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Abstract
HIGHLIGHTS

e Natural titanium, nickel and copper targets.

70 MeV ARRONAX cyclotron proton beam.

Stacked-foil technique and monitor reactions.
e Experimental cross section values.

e TALYS code version 1.6.

ABSTRACT

New excitation functions for proton induced nuclear reactions on natu-
ral titanium, nickel and copper were measured, using the stacked-foil tech-
nique and gamma spectrometry, up to 70 MeV. The experimental cross sec-
tions were measured using the Ti-nat(p,x)V-48, Ni-nat(p,x)Ni-57 and Cu-
nat(p,x)Zn-62,Co-56 monitor reactions recommended by the International
Atomic Energy Agency (IAEA), depending on the investigated energy range.
Data have been extracted for the Ti-nat(p,x)Sc-43,44m,46,47,48, V-48, K-
42,43, Ni-nat(p,x)Ni-56,57, Co-55,56,57,58, Mn-52,54, Cu-nat(p,x)Cu-61,64,
Ni-57, Co-56,57,58,60, Zn-62,65, Mn-54 reactions. Our results are discussed
and compared to the existing ones as well as with the TALYS code version
1.6 calculations using default models. Our experimental data are in overall
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good agreement with the literature. TALYS is able to reproduce, in most
cases, the experimental trend. Our new experimental results allow to expand
our knowledge on these excitation functions, to confirm the existing trends
and to give additional values on a large energy range. This work is in line
with the new Coordinated Research Project (CRP) launched by the IAEA
to expand the database of monitor reactions.

Keywords: stacked-foil technique, ARRONAX cyclotron, 70 MeV proton
beam, titanium, nickel, copper, TALYS 1.6

1. Introduction

Our researches are focused on radionuclide production mainly for medi-
cal applications, either for therapy or diagnostics. This work is conducted in
close collaboration with the GIP ARRONAX that possesses a high energy
and high intensity multi-particles cyclotron. In this frame, data were mea-
sured for alpha emitters, such as the U-230/Th-226, Th-227/Ra-223 and Ac-
225/Bi-213 generators, with protons up to 70 MeV (Duchemin et al., 2015a).
In this context, several stack of thin foils were irradiated in order to limit
the energy uncertainties and ensure the reproducibility of our values. Some
monitor foils, made of copper, titanium or nickel, were placed in each stack
to quantify the particle beam flux all along the stack. From these irradiated
materials, new experimental cross section data have been extracted which
allow to expand our knowledge on these excitation functions, to confirm the
existing trends and to give additional values on a wider energy range. The
data presented in this article are coming from several experiments performed
at different dates between February 2014 and December 2015.

In this work, we measured data up to 70 MeV for the Ti-nat(p,x)Sc-
43,44m,46,47,48, V-48, K-42/43, Ni-nat(p,x)Ni-56,57, Co-55,56,57,58, Mn-
52,54 and Cu-nat(p,x)Cu-61,64, Ni-57, Co-56,57,58,60, Zn-62,65, Mn-54 re-
actions.

Some of these data are of interest for medical applications and/or monitor
reactions. Indeed, Sc-43 and Sc-44 are useful for nuclear imaging (Huclier-
Markai et al, 2011, Duchemin et al, 2015b), Sc-47 for therapy (Majkowska-
Pilip and Bilewicz, 2011). Co-55 and Mn-52 are of interest for diagnostics
(Atcher et al., 1980, Jansen et al., 1996, De Reuck et al., 2001, Topping
et al., 2013). Several copper radionuclides are suitable for PET imaging
(Williams et al., 2005) as Cu-61 and Cu-64. Data on Zn-62 (Okazawa et



al., 1995) are also of interest since Cu-62 can be produced via its decay.
As Cu-64 is a S+ emitter and a (- emitter, it is well suitable for PET
imaging (Anderson and Ferdani, 2009) but also for dosimetry and potentially
also for therapy (Bryan et al., 2011). In addition, the ITAEA have launched
a Coordinated Research Project (CRP) in 2012 to get additional data for
monitor reactions and medical isotope production (Nichols, A.L. and Capote,
R., 2013). A requirement list has been set, including the Ti-nat(p,x)Sc-46,
Ni-nat(p,x)Co-56,Co-58,Ni-57, Cu-nat(p,x)Co-58,Zn-62,Zn-65 reactions that
have been investigated in this work.

2. Materials and methods

2.1. Ezxperimental set-up and data measurements

The production cross section data were obtained using the stacked-foils
method (Duchemin et al., 2015a, Blessing et al., 1995), which consists in the
irradiation of a set of thin foils followed by gamma spectrometry measure-
ments to assess the produced activity of the investigated radionuclide. Our
experiments were carried out at the ARRONAX cyclotron (Nantes, France),
in the AX hall devoted to experiments in physics, radiolysis and radiobiology
(Haddad et al., 2008).

Each thin foil was weighed before irradiation using an accurate scale
(£ 107°g) and scanned to precisely determine its area. From these values
and assuming that the thickness is homogeneous over the whole surface, the
thickness was deduced: around 20 pm for the titanium and copper foils and
25 pm for the nickel foils. All foils were purchased from Goodfellow® with
high isotopic and chemical purity: 99.6 % for titanium, 99 % for nickel and
99.9 % for copper. Their isotopic composition is reported in table 1.

Table 1: isotopic composition of the natural foils from Goodfellow®
Ti-nat Ti-46 Ti-47 Ti-48 Ti-49 Ti-50

8.0 % 7.5 % 73.7% 55% 53%

Ni-nat Ni-58 Ni-60 Ni-61 Ni-62 Ni-64

68.27 % 26.10% 1.13% 3.59% 091 %

Cu-nat | Cu-63 Cu-65

69.2 % 30.8%

The incident beam energy was fixed by the setting parameters of the
cyclotron with an uncertainty, defined by the cyclotron provider and based
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on simulations, of £ 0.5 MeV. This energy determination has been validated
with previous work and has given data in good agreement with the literature
for a wide range of target masses over a wide incident energy range. The beam
line is under vacuum and closed using a 75 pm thick kapton foil. The stacks
were located about 6.8 cm downstream in air. The energy through each thin
foil was determined in the middle of the foil using the SRIM software (Ziegler
et al., 2011). Energy losses in the kapton foil and air were taken into account.
Aluminum and copper degrader foils, from 100 gm to 1 mm thick, were used
to decrease the energy beam all along the stack. Depending on the number
of foils, the energy uncertainty increases up to + 2.0 MeV due to spatial and
energy straggling and the initial energy beam spread. Typical irradiations
were carried out with about 100 nA during 30 minutes (Duchemin et al.,
2015a).

