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A new method of pure "In production
by proton-induced nuclear reactions
with enriched "*Sn

Emil Bétak,

Edward Rurarz,
Stefan Mikolajewski,
Jolanta Wojtkowska

Abstract. We aimed at finding out a simple and reliable way of '''In production with the highest radionuclide purity
from its grand parent "'Sb and parent '"'Sn nuclei, produced by the "*Sn(p,2n)'"'Sb and "*Sn(p,pn)""'Sn reactions,
respectively. The target was a metallic ''*Sn sample enriched to 84%. We have measured activation cross sections for
seven reactions on an enriched "Sn sample induced by 23.6 + 0.8 MeV energy protons. Gamma-ray spectroscopy with
high-purity germanium detectors has been used. We also identified the activities of Co (7}, = 17.5 h) and “’Cu (T, =
23.7 min) in proton beam monitoring Ni foils, induced in the "™Ni(p,X)**Co and "'Ni(p,X)*’Cu reactions at
22.8 MeV proton energy. The cross sections determined for these reactions are: o["Ni(p,X)*Co] = 36.6 + 4 mb and
o[™Ni(p,X)*’Cu] = 64.4 = 7 mb. The measured cross sections of reactions on tin isotopes are: o['*Sn(p,n)''?Sb] =
4 + 0.8 mb; o['*Sn(p,2n)""'Sb] = 182 * 26 mb; o['"*Sn(p,pn)'''Sn] = 307 + 35 mb; o['*Sn(p,2n)'"*Sb] = 442 + 52 mby;
o["Sn(p,n)""’Sb] = 15 + 3 mb; o['""Sn(p,p’y)"'""™Sn] = 0.37 = 0.06 mb; o['*Sn(p,2p)'"*™In] = 0.01 = 0.002 mb. Our
measurements indicated the expected yield of the ""'In production to be 46 MBq/uAh (1.2 mCi/uAh). The contamination
of ""'In by the undesired nuclide ''"*™In was determined and belongs to the smallest ones found in the literature. The
measured cross sections were compared with theoretical calculations by two top-level nuclear reaction codes EMPIRE
and TALYS.
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Introduction
Radionuclide '"'In

The radionuclide "'In (7}, = 2.80 d, E, = 171.3 keV,
I, = 90.3% and 245.4 keV, I, = 94%, EC 100%)" is
widely employed in nuclear medicine for tumor imaging,
labelling of lymphocytes, platelets, monoclonal antibodies
and many others. Medical physicists constantly focused
their attention on searching for low-cost, simple,
reliable, remote- and computer-controlled production
methods of '"'In. As "*™In (T, = 49.51 d, E, =
190.3 keV, I, = 15.0%, IT 96.75%, EC 3.25%) gives
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apg)roximately 80 times the dose per the same activity
of '""n, it is very important to minimize the amount of
"4m3n impurity. The requirement for the low '*™In
impurity may be formulated as “no more than 0.2% of
the total radioactivity is due to "'*™In at the date and
hour of administration in '''In” [7]. This condition is
successfully satisfied in the large scale production of
"n in nuclear reactions of protons with extremely
enriched cadmium isotopes "> Cd(p,xn)''In
(x = 1,2,3) at small- and medium-sized cyclotrons [32].
However, the presence of even small amounts of long-
lived radioactive contaminants of '“™In in "'In is of

! The half-lives and the isotope abundances are cited according
to Ref. [30].
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some concern because their emitted radiations contribute
to the radiation dose to patients and they can therefore
also degrade the quality of scintigraphic images. All
direct nuclear reactions for the cyclotron production
of "'In via proton bombardment of Cd isotopes yield
prohibitive amounts of *™In. The "*™In contami-
nation, which increases patient’s radiation dose, can be
effectively reduced to the level accepted by nuclear
medicine, if extremely enriched targets (very close to
100%) of """"*!5In are used. Such targets are signifi-
cantly more expensive than the routinely produced ones
with 90-95% enrichment. In addition, the radiochemical
procedures to separate '''In from the target (Cd) have
further disadvantages (see Ref. [32] for detailed
information), so that it is highly desirable to find other
methods of '''In production for medical purposes.

Due to the lack of relevant nuclear data, little can
be said about indirect (precursor) methods of the ''In
production. They use the chain decay of '''Sb to ''Sn
parent radioisotopes formed in nuclear reactions
induced by 14 MeV neutrons [4] or protons [26] with
enriched '*Sn sample. The irradiated ''*Sn sample may
be considered as an "'Sn - "'In or "'Sb - 'Sn -
"In precursor, from which, after appropriate waiting
time, the '"'In isotope can be separated. Authors of Ref.
[21] found a promising method for high temperature
separation of '''In from both small and massive (up to
50 g) tin targets exposed to protons.

In the present work, we propose a new method of
no-carrier added (NCA) production of ''In from its
grandparent ''Sb. The latter is formed at proton
bombardment of an enriched ''?Sn target via the
"2Sn(p,2n)''Sb EGBE_, 111gp ECEE_ 1[n reaction.
Besides, the reaction ''*Sn(p,pn)'!'Sn leads to the parent
nuclide '"'Sn which decays to '"'In. Direct formation of
"Tn is also possible in the "*Sn(p,2p)'"'In reaction.
These three reaction channels leading to the formation
of the above mentioned nuclei are shown in Fig. 1.

