

cross sections, especially if the experimental data are

not available or unable to measure the cross-sections

due to the experimental difficulty. Therefore, nuclear

reaction model calculations play an important role in

the nuclear data evaluation. Besides, these obtained

data are necessary to develop more nuclear theoreti-

cal calculation models in order to explain nuclear re-

action mechanisms and the properties of the excited

states in different energy ranges.

The excitation functions of 117–120Sn, 90–92Zr+xp,
115Sn, 89Y+α, and 117Sn+xd reactions were calcu-

lated by using ALICE/91, ALICE/ASH (GDH Model

& Hybrid Model) and TALYS-1.2 codes [12–15]. The

codes were used simultaneously to increase the accu-

racy of calculations. An optimum energy range was

determined and employed to avoid the formation of

the radionuclide impurities and decrease the excita-

tion functions of the inactive impurities as far as pos-

sible. To further achieve the aim, the feasibility of
117Sb and 90Nb production via various nuclear reac-

tions per low/medium energy accelerators was inves-

tigated.

2.2 The ALICE/ASH code and Calcula-

tion methods of hybrid and geometry-

dependent hybrid Models

The ALICE/ASH code [13] is a modified and ad-

vanced version of the ALICE code [12]. The geome-

try dependent hybrid model (GDH) is used for the

description of the pre-equilibrium particle emission.

Intranuclear transition rates are calculated using the

effective cross section of nucleon-nucleon interactions

in nuclear matter. Corrections are made to the GDH

model for the treatment of effects in peripheral nu-

clear regions. The number of neutrons and protons

for initial exciton state is calculated using realis-

tic nucleon-nucleon interaction cross sections in nu-

cleus [13]. The exciton coalescence model [16] and

the knock-out model are used for the description of

the pre-equilibrium complex particle emission. The

equilibrium emission of particles is described by the

Weisskopf-Ewing model without detail consideration

of angular momentum.

The hybrid model for pre-compound decay is for-

mulated by Blann and Vonach (1983) [17] as

dσυ(ε)

dε
= σRPυ(ε),

Pυ(ε)dε =

n
∑

n=n0

∆n=+2

[nχυNn(ε,U)/Nn(E)]gdε

×

[

λc(ε)

λc(ε)+λ+(ε)

]

Dn, (1)

Where σR is the reaction cross section, nχυ is the

number of particle type υ (proton or neutron) in n

exciton hierarchy, Pυ (ε)dε represents number of par-

ticles of the υ (neutron or proton) emitted into the

unbound continuum with channel energy between ε

and ε+dε. The quantity in the first set of square

brackets of Eq. (1) represents the number of parti-

cles to be found (per MeV) at a given energy ε for

all scattering processes leading to one exciton config-

uration. λc(ε) is the emission rate of a particle into

the continuum with channel energy ε and, λ+(ε) is

the intranuclear transition rate of a particle. It has

been demonstrated that the nucleon-nucleon scatter-

ing energy partition function Nn(E) is identical to

the exciton state density ρn(E), and may be derived

by certain conditions on nucleon-nucleon scattering

cross sections. The second set of square brackets in

Eq. (1) represents the fraction of the υ type particles

at an energy which should undergo emission into the

continuum, rather than making an intranuclear tran-

sition. Dn represents the average fraction of the ini-

tial population surviving to the exciton number being

treated. The intranuclear cascade calculation results

indicated that the exciton model deficiency resulted

from a failure to properly reproduce enhanced emis-

sion from the nuclear surface [17]. In order to provide

a first-order correction for this deficiency the hybrid

model was reformulated by Blann and Vonach (1983).

In this way the diffuse surface properties sampled by

the higher impact parameters were crudely incorpo-

rated into the pre-compound decay formalism, in the

geometry-dependent hybrid model (GDH). The dif-

ferential emission spectrum is given in the GDH as

dσυ(ε)

dε
= π–λ2

∞
∑

l=0

(2λ+1)TλPυ(λ,ε), (2)

where –λ, is the reduced de Broglie wavelength of

the projectile and Tλ represents transmission coeffi-

cient for the λth partial wave. Using the total pre-



250 Chinese Physics C (HEP & NP) Vol. 35

compound neutron emission spectrum
dσn(ε)

dε
, the

cross section which could be involved in the emission

of two neutrons is calculated as

σ2n =

∫E−B2n

U=0

(dσn(ε)/dε)dε, (3)

where B2n represents the sum of the first and

the second neutron binding energies. The geometry-

dependent influences are manifested in two distinct

manners in the formulation of the GDH model. The

more obvious is the longer mean free path predicted

for nucleons in the diffuse surface region. The second

effect is less physically secure, yet seems to be im-

portant in reproducing experimental spectral shapes

[18, 19].