The particle flux through the stack was quantified using monitor re-
actions suggested by the TAEA (Téarkanyi, et al., 2001); Ti-nat(p,x)V-48
reaction up to 20 MeV, Ni-nat(p,x)Ni-57 reaction between 20 MeV and
46 MeV, Cu-nat(p,x)Zn-62 reaction between 46 MeV and 60 MeV, and the
Cu-nat(p,x)Co-56 reaction above 60 MeV.

During the irradiation, an instrumented beam stop is used to control the
beam current stability. It can not be used as Faraday cup since it is not
equipped with an electron suppression device, which is required for a precise
beam current measurement. However, using the number of charges collected
with the instrumented beam stop, the cross section values have been found
in agreement within 5 % in average with those presented in this article and
obtained using monitor reactions.

After some cooling time (around 14 hours after the end of irradiation),
activity measurements were performed using a high purity germanium detec-
tor, with low-background lead and copper shield, from Canberra®. Gamma
spectra were recorded using the LVis software from Ortec® in a suitable ge-
ometry previously calibrated with standard + sources (Co-57,60 and Eu-152)
from Lea Cerca (France).

Samples were placed at a height of 19 ¢cm from the detector in order to
reduce the dead time and the effect of sum peaks. The dead time during
measurements was always kept below 10 %.

The activity values of the produced radionuclides were derived from the
spectra and libraries containing the nuclear decay data given in tables 2, 4
and 6, using the FitzPeaks Gamma Analysis and Calibration Software (JF
Computing Services). All foils were counted three times. The first activity
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measurements were performed for one hour, the day after irradiation; the
second ones were started one week later, with a counting time between 24
hours and 60 hours. Third measurements were performed to validate the
activity values obtained with the two other measurements, to get the activity
of some radionuclides after the decay of their parents and to measure long
lived radionuclides.

2.2. Cross section calculation

Knowing the precise thickness of the foil and the total activity of each
radionuclide produced in the target, their production cross section are cal-
culated using the activation formula (1) with the appropriate particle flux.

B Act- A
X'@’NG'M~(1—eXp_>‘t)

In equation (1), the production cross section o (mb) of a radionuclide at
a given energy, E, depends on its measured activity corrected to the time at
the end of irradiation Act (Bq), its decay constant A (s7!), its atomic mass
A (g.mol™!), its areal density M (g.cm™2), its chemical purity and isotopic
abundance y, the Avogadro constant (N,), the irradiation duration t (s) and
the beam current ® (p.s™!).

In our experiment, and because we use thin foils, each one receives the
same beam current as the monitor foil that follows. It is then possible to
define a relative equation (2) in which the knowledge of the beam current is no
longer necessary. In this equation, the prime parameters are associated with
the radionuclide used as monitor, while the others relate to the radionuclide
for which the cross section is investigated.

o(E) (1)

Y - Act-A-M - (1—exp D) 2)
X -Act’ - A M- (1 —exp?t)
The cross section uncertainty is estimated with a propagation error cal-

culation. Since all the parameters of equation (2) are independent, the total
error is expressed as a quadratic sum (see equation (3)).

Ao [(Ac 2+ AAct 2+ AAct’ 2+ AM 2+ AM"? 3)
o o’ Act Act’ M M’

o(E)=d'(F)




Main uncertainties come from the measured activities (less than 10 % in
most cases), the areal density of the foils (around 1 %) and the uncertainty
on the recommended cross section values. Since no uncertainty is given for
the recommended cross section values, we have decided to use the uncertainty
of the nearest experimental value used by the IAEA to perform the adjust-
ment. It leads to an uncertainty of 8 % in average. The contribution of the
uncertainty on the irradiation time is not significant and has been neglected.

2.83. Comparison with the TALYS 1.6 code

The cross section values, shown in figures 1 to 26, are compared to the
TALYS code version 1.6 released in December, 2013 (Koning and Rochman,
2012). TALYS is a nuclear reaction program to simulate reaction induced by
light particles on nuclei heavier than carbon. It incorporates many theoreti-
cal models to predict observables including theoretical cross section values as
a function of the incident particle energy (from 1 keV to 1 GeV). A combi-
nation of models that better describes the whole set of available data for all
combination of projectiles, targets and incident energies have been defined
by the authors and put as default in the code. This way, the code can be
executed with an input file that contains a minimal set of information: the
projectile type and its incident energy, the target type and its mass. The ex-
perimental data obtained in this work are compared to TALY'S with default
models.

3. Results and discussions

Our production cross section values, obtained via a relative calculation
using the recommended monitor reactions stated in the previous section, are
presented in tables 3, 5 and 7. Our results are plotted as full circles in figures
1 to 26.

3.1. Proton induced reactions on natural titanium

In this part, the production cross sections values of vanadium, scandium
and potassium radionuclides induced by protons interacting with natural tita-
nium are shown. No data for the Ti-nat(p,x)V-48 reaction has been obtained
under 20 MeV, where it was used as monitor. The physical characteristics of
the investigated radionuclides are summarized in table 2 and the associated
production cross section numerical values are presented in table 3.



3.1.1. Production of Sc-43

Sc-43 has a half-life of Ty, = 3.891 (12) h. It is a 100 % S+ emitter and
decays to Ca-43 (stable), by emitting a 7 ray at 372.9 keV (see table 2) with
a branching ratio of 22.5 %, used to deduce its activity. As there is some
cooling time of about 14 hours between the end of irradiation and the activity
measurements, the short half-life of Sc-43 and its low production cross section
have not allowed to detect and quantify Sc-43 in all the irradiated targets.
When the Sc-43 activity in the target was high enough to be quantified by
our experimental device, the estimated uncertainty on fit of the number of
counts may be up to 20 %. In addition, Sc-43 has only one detectable gamma
line, common to K-43 which is also produced in the target above 30 MeV (see
table 2). The activity of K-43 was deduced from this peak using its others
detectable gammas, resulting on an additional source of uncertainty for the
determination of Sc-43 activity. Our results obtained above 30 MeV (see
figure 1) give an order of magnitude of the Sc-43 cross section and further
experiments are needed to complete its trend. The TALYS code (version 1.6
with default models) doesn’t give satisfactory results for this reaction.
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Figure 1: Ti-nat(p,x)Sc-43 excitation function.
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Figure 2: Ti-nat(p,x)Sc-44m excitation function.

3.1.2. Production of Sc-44m

Sc-44m (Ty,, = 58.6 (1) h) is of interest for medical applications as it
can be used as in-vivo generator (Huclier-Markai et al., 2011, Duchemin et
al., 2015b) producing its ground state Sc-44g, useful for diagnostics. It can
also be used in the Sc-44/Sc-47 theranostic pair (Maller et al., 2014). It
decays by Electron Capture (EC) process (1.20 (7) %) to Ca-44 (stable) by
emitting three 7 rays of 1001.83 (1.20%), 1126.06 (1.20%) and 1157.00 keV
(1.20%). It mainly decays by Internal Transition (IT), at 98.80 (7) %, to
its ground state Sc-44g (Ty/2 = 3.97 (4) h) by emitting an intense v ray at
271.13 keV (table 2). The high branching ratio of this last gamma line was
used to extract the Sc-44m production cross section.