Furthermore, the contaminant "'*™In is not produced
in the ""'In formation during the decay of nuclei
belonging to the A = 114 isobaric chain. The suggested
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Fig. 1. Simplified decay scheme for the 4 = 111 nuclid series
and the reaction channel leading to the formation of ''Sb,
"Sn and "'In during the proton bombardment of the '*Sn
sample (based on data from Ref. [9]).

method has not received any attention of experimen-
talists so far.

The aim of this work was to obtain information on
the "'In activities induced by 25 MeV protons
bombarding the ''?Sn target and to determine the
experimental cross sections leading to the formation of
desirable and undesirable radioisotopes, especially with
respect to the yield and purity of '""In. To our best
knowledge, no data are available for these reactions
below 30 MeV (with the exception of ''’Sn(p,n), where
some data below 10 MeV have been published [8]).

The information on excitation functions of '*"’Sn
isotopes is scanty and, therefore, we have implemented
the codes EMPIRE and TALYS to calculate the
unknown excitation functions of reactions producing
unwanted radioisotopes when 25 MeV energy proton
impinges on the enriched ''*Sn sample containing
several isotopes in its vicinity.

Cross sections

The three predominant reactions in the proton energy
range of interest are (p,n), (p,2n) and (p,pn), although
other reactions (with the cross section of the emission
of deuterons (d), tritons (t), helium-3 (1) and helium-4
(a) by one order of magnitude lower than that of
nucleon reactions named above) are also possible. The
radioactive nuclides produced in the (p,n) reaction from
84% enriched '*Sn and isotopic “contaminants”
114,115,116,117Sn appearing in tln are 112’114’115’116’117Sb. All
of them have short half-lives (in comparison with 2.8 d
half-life of '''In), low reaction Q-values (low reaction
threshold) and maxima of excitation functions around
12 to 14 MeV. For bombarding proton energy equal to
25 MeV, the cross sections are low (the “tail” of the
excitation function) and consequently the induced
activities are weak. Reaction (p,2n) leads to the
formation of the "''Sb activity, which is interesting to
us, as well as to '*14115116Gh nyclides. The Q-values
for these reactions are in the range from 13 to 18 MeV,
maxima of excitation functions are in the energy range
20 to 25 MeV and cross sections in these maxima are
few hundred millibarns. All (p,n) and (p,2n) reaction
products on tin isotopes in our sample have short half-
lives and do not represent any risk for radioisotope
purity of "'In. Very interesting reaction for the ''In
production purposes is the (p,pn), producing the ''Sn
(parent of '"'In) from the 'Sn isotope (main component
of the sample). Besides '''Sn (which decays to '''In),
also the long-lived '®Sn (T, = 115 d) is formed in the
"Sn(p,2n) 'PSb - Sn - 'In and the '"*Sn(p,pn)
138n —, ¥™[n reactions. The presence of the *Sn/"*™In
pair (well known in nuclear medicine) does not affect
the quality of produced '''In, since the '*Sn radioisotope
remains in the target material after chemical separation.
The '"*1151158n jsotopes produced by the (p,pn) reaction
from '">!1161778n jsotopes are stable. Similar consider-
ations apply to the indium isotopes formed in the (p,2p)
reaction. Of the total of five isotopes of indium that
are formed, two of them, namely '"*'"In, are stable,
the ''In radioisotope is formed directly, but its produc-
tion is rather low (as a result of small cross section and
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consequently with low activity). Further on, "'*™In is
short-lived both in its ground state and as an isomer.
Finally, the unwanted (contaminant) '“™In isomeric
activity is not significantly produced due to the long half-
life (50 days) as well as due to rather low cross section
of the (p,2p) reaction in this mass region. Because the
natural isotopes of tin have adjacent mass numbers, the
same radioactive products are sometimes produced by
different reactions. For example, ''*Sb may be produced
via "Sn(p,n)"*Sb and *Sn(p,2n)'**Sb. The possibility
to induce the '>#1131607Gn (5 xn yp za) ' In reactions
has not yet been considered to our knowledge. The role
of nuclear reaction cross-section data in optimisation of
production methods, especially with respect to the yield
and purity of the desired product is well established.

Methods
Targetry and cyclotron irradiations

All irradiations of the samples were performed using
the C-30 cyclotron of the A. Sottan Institute for Nuclear
Studies, Swierk. Negative H-ions were accelerated and,
when both electrons were stripped off on an Al foil,
they were directed to the beam line. The latter consists
of two steering magnets (M), two quadrupole lenses (Q,
and Q,), system of slits and a small diagnostic chamber
equipped with a AE + E semiconductor Si(Li) telescope,
which is followed by a thick Si(Li) detector (also working
as spectrometer) for measuring (monitoring) proton
beam intensities (see Fig. 2).