2.3 The TALYS 1.2 code

The calculational code TALYS can describe nu-

clear reactions induced by almost all the possible in-

cident particles in the 1 keV–200 MeV energy range

[14]. It is equipped with the ECIS–06 code [20] for

optical model and direct reaction calculations. The

optical model potentials (OMPs) from the compila-

tion of Koning and Delaroche (2003) [21] are the

default options for the protons and neutrons. The

OMPs for the deuterons, tritons, 3He and α-particles

are generated by applying the so-called folding ap-

proach [22]. The Reference Input Parameter Library

(RIPL) of the IAEA [23] mostly constitutes the

TALYS database. The statistical treatment of the

compound nucleus is based on the Hauser–Feshbach

model along with the width fluctuation correction

model of Moldaue (1980) [24]. The pre-equilibrium

contribution is estimated by the exciton model [25].

For pre-equilibrium reactions involving deuterons, tri-

tons, Helium-3 and α-particles, a contribution from

the exciton model is automatically calculated. In

addition to exciton model, the TALYS includes an

extension to take into account the direct interac-

tions like stripping, pick-up, break-up and knock-out.

These are based on a phenomenological contribution

model developed by Kalbach (2005) [26]. The pre-

equilibrium cross section is thus given by the sum

of an exciton model, nucleon transfer, and knock-out

contribution. In the case of loosely bound projec-

tiles (d, 3He, etc.), the break-up channel may play

an important role. Therefore, for deuterons a simple

model by Kalbach has been included. This leads to

an extra contribution in the (d,n) and (d,p) channels.

The back-shifted Fermi gas model [27] was selected for

level densities. The discrete level schemes of impor-

tant nuclei in each reaction were properly adjusted for

better description of the lower energy region. The γ-

ray strength function could be adjusted by the Gnorm

parameter, which acts as a multiplication factor for

γ-ray transmission coefficients [28].

2.4 Calculation of the required thickness of

target

According to the SRIM code, the required thick-

ness of target was calculated [29]. The physical thick-

ness of the target layer is chosen in such a way that

for a given beam/target angle geometry (90◦) the in-

cident beam is exited of target layer with predicted

energy. To minimize the thickness of the target layer,

6◦ geometry is preferred; so the required layer thick-

ness will be less with coefficient 0.1. The calculated

thicknesses are shown for ideal reactions in Table 1.

Table 1. 117Sb and90Nb production yields via different nuclear reactions by SRIM, TALYS-1.2 and AL-

ICE/ASH codes.

reaction energy range/MeV target thickness/µm theorical yield/(MBq/µAh)

117Sn(p,n)117Sb 16→9 51.38 71.41

118Sn(p,2n)117Sb 27→15 127.9 454.73

119Sn(p,3n)117Sb 36→24 166 302.29

120Sn(p,4n)117Sb 50→37 231 193.88

115Sn(α,2n)117Te→117Sb 35→24 13 1.96

117Sn(d,2n)117Sb 18→13 26.6 25.57

90Zr(p,n)90Nb 19→8 85.7 613.7

91Zr(p,2n)90Nb 30→17 153.6 860.99

92Zr(p,3n)90Nb 40→27 195.5 677.84

89Y(α,3n)90Nb 45→35 18.56 77.82
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2.5 Calculation of theoretical yield

To enhance of the projectile energy, beam cur-

rent and time of bombardment increases the produc-

tion yield. The production yield can be calculated by

Eq. (4).

Y =
NLH

M
I(1−e−λt)

∫E2

E1

(

dE

d(ρx)

)

−1

σ(E)dE, (4)

where Y is the activity (in Bq) of the product, NL

is the Avogadro number, H is the isotope abundance

of the target nuclide, M is the mass number of the

target element, σ(E) is the cross section at energy

E, I is the projectile current, dE /d(ρx) is the stop-

ping power, λ is the decay constant of the product

and t is the time of irradiation [30]. The production

yields of 117Sb and 90Nb via different reactions were

calculated using the Simpson numerical integral as of

Eq. (4) (Table 1).