The results of the Ti-nat(p,x)Sc-44m excitation function are plotted in
figure 2. Below 45 MeV, all the experimental values are in agreement, includ-
ing the results of this work. Above this energy, our data are in agreement
with Michel et al., 1997 but further measurements are needed to better de-
scribe the curve. TALYS gives a good overall cross section estimate even
if the amplitude of the peak at 32 MeV is underestimated. Looking at the
amount of experimental results, Sc-44m should be considered for monitor re-
action below 45 MeV. Sc-44m has a pretty long half-life (higher than 2 days)



and an easily detectable gamma line for activity measurements.

3.1.3. Production of Sc-46

Sc-46 has a ground state Sc-46g and a metastable state Sc-46m. Sc-46m,
with a very short half-life (T, = 18.75 (4) s), decays by IT (100 %) to Sc-
46g by emitting an intense v ray of 142.528 keV. The half-life of Sc-46m is
so short, that, at the time of our activity measurements, all the Sc-46m has
decayed to Sc-46g (T1/2 = 83.79 (4) days). We hence measured cumulative
Sc-46m+g activities. Results relative to the Sc-46m+g cross section are
plotted in figure 3.
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Figure 3: Ti-nat(p,x)Sc-46m-+g excitation function.

The Ti-nat(p,x)Sc-46m+g reaction is considered by the IAEA as potential
new monitor reaction (Téarkényi et al., 2012-2016) as Sc-46g has a long half-
life and high cross section. Our data show a good agreement with all the
general trend up to 45 MeV. From this energy, our data are close to the values
of Michel et al., 1997 and Neumann, 1999. The recent values of Hermanne
et al., 2014a are 10 % higher than our data but still agree within the error
bars. TALYS 1.6 default gives very good results from 30 MeV.



3.1.4. Production of Sc-47

Sc-47 is particularly promising for - targeted therapy (Majkowska-Pilip
and Bilewicz, 2011) and can be used for theranostic (Miller et al., 2014)
with Sc-44. It has a half-life of 3.3492 (6) d and decays by (- process at
100 % to Ti-47 (stable) emitting an intense 7 ray at 159.377 keV (cf. table
2). This 7 line is used to derive the Sc-47 activity from the ~ spectra. The
Ti-nat(p,x)Sc-47 excitation function is plotted in figure 4.
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Figure 4: Ti-nat(p,x)Sc-47 excitation function.

Our data are in overall good agreement with the available experimental
datasets, except with Bordzinsky et al., 1971, Michel et al., 1983 and Fink et
al., 1990, that show higher values than the general behaviour. Further values
are needed between 25 and 40 MeV to better assess the maximum of the cross
section. TALYS (1.6 Default) is not able to reproduce the experimental
values for this reaction.

3.1.5. Production of Sc-48

Sc-48, with a half-life of 43.67 (9) h, decays to Ti-48 (stable) by /- emis-
sion (100 %). It emits three ~y lines with high branching ratio (higher than 97
%) of 983.526, 1037.522 and 1312.120 keV, and a 7 line with a lower intensity
of 175.361 keV (7.48 (10) %). In table 2, only two gamma lines are summa-
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Figure 5: Ti-nat(p,x)Sc-48 excitation function.

rized which correspond to those used to determine Sc-48 activity. Only those
two 7 lines have been used as V-48 (T, = 15.9735 (25) d) is also produced
in the titanium target and emits two  lines at 983.526 and 1312.120 keV (see
table 2) that are common with Sc-48. The Sc-48 production cross section
values are presented in figure 5.

Our data are in agreement with most of the published data. Data pub-
lished in 1971 and 1983 give higher cross section values than the general
behaviour, as already highlighted for the previous investigated scandium iso-
topes. The TALYS code overestimates the amplitude by 30 % in comparison
with our experimental values, but gives the good trend.

3.1.6. Production of V-48

V-48 is a 100 % [+ emitter with a half-life of 15.9535 (25) days. It decays
by emitting three main ~y rays (see table 2).

In each foil, the V-48 activity value has been determined after the com-
plete decay of Sc-48 (T4, = 43.67 h). Our new values (see figure 6), obtained
above 20 MeV, are in agreement with the existing experimental data and with
the recommended cross section values from the IAEA (Tarkényi et al., 2001).
TALYS is able to reproduce this excitation function, even if the maximum is
overestimated by 25 %.
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Figure 6: Ti-nat(p,x)V-48 excitation function.

3.1.7. Production of K-42

K-42, with a half-life of 12.260 (3) hours, decays by (- process (100 %) to
Ca-42 (stable). It emits a « ray of 1524.7 keV with a branching ratio of 18
%. This isotope can only be produced with protons with an energy higher
than 40 MeV through (p,4p+xn) reactions (see table 2).

Due to the high energy threshold (see table 2), only three cross section
values have been obtained in this work, plotted in figure 7. These data agree
with the ones obtained by Michel et al., 1983, Fink et al., 1990 and Neumann,
1999, within their error bars. Further experimental results are needed to have
a complete dataset, especially below 60 MeV. TALYS doesn’t reproduce the
experimental trend.

3.1.8. Production of K-43

K-43 has a half-life of 22.3 (1) hours and decays by - emission at 100 %
to Ca-43 (stable), emitting four gamma rays with a branching ratio higher
than 11 % (see table 2). Among these 7 lines, one is common to Sc-43. Its
contribution has been deduced to get K-43 activity. The three others ~y lines
have been also used to measure K-43 activity.

Our data obtained on the energy range 40-70 MeV are plotted in figure
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Figure 8: Ti-nat(p,x)K-43 excitation function.

8. They are in good agreement with the literature. Additional results are
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needed between 40 MeV and 50 MeV to refine the K-43 production cross
section trend. TALY'S is not able to reproduce the experimental cross section
values.
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3.2. Proton induced reactions on natural nickel

The Ni-nat(p,x)Ni-57 reaction is already defined as monitor reaction, with
recommended cross section values evaluated by the ITAEA. This reaction has
been used to quantify the particle beam flux through our foils irradiated
with protons between 20 MeV and 46 MeV. Our new results related to the
production cross sections of nickel, cobalt and manganese isotopes in natural
nickel are presented afterwards. Their physical characteristics are listed in
table 4 and their associated production cross section values are listed in table

D.

3.2.1. Production of Ni-57

Ni-57 has a half-life of Ty, = 35.6 (6) h. It decays to Co-57 (Ty/, =
271.79 (9) days) by EC/S+ emission process, emitting four principal 7 rays,
listed in table 4, used to deduce its activity.
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Figure 9: Ni-nat(p,x)Ni-57 excitation function.