The energy of the proton beam was measured with
a polyethylene foil working as a proton scatterer. The
peak due to elastic scattering by '“C (constituent of the
polyethylene foil) and few peaks corresponding to
inelastically scattered protons were measured with the
calibrated AE + E semiconductor Si(Li) telescope.
It was found that the proton energy after passing
a cyclotron vacuum isolation foil was 25.0 = 0.2 MeV.
Samples of enriched '*Sn and natural tin were metallic
plates shaped in the form of discs. Isotopic composition
in the used enriched '*Sn target in % was: '*Sn (84),
148n (13), '°Sn (0.75), ''%Sn (2) and '"’Sn (0.25). Both
targets, the 84% enriched ''Sn with mass 20.6 mg and
natural tin with mass 31.5 mg were cut into discs with
5 mm in diameter and thicknesses 0.2 mm and 0.26 mm,
respectively. Practically all charged particle beam power
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Fig. 2. Sketch of cyclotron and proton beam line. The dipoles
M and the quadrupole Q focusing lenses are marked as well
as the positions of the proton monitors and telescope detector
are shown.

(energy x current) deposited in the target is dissipated
as heat. Tin has low melting point, so we performed
a series of irradiations with natural tin in order to
establish safe irradiation conditions for our enriched
sample. The proton beam current was measured with
a Faraday cup and a calibrated current integrator.
Additionally, the integrated proton beam intensities
were monitored by passing the beam through a high
purity Cu metal foil, 0.03 mm thick (in front) and
a 0.02 mm thick Ni foil (in the back) of the ''*Sn target.
Copper and nickel were chosen as monitoring material
since many reaction products can be determined easily
by gamma-ray spectroscopy, as excitation functions for
these reactions are well known [1, 11, 12, 16, 19, 20,
27-29]. The diameter of the beam striking the first (Cu)
foil and the next '?Sn and Ni foils was defined by the
collimator aperture to 5 mm (Fig. 3).

All three samples (™'Cu, "*Sn, ™Ni) were placed
one behind the other in a stack-like arrangement along
the axis of the uniformly diffused proton beam.

Thin foils of some metals of low melting point, like
Zn, Sn, In and some others, are forbidden to be irradiated
inside the vacuum chamber of the cyclotron, as their
vapours may cause breakdown of the cyclotron chamber.
Therefore, the incident 25 MeV proton energy passing
through a small air path bombarded the Cu foil leading
to the production of **%Zn and *"*Cu activities. That
also enabled us to use simple, cheap and reliable hand
transport of irradiated samples. The energy loss in the
0.03 mm thick copper foil amounted to 0.58 MeV at
a proton energy of 25 MeV (energy loss according to
Williamson et al. [31]). The outgoing protons from the
Cu foil with energy 24.42 MeV bombarded then a ''*Sn
Sample and eXCited 111,112,113,114,115,116,117Sb, 111,11381,1 and
HLUAIOT activities. After passing the 0.2 mm thick '“Sn
sample, the proton energy was degraded by further
1.59 MeV. Due to great proton energy degradation in
tin sample, the mean energy of an irradiation was taken
as the proton energy at the center of the target foil and
equal to 23.6 = 0.8 MeV. Protons going out from
the '2Sn sample with energy 22.83 MeV bombarded the
second monitoring foil made of nickel and excited
337Co, 'Ni, **!Cu activities. They additionally lost
0.35 MeV at proton penetration through the 0.02 mm
thick nickel foil and were afterwards stopped in the
Faraday cup located behind the irradiated samples. The
determination of the average beam flux on the targets

Cu (monitoring) foil
/thickness 0.03
-
Ni (monitoring) foil

y (/thickness 0.02 [Faraday
\ NN // ceup
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N

Fig. 3. Scheme of the irradiation arrangement. The 25 MeV
proton beam passes through the Cu monitoring foil and then
through the enriched metallic ''Sn sample and finally through
the Ni monitoring foil.
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was performed by integrating the current measured in
the Faraday cup and checked by the results obtained
from "'Cu and "*Ni monitor reactions. The mean
effective beam energies in the "*Cu,'*Sn, "™Ni foils
along the stack were calculated using the range and
stopping power tables [15] and by fitting to the well
known excitation functions of monitoring elements.

In order to induce mainly the ''Sb activity (7, =
75 s), the duration of bombardment of tin samples was
kept at 5 min (4 x 75 s = 5 min), as this is optimal time
for "!Sb activity to reach saturation. In the case of
induction of the "'Sn activity (7}, = 35 min), the
duration of proton bombardment was kept at 1 h (about
2x T, of "'Sn). The proton beam intensity was limited
to 27 nA during 5 min and 3.5 nA during 1 h irradiations
due to the lack of cooling of tin samples. The beam
current was stable at each irradiation.

Gamma-ray measurements

Following the irradiation of targets, the gamma rays
were detected by two high purity germanium (HPGe)
detectors. Gamma spectra of residual activities in the
"28n target and in monitor foils (Cu, Ni) have been
collected with a HPGe detector (Canberra, Model
GMX3520, carbon epoxy window, 2.0 keV energy resol-
ution at 1332 keV and 1.1 keV at 122 keV, respectively)
connected via a linear amplifier (Tennelec TC245) to
a 4096 channel computerized multichannel analyzer.