3 Results

In the calculations of the hybrid and GDH model,

the code ALICE/ASH was used (Figs. 1–5).

This code can be applied for the calculation of ex-

citation functions, energy and angular distribution of

secondary particles in nuclear reactions induced by

nucleons and nuclei with energy up to 300 MeV. The

generalized superfluid [31] has been applied for nu-

clear level density calculations in the ALICE/ASH

code. The ALICE-91 and ALICE/ASH codes use

the initial exciton number as n0= 3. But in these

models the different alpha, deuteron and proton ex-

citon numbers are used in the pre-equilibrium GDH

model calculations. In details, the other code model

parameters can be found in reference [14]. In AL-

ICE/ASH code, the hybrid and geometry dependent

hybrid model (GDH) for pre-compound emissions and

the Weisskopf–Ewing model for compound reactions

are selected.

Although there are some discrepancies between

the calculations and the experimental data, in gen-

erally, the new evaluated hybrid and the GDH pre-

equilibrium model calculations (with ALICE/ASH)

are very close to the experimental data in Figs. 1,

4 and 5. In addition, the GDH and hybrid model

calculations are close to each other, generally. In-

deed, calculated emission cross sections with GDH

and hybrid model by using ALICE/ASH code show

the best agreement with the experimental data for
89Y(α,3n)90Nb reaction in Fig. 5. Moreover, these

cross sections are in agreement with the experimental

data for 91Zr(p,2n)90Nb nuclei except for the (p,2n)

reaction in which the experimental data have followed

above theoretical calculations in Fig. 4(b).

The reason is that the new developed pre-

equilibrium reaction mechanism ALICE/ASH in-

cludes angular momentum conversion. Not only it

gives us more information for new nuclear reaction

research, but also it lets us calculate cross sections up

to many hundreds MeV energy level. In fact, when

taking the pairing energy and the mass shell correc-

tion into consideration, the experimental values are in

better agreement with the theoretical results [19]. In

conclusion all figures show that, although a few cal-

culated data follow the experimental ones from above

or below as parallel, generally all the compared data

are in agreement with each other.

3.1 Cyclotron production of 117Sb

3.1.1 117Sn(p,n)117Sb reaction

The excitation functions of the proton-induced re-

action on 117Sn were determined by ALICE/91, AL-

ICE/ASH and TALYS-1.2 codes (Fig. 1). The eval-

uation of the results of the calculations showed that

the best range of energy that favors the reaction is

from 16 to 9 MeV. According to the calculations from

SRIM code the required target thickness should be

51.38 µm. The separation of isotope impurities is not

possible by chemical methods, so this reaction is non

carrier free for 117Sb production. For this reaction,

three cross-section measurements exist in the liter-

ature. Experimental data reported by Blaser et al.

[32], Lovchikova et al. [33] and Batij et al. [34], for

the energies less than 10 MeV, whereas higher en-

ergy range is required to find the maximum excitation

function of the 117Sn(p,n)117Sb reaction.

3.1.2 Other reactions

Theoretical antimony production cross sections

Fig. 1. (color online) Excitation function of
117Sn(p,n)117Sb reaction by ALICE/91, AL-

ICE/ASH (GDH Model & Hybrid Model) and

TALYS-1.2 codes and experimental data.
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have been also illustrated for 118Sn(p,2n)117Sb,
119Sn(p,2n)117Sb, 120Sn(p,3n)117Sb, 117Sn(d,2n)117Sb

and 115Sn(α,2n)117Te→117Sb in Figs. 2, 3. There have

not been of any experimental data for these reactions

in the literature, therefore only theoretical calcula-

tions have been shown in Figs. 2, 3. It seems that

(p,2n) and (d,2n) cross section scales are higher than

the others in the energy range 10–40 MeV.

Fig. 2. (color online) Excitation function of
118Sn(p,2n)117Sb (a), 119Sn(p,2n)117Sb (b),
120Sn(p,3n)117Sb (c) reactions by ALICE/91,

ALICE/ASH (GDH Model & Hybrid Model)

and TALYS-1.2 codes. No experimental data

are reported in literature.