The amount of studies for the Ni-nat(p,x)Ni-57 reaction below 50 MeV al-
lowed the International Atomic Energy Agency (IAEA) to set recommended
cross section values for this reaction. Our data are plotted in figure 9. They
were measured below 20 MeV and above 46 MeV. They are in good agree-
ment with the existing experimental values and with the recommended cross
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Figure 10: Ni-nat(p,x)Ni-56 excitation function.

section. TALYS 1.6 Default gives a good trend but overestimated in com-
parison with the experimental results.

3.2.2. Production of Ni-56

Ni-56, with a half-life of 6.077 (12) days, decays by EC/S+ emission to
Co-56 (Tq/2 = 77.27 (3) days). The gamma lines used to determine Ni-56
activity are summarized in table 4. The associated cross section values are
plotted in figure 10.

Our data follow the general trend in the whole energy range. Above 40
MeV, the values of Michel et al., 1997, are lower. The TALYS code gives
good results above 40 MeV.

3.2.8. Cumulative production of Co-55

Co-55 is a CE/f+ emitter of interest for Position Emission Tomography
(Jansen et al., 1996, De Reuck et al., 2001), with a half-life of 17.53 (3) hours.
It decays to Fe-55 (2.73 (3) years, no gamma emission). The gamma lines
used to extract the Co-55 activity are listed in table 4. With nickel as target,
Ni-55 (T2 = 209 ms) is produced via the Ni-58(p,p-+3n) reaction above 39.8
MeV and decays to Co-55. Due to the very short half-life of Ni-55, our Co-55
production cross section results are then cumulative above 39.8 MeV.
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Figure 11: Ni-nat(p,x)Co-55 (cum.) excitation function.

Our data are in overall good agreement with all the existing data on
the whole energy range. However, the data of Amjed et al., 2014, are quite
scattered. There is an energy shift between the TALYS results and the
experimental data between 14 and 30 MeV, but it gives satisfactory results
in overall.

3.2.4. Cumulative production of Co-56

Co-56 has a half-life of 77.27 (3) days and decays by CE/S+ process to
Fe-56 (stable) by emitting 8 main 7 rays, used to determine the activity (see
table 4). Co-56 activity is obtained after the total decay of Ni-56 (T4, =
6.077 (12) days), also produce in the nickel target, and which decays to Co-56
as specified in part 3.2.2. The Co-56 cross section values, presented in figure
12, are cumulative.

Our data are consistent with the exiting values on the whole energy range.
However, the experimental values of Khandaker et al., 2011, are higher be-
tween 35 and 45 MeV in comparison to our data and those of Michel et
al., 1983, are lower. This energy range contains the maximum of the Co-56
cumulative cross section and furthers experiments seems needed to refine it.
The values of Aleksandrov et al., 1987, are dispersed above 55 MeV, as high-
lighted with the Ni-56 production cross section. The TALYS code gives very
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Figure 12: Ni-nat(p,x)Co-56 (cum.) excitation function.

satisfactory results up to 50 MeV.

3.2.5. Cumulative production of Co-57

Co-57 (Ty/2 = 271.79 (9) days) decays by EC process (100 %) to Fe-57
(stable) by emitting ten ~y rays, including two with a branching ratio higher
than 10 % and easily detectable (see table 4). This radionuclide is fed by
the decay of Ni-57, co-produced in the nickel target. Our Co-57 production
cross section values are obtained after the complete decay of Ni-57 (T4, =
35.6 (6) h).

The general trend gives a maximum around 550 mb. Our data are in
agreement with this maximum and with the general trend. Some published
data give lower values, that can be attributed to the incomplete decay of
Ni-57 or to the measurement of independent Co-57 production cross section
values. TALYS 1.6 default gives very good results.

3.2.6. Production of Co-58m+g

Co-58 has a metastable state, Co-58m (T;/2 = 9.04 (11) hours), which
decays to its ground state, Co-58g, by emitting a low energy gamma ray
(24.88 keV) with a branching ratio lower than 0.04 %, not detectable in
our experimental conditions. One detectable gamma ray with an energy of
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Figure 13: Ni-nat(p,x)Co-57 (cum.) excitation function.

811.775 keV (99 %) is associated to the decay of Co-58g (T, = 70.86 (7)
days). This ~ line was used to determine its activity. The activity is measured
one week after the end of irradiation, assuming that all Co-58m has decayed.
The Co-58 cross section values, plotted in figure 14, include the metastable
and the ground state production.

There is a good agreement between our values and the literature. How-
ever, the maximum value of the cross section around 38 MeV is different
between the data sets of Khandaker et al., 2011 and Amjed et al., 2014, in
comparison with this work and the values of Hermanne et al., 2015a. The
same difference with Khandaker et al. data has been already highlighted
for Co-56 production cross section. For this isotope, other data are needed
around the maximum of its cross section and above. The TALYS code gives
good values whether in shape and amplitude.

3.2.7. Production of Mn-52m+yg

Mn-52 has a metastable and a ground state, both promising for diag-
nostics (Atcher et al., 1980, Topping et al., 2013). The metastable state
Mn-52m (Ty/o = 21.1 (2) min) decays by IT (1.75 %) to its ground state
Mn-52g (T, = 5.591 (3) days) and by S+ emission (98.25 %) to Cr-52
(stable). The ground state Mn-52g decays at 100 % by CE/S+ to Cr-52
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Figure 14: Ni-nat(p,x)Co-58m+g excitation function.

(stable). Due to its short half-life, this metastable state decayed between the
end of irradiation and the activity measurements. This way, we were only
able to measure the cumulative activity coming from the direct production
of Mn-52g and the decay of Mn-52m. The related cross section results are
plotted in figure 15.

The Mn-52m+g cross section results show a maximum around 55 MeV.
Our data are in agreement with Hermanne et al., 2015. Further measure-
ments are needed to better refine the trend, above 65 MeV. The TALYS code
gives the good shape but underestimates by 50 % from 50 MeV.

3.2.8. Production of Mn-54

Mn-54 has a long half-life (312.3 (4) days). It decays by CE process (100
%) to Cr-54 (stable), emitting one gamma ray (see table 4), used to extract
Mn-54 activity.

Our results follow those previously published by Michel et al., 1983,
Michel et al., 1997 and Titarenko et al., 2011. Once again, TALYS gives
the good trend but underestimates the experimental results.
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Figure 16: Ni-nat(p,x)Mn-54 excitation function.

3.3. Proton induced reactions on natural copper
The TAEA has defined recommended cross section values for the Cu-
nat(p,x)Zn-62,65, Co-56 reactions and proposes the Cu-nat(p,x)Co-58 as
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potential additional monitor reaction (Tarkényi et al., 2012-2016). In this
study, the Cu-nat(p,x)Zn-62 reaction has been used as monitor between 46
MeV and 60 MeV, and the Cu-nat(p,x)Co-56 reaction has been used as mon-
itor reaction above 60 MeV. The physical characteristics of the radionuclides
produced in the copper foils are listed in table 6 and their associated pro-
duction cross section values are presented in table 7.