Table 1. Q-values and decay properties of nuclides produced by 25 MeV protons induced reactions on ''*Sn and on its

Twenty two successive 4096 channel spectra were
measured with this spectrometer. The duration of
measuring time and intervals varied with the activity
investigated. Majority of measurements were performed
with this spectrometer (with known detector efficiency)
when the distance between the irradiated sample and
detector was 3 mm. From our preliminary measure-
ments, one could expect the '''Sn activities about 2.5 MBq
(70 uCi). Because of this higher activity, it was necessary
to increase the sample-to-detector distance to 29 cm in
order to decrease the deadtime and y-y and x-y sum
effects and to determine the absolute detector efficiency.
The "*™In in our irradiated samples was measured
by us and independently at the Metrological Laboratory
of Radioactive Materials (MLRM) of the Radioisotope
Centre Polatom at Swierk with an HPGe detector
(Canberra GC1520, 72 cm’ volume, 1.8 keV energy
resolution for 1332 keV line) connected to a computerized
spectrometric system. The data on both spectrometric
systems were processed using the GENIE-2000
program [10]. The induced activities in the '*Sn sample
were followed over a period of two months. Such long
interval allowed us to determine the "*™In contami-
nation level. Observed activities were then used to
determine the cross sections and the production yields.
The cross sections were calculated using standard
activation formula. Preliminary information about
the activities encountered in the activation of the 84%
enriched ''“Sn sample by 25 MeV protons can be
obtained from analysis of Ref. [26] and Table 1.

114711781,1

impurities (Q-values (MeV) from Ref. [2], half-lives from Ref. [30])

Target isotope and Reaction Comment
its abundance in
the enriched target
(pn) (p2n) (p:pn) (p:2p)
28n (84%) 128k 11Sh "iSn "n product nucleus
-7.842 -16.659 -10.787 =7.554 Q-value
514s 75s 35.3 min 2.805d half-life
B*, EC B*, EC EC EC decay mode
480 (13%) 1145 ) 138n B product nucleus
-6.828 -15.027 -10.299 - Q-value
3.49 min 6.67 min 115.1d - half-life
B*, EC B*, EC EC stable decay mode
58n (0.75%) 13Sh 148b 14Sn Wn product nucleus
-3.815 -14.407 - -8.753 Q-value
32.1 min 3.49 min - 49.51d (IT), 71.9 s (G) half-life
B*, EC B*, EC stable B*, B, EC decay mode
1Sn (2%) 16Sh 1158h 158n STn product nucleus
-5.489 -13.411 - - Q-value
60.3 min (IT) 32.1 min - - half-life
15.8 min (G)
B*, EC B*, EC stable stable decay mode
"7Sn (0.25%) 7Sh 18Gh 188n [ product nucleus
-2.537 -12.465 - -9.439 Q-value
2.80 h 60.3 min (IT) - 218 s (IT), 54.3 min (IT) half-life
15.8 min (G) 14.15 (G)
B*, EC B*, EC stable B decay mode
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Gamma transitions and cross sections

Two y-lines from '"?Sb decaying with energies 990.9 and
1257.1 keV were used to determine the '?Sn(p,n)''“Sb
cross section. The 154.1 keV y-ray emitted in the decay
of short-lived '"''Sb was used to deduce the
112Sn(;),Zn)“le cross section. The cross section of
the "“Sn(p,2n)'"'Sb reaction was obtained from the
154.1 keV vy decay of short-lived ''Sb. This reaction is
very important for the estimation of the induced '''Sb
(grand parent) activity in radioisotope precursor and,
therefore, a precise excitation function for this reaction
is required. Another short-lived activity, namely that
of 'Sb, was identified via its 498 keV line. The '''Sn
(T,, = 35 min) nucleus (parent of '"'In) has a large
number of y transitions, including some high energy
ones, which makes it easy to detect and identify. Not
many y-lines of the '"'Sn decay are of higher intensities,
however. The cross section of the "*Sn(p,pn) '"'Sn
reaction was measured using two of them, namely the
762 and 1153 keV. The half-life of "'Sn (for iden-
tification purpose) was determined from the decay of
these two lines, which are a part of eight successive
spectra.

The MHI2I3TGE ULIIMGH and M4mIn activities in
the enriched '"?Sn sample were easily identified via
observation of their known gamma lines with identifiable
half-lives.

The absolute detector efficiency calibration in the
energy region below 2 MeV was performed using
standard mono- and multi-line calibrated sources
manufactured at MLRM. The intensities per decay of
used y-rays were taken from Refs. [9, 22-24].