3.2 Cyclotron production of 90Nb

3.2.1 Excitation function of 90Zr(p,n)90Nb reaction

Figure 4(a) shows a comparison between calcu-

lated cross section of 90Zr(p,n)90Nb reaction from AL-

ICE/91, ALICE-ASH and TALYS-1.2 codes, and the

Fig. 3. (color online) Excitation function

of 117Sn(d,2n)117Sb (a), 115Sn(α,2n)117Te→
117Sb (b) reactions by ALICE/91, ALICE/

ASH (GDH Model & Hybrid Model) and

TALYS-1.2 codes. No experimental data are

reported in literature.

experimental data reported by Levkovskij [35] and

Busse et al. [9]. There is a relatively good agree-

ment between the experimental data by Busse et al.

and the prediction of the excitation function made

by TALYS-1.2 code. The evaluation of the acquired

data showed that the best range of the energy is 19 to

8 MeV. According to SRIM code the required target

thickness should be 85.7 µm.

3.2.2 Excitation function of 91Zr(p,2n)90Nb reaction

The 91Zr(p,2n)90Nb reaction is used to produce
90Nb. Fig. 4(b) shows a comparison between the cal-

culated cross sections with TALYS-1.2, ALICE/ASH

and ALICE/91 codes and experimental cross sections

by Levkovskij [35]. The best range of incident energy

was assumed 30 to 17 MeV; and according to TALYS-

1.2 code the maximum cross section is 717.71 mb at

Ep=22 MeV. Recommended thickness of 91Zr as a

target is 153.6 µm.

3.2.3 Excitation function of 92Zr(p,3n)90Nb reaction

According to ALICE/91, ALICE/ASH and

TALYS-1.2 codes, beneficial energy range of the pro-

ton particle to produce 90Nb from 92Zr target is 40 to
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27 MeV. The maximum cross section by TALYS-1.2

code is 484.6 mb (Ep=33 MeV). The results of nuclear

model calculations by the three codes with the mea-

surement by Levkovskij are shown in Fig. 4(c). The

experimental excitation functions were obtained for

energies less than 30 MeV and as shown in Fig. 4(c),

the maximum cross section is located at the 33 MeV,

thus nuclear model calculations can play an impor-

tant role to find the maximum excitation function of
92Zr(p,3n)90Nb reaction.

Fig. 4. (color online) Excitation function

of 90Zr(p,n)90Nb (a), 91Zr(p,2n)90Nb (b),
92Zr(p,3n)90Nb (c) reactions by ALICE/91,

ALICE/ASH (GDH Model & Hybrid Model)

and TALYS-1.2 codes and experimental data.

3.2.4 Excitation function of 89Y(α,3n)90Nb reaction

Using 89Y(α,3n)90Nb reaction to produce 90Nb,

the best range of incident energy was assumed 45 to

35 MeV. The maximum cross section by TALYS-1.2

code is 867.906 mb (Eα=42 MeV) (Fig. 5). The the-

oretical thick target yield is 77.82 MBq/µAh. For

this reaction, two cross-section measurements exist

in the literature. Singh et al. [36] and Levkovskij [35]

reported experimental data of this reaction between

46.8–28.1 MeV and 46.1–27.9 MeV, respectively. AL-

ICE/ASH code agrees well with the measured data

from Singh et al. up to 47 MeV. Also, the results of

TALYS-1.2 and ALICE/91 codes are good agreement

with the measured data from Levkovskij.

Fig. 5. (color online) Excitation function of
89Y(α,3n)90Nb reaction by ALICE/91, AL-

ICE/ASH (GDH Model & Hybrid Model) and

TALYS-1.2 codes and experimental data.

4 Conclusion

Cross-section data for the production of medi-

cally important radionuclides 117Sb and 90Nb via the

proton, deuteron and alpha induced reactions on en-

riched tin, yttrium and zirconium isotopes were eval-

uated. The nuclear model codes, ALICE/91, AL-

ICE/ASH and TALYS-1.2, were used for consistency

checks of the experimental data.

By some adjustments in the nuclear model param-

eters, generally good agreement was achieved between

calculated and measured excitation functions, both

for proton and deuteron induced reactions. The rec-

ommended data should be useful for optimization of

various routes for the production of 117Sb and 90Nb at

cyclotrons. The production of 117Sb and 90Nb can be

achieved by 117Sn(p,n)117Sb and 90Zr(p,n)90Nb ideal

reactions for low energy cyclotrons.
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