3.3.1. Production of Zn-62

Zn-62 is of medical interest as it produces, by decay, the PET imaging
agent Cu-62 (Okazawa et al., 1995). In addition, the Cu-nat(p,x)Zn-62 re-
action is defined as monitor reaction with recommended values defined by
the JAEA (Téarkanyi et al., 2001). Zn-62 has a half-life of 9.1786 (13) hours
and decays by EC/3+ process (100 %) to Cu-62 (T, = 9.74 (2) minutes),
by emitting different detectable « lines (see table 6). New data have been
obtained (see figure 17) for Zn-62 production cross section using the Ti-
nat(p,x)V-48, Ni-nat(p,x)Ni-57 and Cu-nat(p,x)Co-56 monitor reactions.

[N
S
o

.................................
1967,1,R,Williams+
Cu-nat(p,x)Zn-62 X 1982,A Griltter
© 1985,P,Kopecky
O 1987,V,N,Aleksandrov+
s 1992,5,J,Mills+
= 1997,R,Michel+
* 1999,A Hermanne+

Cross section (mb)
-
N
o

=
o
o

© 2001,F,Szelecsenyi+
+ 2002,S,Takacs+

80 r i * 2004,M,S,Uddin+
%p&’g Io - 2006,E,Z,Buthelezi+
[ At 4 2006,F.S,Al-Saleh+
60 i ey O 2007,M,U Khandaker+
[ y ,g 4 2009,T,Siiskonen+
i i o 2013,C,UJost+
40 [ i 4 2015,M,Shahid+
[ % ----- IAEA Recommended
¢ ® Thiswork
r ——TALYS 1.6 Default
20 r
O L lo: 2 5 U B i ER . - 1 L
0 10 20 30 40 50 60 70 80

Incident proton energy (MeV)

Figure 17: Cu-nat(p,x)Zn-62 excitation function.

Our values are in overall good agreement with the literature and follow
the recommended cross section, except our maximum that is 10 % to 20 %
higher depending on the dataset used for comparison. Due to the spread
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between the dataset for the quantification of this maximum, further values
have to be obtained to better estimate it. TALYS 1.6 Default results give
the good trend but underestimate the cross section amplitude.

3.3.2. Production of Zn-65

Zn-65 (T, = 244.26 (26) days) decays by EC/S+ process (100 %) to
Cu-65 (stable) by emitting three v rays. Among these v lines, the one at
1115.546 keV (50.60 (24) %) was detectable by our device in our experimental
conditions. Our new cross section results are plotted in figure 18.
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Figure 18: Cu-nat(p,x)Zn-65 excitation function.

Our data points are in agreement with the literature and the recom-
mended cross section. Between 8 and 18 MeV, TALYS values are too low
compared to the experimental ones.

3.3.3. Production of Co-56
The physical characteristics of Co-56 have been presented in part 3.2.4,
and are listed in table 6. It is considered as independent because no Ni-56
has been detected in the copper targets. The Cu-nat(p,x)Co-56 reaction has
a recommended cross section defined by the JAEA committee members.
Three data points have been obtained in this work between 56 and 58
MeV, using Zn-62 as monitor. Our data are plotted in figure 19, with data
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from the literature. They follow the recommended values. Data from Shahid
et al., 2016 are in strong disagreement with the other ones, due to recoil
activity coming from the nickel foils, which were placed before the copper
foils. No additional data seems needed in the 40-70 MeV energy range for
this reaction. However, TALYS 1.6 Default is not able to reproduce this
excitation function but gives the good trend.
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Figure 19: Cu-nat(p,x)Co-56 excitation function.

3.8.4. Cumulative production of Co-57

The physical characteristics of Co-57 have been presented in part 3.2.5,
and are listed in table 6. The production cross section values are obtained
after the total decay of Ni-57 co-produced in the target (see part 3.3.9).

Our data, plotted in figure 20, follow the trend of Grutter, 1982, Mills
et al., 1992, Michel et al.,1997 and Yashima et al., 2002. Data published in
William and Fulmer, 1967, Greenwood and Smither, 1984 and Aleksandrov
et al., 1987 are not in agreement with the general behaviour. As for Co-56,
the values published by Shahid et al., 2015, are contaminated by the Co-57
recoil nuclei produced in the nickel foils. TALYS results do not agree with
the experimental ones.
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Figure 20: Cu-nat(p,x)Co-57 (cum.) excitation function.

3.3.5. Production of Co-58m+g

The physical characteristics of Co-58 have been presented in part 3.2.6,
and are listed in table 6. Our cumulative production cross section values
for Co-58m-+g production in copper are presented in table 5 and plotted in
figure 21.

Our points are in good agreement with the work published by Griitter,
1982, Kopecky, 1985 and Shahid et al., 2015, but not with Greenwood and
Smither, 1984 and Yashima et al., 2002 below 55 MeV. The maximum of
the cross section, reproduces by our points around 40 MeV, is in agreement
with the values of Grutter, 1982 and Shahid et al., 2015. However, we have
to take into account some Co-58 recoil nuclei in the experiment of Shahid
et al., 2015. The maximum plotted by the data of Greenwood and Smither,
1984, are 20 % higher than our value. The TALYS code gives the good trend
but underestimates the amplitude of the cross section in comparison with
the experimental values.

3.3.6. Production of Co-60m+g
The metastable state Co-60m, with a half-life of 10.467 (6) min, decays
by IT process (99.76 %) to its ground state Co-60g and by (- emission (0.24
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Figure 21: Cu-nat(p,x)Co-58m-+g excitation function.

%) to Ni-60 (stable). Co-60g has a long half-life of 5.2714 (5) years and is
a 100 % [- emitter. Due to the short half-life of Co-60m, we were only able
to determine the cumulative activity of both states: Co-60m+g. The related
cross section values are plotted in figure 22.

Only 4 to 15 Bq of Co-60 were measured in our targets, in our experimen-
tal conditions. The values obtained by Greenwood and Smither, 1984, are
also cumulative and expressed with 5 % of uncertainty. Our data are compat-
ible with the experiment of Shahid et al., 2015. No uncertainty is specified on
Gritter, 1982 values. TALYS gives a quite good trend but underestimated.

3.3.7. Production of Cu-61

Cu-61 is among the list of copper isotopes well suitable for PET imaging
(Williams et al., 2005). Cu-61 has a half-life of 3.333 (5) hours and decays
by EC/S+ process to Ni-61 (stable). The gamma lines used to determine
the Cu-61 activity are listed in table 6. The production cross section values
are presented in table 5 and plotted in figure 23.

Our data follow the general trend. Our values are especially in agreement
with Mills et al., 1992 in the whole energy range. Our data are also in good
agreement with Michel et al., 1997 and Gritter, 1982, within the error bars.
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Figure 23: Cu-nat(p,x)Cu-61 excitation function.