The absolute detector efficiency for different y-ray
energies is shown in Fig. 4. We have performed an
interlaboratory comparison of activities determined
using both detectors, and it showed very good agreement
of the results of independently measured samples. This
excluded the error in detector calibration.
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Fig. 4. Absolute photopeak efficiency of the HPGe detector
(Canberra, GMX3520, carbon epoxy window) measured at
a detector-source distance of 29 cm using calibrated 9Co,
133Ba, ?Eu and > Am sources.
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Cross section calculations

In order to have some information on the incident
energy dependence of the cross sections, we have
calculated the excitation functions. At energies of our
cyclotron, it is necessary to take into account also the
pre-equilibrium effects in addition to the traditional
approach of compound nucleus concept and/or direct
reactions. Recently, two codes that include the whole
range of approaches and are also coupled to extensive
libraries of parameters, have been released, namely
EMPIRE-II (version 2.18 Mondovi in 2002 [13] and
the version 2.19 Lodi [14] one year ago)” and the
TALYS code written by another group [18].

These codes are very close as for their underlying
physics at the pre-equilibrium stage (e.g., the same
single-nucleon radiative mechanism formula for the y
emission is used both in EMPIRE and in TALYS), and
similarly both of them use very extensive tables of
various recommended parameters.

The main differences important for the pre-equi-
librium stage of the reaction may be summarized (see
also [3]): i) the basic approach to the pre-equilibrium
stage is the two-component one (i.e. distinguishing
between the neutrons and the protons) in TALYS,
whereas one-component formulation with a charge
factor is used in EMPIRE; ii) one-particle radiation
mechanism for the y emission is used in EMPIRE, but
TALYS adds the quasideuteron (two-particle) one”,
what may cause some differences (however, very small
ones) at excitation energies above about 30 MeV; iii)
though the level densities (using the default option) are
the same in both codes (with parameters taken from
RIPL [25]), different (semi-)microscopic approaches
are available for the advanced user; iv) classical optical
model with deformed potential is used to calculate the
particle transmission coefficients 7, in EMPIRE with
parameters from libraries, and the local and global par-
ameterization of [17] is employed in TALYS. (This
difference influences the y emission only via the
competition with that of the particles.) Both codes have
been used with near-default parameters, just with
stressing the possibility of the pre-equilibrium emission
which is significant at our energies (for the details, see
[3]), to generate the unknown excitation functions of
these reactions [26]. The calculated excitation functions
do not claim to be exact, as we are rather far off the
valley of B stability, and the specific properties of
included nuclei necessary for the calculations are not
known with sufficient precision. Anyway, they give
reasonable estimates of the shapes of excitation
functions, the positions of their maxima and also on
the cross sections.

? The main differences between these two versions of EMPIRE-II
can be summarized as replacing the data libraries by their more
recent versions, adding of further subprograms and subroutines
and also correcting of some minor bugs.

® The quasideuteron mechanism is also included in EMPIRE-II
v. 2.19, but it is considered for the photonuclear reactions only,
and not for the y emission.
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Fig. 6. Decay of the 158 keV gamma-ray activity produced in the '"’Sn(p,n)"'’Sb reaction (a) and in the '"’Sn(p,p’y)''"™Sb
inelastic scattering (b) of 23.6 MeV protons on ''’Sn, constituent of 84% enriched '"Sn sample.
Results Figure 6 shows the decay of the 158 keV peak y
activity. The long-lived component is due to ''"™Sn and
the short-lived one to ''’Sb. A straight line is drawn
through the experimental points to fit the previously
measured half-lived of '"’Sb and ''™Sn [24].

Our experimental cross sections measured at
23.6 MeV are shown in Figs. 7 and 8, together with the
calculated excitation functions for incident energies

Experimental results

The analysis shown in Fig. 5 yields the value T, = 36.1
+ 0.4 min for '"'Sn, which agrees with Refs. [9, 22-24,
30] data. In addition to the "'Sn decay, Fig. 5 shows
also the growth and decay of the '"'In activity (measured

using 171.3 and 245.4 keV y-lines). below 30 MeV.
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Fig. 7. Calculated excitation functions for the "'*Sn(p,2n)'"!Sb (a) and "**Sn(p,pn)""'Sb (b) reactions and experimental cross
sections for these reactions at £, = 23.6 MeV proton energy. Both reactions lead to the ''In formation indirectly. (c) Shows
the excitation function of the '*Sn(p,2p)'!'In reaction leading directly to the '"'In formation, but unfortunately the experimental
cross sections for this reaction are unknown. Here, the EMPIRE code has been able to give only the total cross section, i.e. the
sum of cross sections to the ground and to the isomer states, whereas the TALYS calculations could separate both parts. The
calculations of the total cross sections using both codes are in very good mutual agreement.
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Fig. 8. Calculated excitation functions for reactions competing with the '"'In production during proton bombardment of 84%
enriched '2Sn sample. (a) The excitation function for the '**Sn(p,n)'*Sb reaction with our experimental cross section for this
reaction at 23.6 MeV proton energy. (b) The same for the '“Sn(p,2n)'*Sb reaction. (c) The contribution of the '*Sn(p,2p)'*“In
reaction to the "*™In production is small since the total cross section g, is rather low. The EMPIRE calculations do not yield
here the isomer state production including the de-excitation of states populated in '**In. The upper curve (EMPIRE(1)) is the
sum of production of the isomer and the ground states of **In, whereas the lower one (EMPIRE(2)) is the direct population of
the isomer state in the reaction, without the successive depopulation by y cascades, which increases the final isomeric yield.
The experimental cross section for the excitation of the 50 day isomeric activity g,, in '"*In at E, = 23.6 MeV is shown here
as well. (d) The excitation function of the '’Sn(p,n)'"’Sb reaction with our experimental cross section for this reaction at
E, = 23.6 MeV proton energy and the EXFOR data [8] at energies below 10 MeV.