TALYS gives good results except in the 35-50 MeV energy range, where the
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values are too low in comparison with the experimental results.

3.3.8. Production of Cu-64

Cu-64 is a + (61.5 %) and - (38.5 %) emitter, suitable for PET imaging
(Anderson and Ferdani, 2009), dosimetry and possibly for therapy (Bryan et
al., 2011). It has a half-life of 12.700 (2) hours and emits one gamma line at
1345.84 keV with a low branching of 0.473 (10) %.
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Figure 24: Cu-nat(p,x)Cu-64 excitation function.

Our data are obtained with an uncertainty of 23 % in average, due to the
low branching ratio of the emitted v ray. Our results are plotted in figure 24.
They follow the general trend and are especially in good agreement with the
work of Michel et al., 1997. TALYS 1.6 Default results are in good agreement
with our work.

3.3.9. Production of Ni-57

The physical characteristics of Ni-57 have been presented in part 3.2.1,
and are listed in table 6.

Our new data, plotted in figure 25, are in agreement with the general
trend drawn by the literature data, and especially with the results of Mills
et al., 1982 and the large set of data of Michel et al., 1997. The results
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Figure 25: Cu-nat(p,x)Ni-57 excitation function.

of Williams and Fulmer, 1967 and Gritter, 1982 are slightly lower. Those
published in Greenwood and Smither, 1984, are shifted. The effect of the
recoil activity in the experimen of Shahid et al., 2015 is visible in this plot.
TALYS 1.6 Default is not able to reproduce the trend.

3.3.10. Production of Mn-54

The physical characteristics of Mn-54 have been stated in part 3.2.8, and
are listed in table 6.

This radionuclide is not easily detectable in the copper target due to its
long half-life (T, = 312.3 (4) days) and low production cross section (see
figure 26). All data are in good agreement, even if the results published in
Grutter, 1982, and Yashima et al., 2009, between 60 and 70 MeV, are slightly
lower. TALYS doesn’t give satisfactory results.

4. Conclusion

Experimental data have been obtained on the production of several ra-
dionuclide induced by protons on natural titanium (part 3.1), nickel (part
3.2) and copper (part 3.3). Results of this work fit with the literature and
allow to add information in databases for proton induced reactions up to 70
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Figure 26: Cu-nat(p,x)Mn-54 excitation function.

MeV. These data have been extracted using a relative calculation through
the use of monitor reactions from TAEA recommended values.

Some radionuclides produced during our experiments are of medical in-
terest (i.e. Sc-47, Cu-64 ...). Other ones are good candidates for monitor
reactions. Some new monitor reactions have been highlighted by the TAEA
including Ti-nat(p,x)Sc-46, Ni-nat(p,x)Co-56,58 and Cu-nat(p,x)Co-58. Rel-
ative cross section data have been extracted in this work for these previous
reactions. Ti-nat(p,x)Sc-44m,Sc-47 and Cu-nat(p,x)Ni-57,Co-57 excitation
functions have a large set of data available, as well as the Ni-nat(p,x)Ni-57
and Cu-nat(p,x)Zn-62 reactions for which the recommended values could be
extended up to 80 MeV.

Our data are especially in good agreement with the values published by
Mills et al. in 1992 and with the large set of data published by Michel et
al. in 1997. Our values contribute to the description of a large number of
excitation functions. However, in the case of monitor reactions, there is a
real need of absolute data. In this frame, we are currently working on a new
experimental device in collaboration with the mechanical department of the
SUBATECH laboratory. This device will allow stack irradiations in vacuum
and will contain a Faraday cup for accurate intensity measurements. It will
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be placed at the end of the ARRONAX beam lines and will allow to get
absolute experimental cross section data.

All data have been compared to the results of the TALYS 1.6 code using
default models. TALYS shows good results for proton induced reactions on
nickel. However, with copper and titanium as targets, it gives a good trend in
overall but too often over- or under-estimates the cross section in comparison
with the experimental values.
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Table 2: physical characteristics of the radionuclides produced in titanium (Kinsey et al.,
1996, Ekstrém and Firestone, 2004) and reaction thresholds (QCALC, 1995).

Radioisotope T1/2 E, L, Contributing reactions Threshold
(keV) (%) (MeV)

Sc-43 3.801 (12) h  372.9 23 Ti-46(p,a) 3.14
Ti-46(p,n+He-3) 24.17

Ti-46(p,2n+2p) 32.06

Ti-47(p,n+a) 12.21

Ti-47(p,2n-+He-3) 33.23

Ti-47(p,3n-+2p) A1.11

Ti-48(p,2n+«) 24.08

Ti-48(p,3n+He-3) 45.09

Ti-48(p,4n+2p) 52.97

Ti-49(p,3n+) 32.38

Ti-49(p,4n+He-3) 53.38

Ti-49(p,5n+2p) 61.26

Ti-50(p,4n+c) 43.52

Ti-50(p,5n+He-3) 64.52

Sc-44m 58.6 (1)h  271.13  86.7 (3) Ti-46(p,He-3) 14.26
Ti-46(p,2p-+n) 92.15

Ti-47(p,) 2.30

Ti-47(p,2p+2n) 31.21

Ti-48(p,a+n) 14.17

Ti-48(p,2p-+3n) 43.06

Ti-49(p,a+2n) 22.48

Ti-49(p,2p+4n) 51.36

Ti-50(p,c+3n) 32.28

Ti-50(p,2p+5n) 61.26

Sc-46 83.79 (4) d  889.277  99.984 (1) Ti-47(p,2p) 10.69
1120.545 99.987 (1) Ti-48(p,He-3) 14.68

Ti-48(p,2p-+n) 99.56

Ti-49(p,«) 1.98

Ti-49(p,2p-+2n) 30.86

Ti-50(p,a+n) 13.14

Ti-50(p,2p+3n) 42.00
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Table 2 (continued): physical characteristics of the radionuclides produced in titanium
(Kinsey et al., 1996, Ekstrom and Firestone, 2004) and reaction thresholds (QCALC,

1995).

Radioisotope T2 E, L, Contributing reactions Threshold
(keV) (%) (MeV)

Sc-47 3.3492 (6) d  159.377  68.3 (4) Ti-48(p,2p) 11.69
Ti-49(p,He-3) 12.11

Ti-49(p,2p+n) 19.99

Ti-50(p,c) 2.28

Ti-50(p,2p+2n) 31.14

Sc-48 4367 (9)h  175.361  7.48 (9) Ti-49(p,2p) 11.58
1037.599  97.6 (5) Ti-50(p,He-3) 14.86

Ti-50(p,2p-+n) 99.73

V-48 15.9735 (25) d  944.104  7.76 (9) Ti-48(p,n) 4.90
983.517  99.98 (20) Ti-49(p,2n) 13.21

1312.096  97.5 (8) Ti-50(p,3n) 23.97

K-42 12.360 (3) b 1524.7 18 Ti-46(p,2p+He-3) 32.01
Ti-46(p,4p+n) 39.90

Ti-47(p,2p+c) 20.05

Ti-47(p,4p+2n) 48.95

Ti-48(p,2p+a+n) 31.91

Ti-48(p,4p+3n) 60.80

Ti-49(p,2p+a-+2n) 40.21

Ti-49(p,4p+4n) 69.09

K-43 223 (1)h  372.76 87 Ti-46(p,4p) 30.06
306.86  11.85 (8)  Ti-47(p,2p+He-3) 31.24

593.39 11.26 (8) Ti-47(p,4p+n) 39.12

617.49  76.2 (6) Ti-48(p,2p+a) 22.08

Ti-48(p,4p-+2n) 50.97

Ti-49(p,2p+a-+n) 30.39

Ti-49(p,4p+3n) 59.26
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Table 3: experimental cross section values for Ti-nat(p,x)Sc-43,44m,46,47,48, V-48, K-

42,43 reactions.

Energy (MeV) o Sc-43 (mb) o Sc-44m (mb) o Sc-46 (mb) o Sc-47 (mb)
69.90 £+ 0.56 8.81 £ 2.76 18.74 £ 1.29 45.07 + 3.14 19.39 + 1.31
57.44 +1.03  11.85 £ 4.33 12.43 £ 1.17 51.21 £ 487 20.35 + 1.89
45.54 + 0.59  11.84 £+ 4.83 10.78 £ 0.96 63.98 + 5.85 19.17 £ 1.69
40.64 + 0.84 12.88 £ 1.15 60.15 + 5.52  20.59 + 1.81
36.48 + 0.91 15.46 £ 1.37 43.21 +£ 3.93 22.43 £ 1.96
29.65 £+ 0.59 15.38 + 1.36 14.53 £ 1.37 2444 + 2.11
24.90 = 0.80 8.33 £ 0.78 10.42 £ 1.01 15.21 £ 1.38
19.36 £ 1.09 1.07 £ 0.17 5.18 £ 0.76 4.26 £+ 0.56
17.33 £ 1.16 1.00 £+ 0.16 3.94 £ 0.62 1.84 4+ 0.27
17.06 £ 1.26 0.97 £ 0.07 3.45 £+ 0.51 1.37 £ 0.14
15.11 £ 1.34 3.47 £ 2.08 0.75 £ 0.09 2.80 £ 0.40 0.88 £ 0.10
13.55 £+ 1.48 0.53 + 0.22 0.72 £ 0.16
10.01 £ 1.90

Energy (MeV) o Sc-48 (mb) o V-48 (mb) o K-42 (mb) o K-43 (mb)
69.90 + 0.56 1.81 + 0.17 10.37 £ 0.73 5.99 £ 0.75 1.20 £ 0.12
57.44 + 1.03 1.83 £ 0.22 14.48 + 1.48 4.19 £ 0.65 1.33 £ 0.15
45.54 + 0.59 1.53 + 0.15 19.24 £ 1.84 0.62 £ 0.16 0.70 £ 0.07
40.64 + 0.84 1.40 + 0.14 25.25 4+ 2.37 0.21 £ 0.04
36.48 + 0.91 1.11 + 0.12 29.03 £+ 2.65
29.65 £ 0.59 0.65 £ 0.14 36.93 + 3.39
24.90 + 0.80 0.34 £ 0.12 51.26 + 4.79
19.36 £ 1.09
17.33 £ 1.16
17.06 £+ 1.26
15.11 £ 1.34
13.55 £ 1.48
10.01 £ 1.90
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Table 4: physical characteristics of the radionuclides produced in nickel (Kinsey et al.,
1996, Ekstrém and Firestone, 2004) and reaction thresholds (QCALC, 1995).

Radioisotope T1/2 E, L, Contributing reactions Threshold
(keV) (%) (MeV)
Ni-56 6.077 (12) d  158.38 98.8 (10) Ni-58(p,p+2n) 22.85
269.5 36.5 (8) Ni-60(p,p+4n) 43.57
480.44  36.5 (8) Ni-61(p,p+5n) 51.51
749.95  49.5 (12) Ni-62(p,p+6n) 62.26
811.85 86.0 (9)
1561.8 14.0 (6)
Ni-57 35.60 (6) h  127.164 16.7 (3) Ni-58(p,p+n) 12.43
1377.64  81.7 (16) Ni-60(p,p+3n) 33.15
1757.55  5.75 (16) Ni-61(p,p+4n) 41.09
1919.52  12.26 (25) Ni-62(p,p+5n) 51.85
Ni-64(p,p+7n) 68.58
Co-55 17.53 (3) h 91.9 1.16 (7) Ni-58(p,a) 1.36
411.9 1.07 (7) Ni-58(p,2p+2n) 30.15
4772 20.2 (14) Ni-60(p,a+2n) 22.09
803.4 1.87 (13) Ni-60(p,2p+4n) 50.86
931.3 75 Ni-61(p,a+3n) 30.03
1316.4 7.09 (10) Ni-61(p,2p+5n) 65.19
1369.7  2.92 (22) Ni-62(p,a+4n) 40.79
1408.4 16.88 (8) Ni-64(p,a+6n) 57.53
Co-56 77.27 (3) d  846.771 100 Ni-58(p,d+p) 17.63
1037.84  13.99 (10) Ni-58(p,2p+n) 19.89
1238.282  67.6 (4) Ni-60(p,a+n) 11.84
1360.215  4.33 (4) Ni-60(p,He-3+2n) 32.76
1771.351  15.69 (15) Ni-60(p,2p+3n) 40.61
Ni-61(p,a+2n) 19.78
Ni-61(p,He-3+3n) 40.70
Ni-61(p,2p+4n) 48.55
Ni-62(p,a+3n) 30.54
Ni-62(p,He-3+4n) 51.46
Ni-62(p,2p+5n) 59.30
Ni-64(p,a+5n) 47.28

+ Ni-56 decay
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Table 4 (continued): physical characteristics of the radionuclides produced in nickel (Kin-
sey et al., 1996, Ekstrom and Firestone, 2004) and reaction thresholds (QCALC, 1995).