All peaks of "'In can be readily distinguished (i.e.
171.3 and 245.4 keV and the summation-coincidence
peak at 415.7 keV). Due to the admixture of other Sn
isotopes in our 84% enriched "*Sn sample, the '""™Sn
(158.6 keV) and "*Sn/""*™In (255 and 391.7 ke V) activities
are also formed and have been properly identified. The
remaining y-lines belong to the background.

A comparison of some yields reported elsewhere [32]
with the data obtained in this work is given in Table 2.

Considering the threshold energies and the values
of cross sections of the reactions leading to ''In
formation the major contributing processes are
"28n(p,pn)'*'Sn - In (significant production of '''Sn
begins at 15 MeV proton energy) and "'*Sn(p,2n)""'Sb
- ™M8n - "'In. A comparison of the calculated
excitation functions of these two reactions and of our data
determined at proton energy 23.6 MeV shows (Fig. 7)
that the "*Sn(p,2n)""'Sn process has two times higher
cross section than the "*Sn(p,2n)'"'Sb reaction in the
energy region considered. Special consideration should
be given to the '*Sn(p,2p)'!'In reaction, since this one
leads to the direct formation of '''In. However, the
calculations (Fig. 7c) indicate that the cross sections in
the energy region of interest are small, not exceeding

few mb. The experimental cross section for this reaction
is difficult to measure and it is unknown up to now. The
low contribution of this reaction to the "'In production
can be neglected. These excitation functions are given
in Fig. 8.

Yield and purity of '''In

About 1.6 x 10° Bq (4.4 uCi) of '''In was obtained during
1 h irradiation with 3.5 nA proton beam current in our
experimental conditions (84% enriched 20.6 mg
metallic ''®Sn sample). Although it is risky to extrapolate
linearly the low current yield to production ratio, it was
interesting to answer how high the yield would be for
proton beams up to 1 pA. Therein, the expected yield is
about 46 MBq/pAh (1.2 mCi/uAh). This value of yield
for the precursor production of '''In is located between
the yield of the '"'Cd(p,n)""'In and '"*Cd(p,2n)'"'In
reactions (see Table 3) using a medium size cyclotron
(E, <30 MeV).

As has been pointed out above, the "*™In contami-
nation must not exceed 0.2% [7]. The radionuclide
purity of the ""In radioisotope was ascertained by
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Table 2. Measured '''In yield in some nuclear reactions

Target and % Nuclear Beam energy n yield H4mn impurity 14mn contribution
of enrichment  reaction (MeV) (UCi/pAh) (% of "In activity) (% of the ""In dose)
ma g (p:n) 15 140 3 71

micq (p.2n) 2 1035 0.5 29+

g (96.5) (pn) 16 515 0.012 1

2¢d (97 (p.2n) 27 6000 0.003 0.24

3¢ (95.8) (p3n) 63 16,500 0.024 1.88

14Cd (98.9) (p4n) 63 15,600 0.26 17.2

"Cd (p,xn) 63 10,400 0.6 33

1250 (84) (p.p), (p,2n) 25 1200** 0.0006 0.005%%*
"Cd (d,n) 12 117 5.7 82

"Ag (0,2n) 24 64 not detected -

The ""In yields refer to single energy given in column 2 of the table. Data on reactions on Cd and Ag targets were taken from

Ref. [32].

* The data in parentheses were obtained by extrapolating the results of Ref. [6].

** Extrapolated from low current yield.
*#% Present work.

Table 3. Threshold energies and cross section of proton-
induced reactions on tin isotopes

Nuclear Threshold energy* Product Reaction c.s.
reaction MeV) 2] nuclide (mb)
"2Sn(p,n) 8.38 12Gh 4x08
"2Sn(p,2n) 16.82 "1Sh 182 + 26
"2Sn(p,pn) 10.68 MSn 307 £ 35
"14Sn(p,2n) 15.12 138h 442 = 52
WSn(p,n) 2.56 ) 153
"Sn(p,p’y) - 7mgn 0.37 + 0.04
5Sn(p,2p) 8.83 Hampp 0.01 = 0.002

* The threshold energies in this table were calculated considering
the energy balance (Q-values). These were taken from Ref. [2].

examining its y-ray spectrum using both HPGe(Li)
spectrometers. Impurities of '''In arise from other tin
isotopes, which exist in the enriched ''*Sn sample. The
extent of *™In contamination was determined from
the spectrum taken 47 days after EOB (end-of-bombard-
ment), when the 191 keV peak of "*™In was easily
resolved. The effect of sum-up of kX-rays with 171.3keV
y-line of ""'In masked its existence in the y-ray spectrum
obtained few days after EOB. A long-time interval
allowed us to determine the '"*™In activity accurately.
A typical spectrum of y-ray activities observed in ''*Sn
sample 47 days after EOB is shown in Fig. 9.

Discussion

A strongly pronounced 158 ke V photopeak was observed
at a long-time measurement of the '"In activity. Its
decay was not a single exponential one. Thus, an analysis
was necessary to determine the details. Our 84%
enriched sample contains 0.25% of ''’Sn, and the

"WSn(p,n) reaction produces '’Sb (T, = 2.8 h), which
essentially (1, = 85.9%) produces gammas of 158.5 keV.
The 158.6 keV vy is emitted by '’Sn(p,p’y)''"™Sn
(I, = 86.4%). The Ge(Li) detector is unable to resolve
these two peaks, but the time-dependences of their
decay curves can be — due to significantly different
lifetimes — successfully used to separate these two
activities. The '*™In activity is the last one, but the most
important stuff from the point of view of the '''In
contamination. The cross section for the isomeric state
of "*In has been measured using 190.3 keV y-ray emitted
during decay to the ground state (T, = 71.9 s). So far,
the excitation functions have not been investigated
experimentally for all reactions presented in Table 4.

The "2sn spectrum
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Fig. 9. The gamma-ray spectrum of nuclides produced in the
84% enriched metallic !'*Sn sample irradiated with 24.4 MeV
protons during 1 h. Delay time 48 days, measuring time 18 h
using a 72 cm® HPGe detector of the Radioisotope Centre
(Polatom, Swierk). The 190.3 keV peak of ''*™In can just be
recognized with certainty in this spectrum. Besides the “In
activity, we can see ''""™Sn and '*Sn/"*™In activities (the 158.6,
255 and 391.7 keV gamma-lines, respectively). The remaining
prominent gamma-lines belong to the background.



A new method of pure "'In production by proton-induced nuclear reactions with enriched '**Sn 25

Table 4. Properties of radionuclides produced after short (5 min) and long (1 h) irradiation of the 84% enriched '*Sn sample,

their half-lives and the y-rays used to determine the activity

Nuclear reaction Product nuclide

Properties of product nuclide

Ty, [30] E, (keV) [22] 1, (%) [22]
128 (p,n) 12gh 5145 990.9 143
1257.1 96.0
125n(p,2n) 1gp 75s 154.5 67.0
1285 (p,pn) 1igp 35.3 min 762.0 1.48
1153.0 2.7
148 (p,2n) 1155p 6.67 min 498.0 80.0
Sn(p,n) 178 2.80 h 158.6 85.9
"Sn(p,p’y) 1mgp 1376 d 156.0 2.11
158.6 86.4
158n(p,2p) t4mpy 49.51d 190.3 15.1

The '"Sn(p,n) reaction at incident energies below
10 MeV, where the experimental data are available [§],
is an exception here.

Uncertainties in the cross sections reported in the
present work are composed of uncertainties from
various sources entering the well known activation
formula. The most important ones are: i) photopeak
counting statistics both from the radionuclide investigated
and the background ones; ii) uncertainty in the absolute
efficiency determination of the HPGe detector; iii) the
error of total number of protons on the target (mainly
due to the error of the monitor reaction cross sections);
iv) the errors in the decay data (half-lives and/or
branching ratios). Other uncertainties such as those of
proton beam energies, sample weight, isotopic
abundance, and irradiation, cooling and measuring
times were small (of the order of 0.1% to 1%). The
effect of beam inhomogeneity is very difficult to
estimate. Since the individual errors are independent,
and they vary from radioisotope to radioisotope, the
total error in the cross sections is obtained by taking
the square root of the sum of the squares of the
individual errors. They are of three types: some of them
(e.g. the detector efficiency or the sample weight) are
well estimated; some others (e.g. statistical uncertainty)
are evaluated; and the remaining ones (e.g. monitor
reaction cross section or nuclear decay data) are
considered as fixed in calculating the resulting total
error. This can reach about 20% in unfavourable cases
(short lifetime, low cross section and small abundance
in the sample), whereas in the favourable ones the total
error is about 11%.

One of the most important parameters in the
determination of a cross section is the measurement of
the beam current incident on each foil. The proton
beam was monitored as described above and using Ni
foils for the irradiation of '*Sn sample. However, for
Ni monitoring foil, no inconsistency in the integrated
beam current was observed when monitor reactions
leading to *’Co, *'Ni and *'Cu activities were used,
except for the *Co activity. We therefore conclude that
the published experimental cross sections for monitoring
reaction "Ni(p,X)*Co at 22.6 * 0.3 MeV proton

energy, namely 9 = 0.87 mb [29], is too low. We
remeasured this activity and arrived to 36.6 = 4 mb at
E, = 22.8 MeV. This value is in good agreement with
Refs. [16, 20]. The “’Cu activity (T}, = 23.2 min) is also
formed at proton irradiation of the "*Ni foil. The “Cu
nucleus populates a large number of y transitions (E, =
467-3269 keV) including some high-energy ones, which
make it easy to detect and identify. We have found only
two papers [5, 28] of earlier cross section measurements
of proton induced reactions on Ni leading to the “°Cu
formation. Tanaka et al. [28] measured the cross
sections of the “Ni(p,n)*’Cu reaction in the energy
range 7 to 15 MeV using 99.1% enriched *Ni target;
Blosser and Handley [S] gave the cross section of the
%Ni(p,n)®Cu at a proton energy of 12 MeV. The
%Ni(p,n)*Cu (Q = -6.9 MeV) and *'Ni(p,2n)*Cu
(O = -14.7 MeV) reactions are expected to contribute
to the formation of ®’Cu using natural Ni target in our
experiment. Taking into account the isotopic composi-
tion of ™Ni target (26.2% of “Ni and 1.14% of °'Ni)
and the reaction Q-values, the contribution of the
%!Ni(p,2n)*Cu reaction is rather small. The cross section
of the ™Ni(p,X)*Cu reaction was measured using the
826.4 and 1791.6 MeV y-rays emitted in the decay of
“Cu at proton energy E, = 22.8 MeV and it is equal to
64.4 = 7 mb.

In the '!'Sn - "In decay chain, the maximum
activity of daughter isotope occurs at time #,, equal to
4 h after the end-of-bombardment (EOB) [4]. The
amounts of ""'In and the "*™In impurity were calculated
fort,, = 5 h (see Fig. 9), although the die-out of the ''Sn
activity is ¢ = 13.5 h. The ""In produced by the
24.4 MeV proton bombardment of the 84% enriched
28n contains 0.000625% of '™ In. This isotope with
its half-life 49.51 days gives apProximately 80 times the
dose per 37 MBq millicurie of '''In required for patient
examination [7]. Taking into account the 0.000625%
contamination of '''In by '*™In, the activity ratio
is A("*™In)/A("'In) = 0.00000625 and the dose ratio is
D™ 1n)/D('"'In) = 0.00000625 x 80 = 0.0005.
Therefore, the total dose ratio is D(**™In)/[D(*"'In +
D(**™1n)] = [0.0005/(0.0005 + 1)] = 0.00049975 O
0.0005. So, in our case with 0.000625% contamination,
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the "'“™In contributes by 0.05% to the total dose
(medical requirements of 0.2% imply this value to be
14%). Therefore, the '"'In formation with 25 MeV
protons via radioisotope precursor system ''!Sb — '!'Sn
— "In is the most suitable method of production of
high purity '"'In. The relatively high percentage
(0.017%) of A(**Sn)/A(*"'In) is not disturbing at all due
to the separation of indium from the tin target. The
other important impurity '*"In from the decay of '*Sn
may be observed together with '''In after separation
but it disappeared almost completely one day after EOB
due to the short half-life of "*™In (7}, = 99 min). In
Fig. 5a clearly demonstrates that separation of ''In
from the target should be done at the maximum of '''In
activity, i.e. about four or five hours after the EOB,
because long-lived '*Sn activity slowly increases with
time.

Conclusions

We have performed experiments to find out a simple
and efficient way of the '''In production via the "'Sb
- "™8n - "'In reaction with the highest purity product
and practically free of the '™ In contaminant. It uses
the decay of the '''Sn parent and the '"'Sb grandparent
radioisotopes formed in the '"“Sn(p,pn)'''Sn and
"2Sn(p,2n)""'Sb reactions. The decay period of the '''Sn
may be utilized for transport of the '"'Sn/'"'In radio-
nuclide pair from the product site to a distant radiophar-
maceutical laboratory. We measured cross sections of
both reactions using 84% enriched '*Sn metallic sample
at 23.6 MeV proton energy. Many radioisotopes other
than ''!'Sb, "Sn and "'In are also produced in the
sample through various nuclear reactions but without
influence on the purity of '''In produced. We have also
measured the cross sections for reactions leading to
excitation of these accompanying radioisotopes. Analysis
of cross sections and half-lives indicated that the
"2Sn(p,pn)'!'Sn reaction is one of the principal reaction
channels producing high purity '"'In.

There is a need for detailed excitation function
measurements for the "?Sn(p,xpyn) reactions in the
energy range from threshold up to 30 MeV. As we did
not have enough "Sn foils, it was not possible to measure
very interesting excitation functions of the (p,pn) and
(p,2n) reactions on the '“Sn targets. The excitation
functions of the above-mentioned reaction channels and
of accompanying reactions were calculated with the
use of the sophisticated nuclear reaction codes
EMPIRE-II (v. 2.19) and TALYS and compared to our
experimental data.

The criteria for the selection of one of two processes
leading to '"''In production, i.e. directly via the
HL2Cd(pxn)'In (x = 1,2) reactions or indirectly via
the "*Sn(p,2n)'"!Sb - "!Sn - "'In and "*Sn(p,pn)"'Sn
— "n reactions, for use at a medium-sized cyclotron
would be, as ever, the yield and the radionuclide purity
of "'In, but determined experimentally for fluence of
the proton beams of 1 pAh or more.
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