Radioisotope Ty/2 E, L, Contributing reactions Threshold

(keV) (%) (MeV)

Co-57 27179 (9) d  122.0614 85.60 (17) Ni-58(p,2p) 8.31
136.4743  10.68 (8) Ni-60(p,a) 0.27

Ni-60(p,He-3+n) 21.19

Ni-60(p,2p+2n) 99.04

Ni-61(p,a+n) 8.22

Ni-61(p,He-3+2n) 29.14

Ni-61(p,2p+3n) 36.98

Ni-62(p,o+2n) 18.98

Ni-62(p,He-3+3n) 39.90

Ni-62(p,2p-+4n) 4774

Ni-64(p,a+4n) 35.73

Ni-64(p,He-3+5n) 56.63

Ni-64(p,2p+6n) 64.47

+ Ni-57 decay

Co-58 70.86 (7) d  810.775 99 Ni-60(p,d+p) 18.06
Ni-60(p,2p+n) 20.32

Ni-61(p,«) 0.00

Ni-61(p,He-3+n) 20.42

Ni-61(p,2p+2n) 28.27

Ni-62(p,a+n) 10.27

Ni-62(p,He-3+2n) 31.18

Ni-62(p,2p+3n) 39.03

Ni-64(p,a+2n) 18.98

Ni-64(p,He-3+2n) 39.90

Ni-64(p,2p+3n) 47.74

Mn-52 5.501 (3) d  744.233 90.0 (8) Ni-58(p,a+2p+n) 27.78
935.538 94.5 (9)  Ni-58(p,He-3+2p+2n) 48.72

1246.278  4.21 (6) Ni-60(p,2a-+n) 19.72

1333.640  5.07 (5)  Ni-60(p,a-+2p+3n) 48.50

1434.068  100.0 (5) Ni-61(p,2a-+2n) 927.67

Ni-61(p,a+2p+4n) 56.43

Ni-62(p,2a+3n) 38.43

Ni-62(p,a+2p+5n) 67.19

Mn-54 3123 (4)d  834.848  99.976 (1) Ni-58(p,4p+n) 35.21
Ni-60(p,a+2p-+n) 97.15

Ni-60(p,He-3+2p+2n)  48.07

Ni-60(p,4p+3n) 55.92

Ni-61(p,2a) 6.33

Ni-61(p,4p+4n) 63.86

Ni-62(p,2a+n) 17.10

Ni-64(p,2a+3n) 33.84
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Table 5: experimental cross section values for Ni-nat(p,x)Co-55,56,57,58, Ni-56,57, Mn-
52,54 reactions.

Energy (MeV) o Co-55 (mb) o Co-56 (mb) o Co-57 (mb) o Co-58 (mb)
69.81 £ 0.57  30.73 £ 211 102.63 £ 7.56 156.77 £ 10.42 32.95 £ 2.68
57.34 £ 1.07 39.72 £ 3.71  119.03 £ 11.32 199.61 + 18.18 41.85 £ 4.09
45.66 £ 0.58 20.64 £1.85 178.99 + 16.14 198.22 £ 17.17 57.04 £ 5.32
40.78 £ 0.80 8.28 £ 0.76  222.65 £ 19.93 203.67 £ 17.60 68.46 £+ 6.33
36.63 £ 0.92 4.18 £ 040  208.11 £ 18.74 232.48 £ 20.11  62.97 £+ 5.84
29.85 +£ 0.58 3.43 £ 0.38 83.22 £ 7.36  428.46 + 36.16  22.30 £ 2.05
25.13 + 0.85 6.45 £ 0.65 15.36 £ 1.49 54991 + 48.68 6.15 £ 0.64
19.63 £ 1.08 21.01 £ 2.75 0.96 + 0.17 436.30 £+ 55.85 2.40 £ 0.35
17.62 £ 1.17 24.08 + 3.28 0.43 £ 0.10 313.11 £ 41.96 1.70 £ 0.26
17.33 £ 1.20 2475 £ 1.79 268.99 £ 18.39  2.63 £+ 0.21
15.43 £ 1.35 21.79 £ 2.50 132.96 + 15.68
13.86 £ 1.49 15.56 £ 1.13 2442 £1.72 2.20 £ 0.23
10.39 £ 1.86 3.54 £ 0.33 5.45 £ 0.59 2.00 £ 0.25

Energy (MeV) o Ni-56 (mb) o Ni-57 (mb) o Mn-52 (mb) o Mn-54 (mb)
69.81 + 0.57 8.18 £ 0.58 64.41+ 4.62 17.59 £ 1.32 23.78 £ 2.99
57.34 £ 1.07 9.29 £ 0.88 74.85 £ 7.19 23.34 £ 2.17 13.78 £ 1.77
45.66 + 0.58 11.85 £ 1.05 2.99 £ 0.27 2.05 £ 0.89
40.78 £ 0.80 12.75 £ 1.13 0.42 + 0.05 1.04 £ 0.55
36.63 £ 0.92 10.01 £ 0.89
29.85 + 0.58 3.80 £ 0.35 1.22 £+ 0.56
25.13 £ 0.85 1.10 £ 0.13
19.63 £ 1.08 0.26 £ 0.07 95.08 £ 12.52 0.83 £ 0.41
17.62 + 1.17 45.63 £ 6.27 0.91 £ 0.30
17.33 £1.20 28.07 £ 2.12
15.43 £ 1.35 8.07 £ 0.96
13.86 £ 1.49 0.13 £ 0.04
10.39 £ 1.86
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Table 6: physical characteristics of the radionuclides produced in copper (Kinsey et al.,
1996, Ekstrém and Firestone, 2004) and reaction thresholds (QCALC, 1995).

Radioisotope T2 E, L, Contributing reactions Threshold
(keV) (%) (MeV)
7m-62 9.1786 (13) h  243.39 2.52 (13) Cu-63(p,2n) 13.48
246.96 1.9 (1) Cu-65(p,4n) 31.57
260.43  1.35 (8)
304.03  2.236 (10)
54835  15.3 (8)
596.56 26
7Zn-65 244.26 (26) d 1115.546 50.60 (24) Cu-65(p,n) 2.17
Ni-57 35.60 (6) h 127.164 16.7 (3) Cu-63(p,a+3n) 29.31
1377.64  81.7 (16)  Cu-63(p,He-3+4n) 50.21
1757.55  5.75 (16) Cu-63(p,2p+5n) 58.06
1910.52  12.26 (25) Cu-65(p,a-+5n) 47.40
Cu-65(p,He-34-6n) 68.29
Co-56 7727 (3) d  846.771 100 Cu-63(p,a+p+3n) 36.76
1037.84  13.99 (10) Cu-63(p,3p+5n) 65.51
1238.282  67.6 (4) Cu-65(p,a+p-+5n) 54.84
1360.215  4.33 (4)
1771.351  15.69 (15)
Co-57 271.79 (9) d  122.0614 85.60 (17) Cu-63(p,a+p+2n) 25.20
136.4743  10.68 (8)  Cu-63(p,He-3+p+3n) 46.11
Cu-63(p,3p+4n) 53.95
Cu-65(p,a+p+4n) 47.00
Cu-65(p,He-3+p—+5n) 64.19
+ Ni-57 decay
Co-58 70.86 (7) d  810.775 99 Cu-63(p,a-+p+n) 16.49
Cu-63(p,He-3+p+2n) 37.40
Cu-63(p,3p+3n) 45.24
Cu-65(p,a+p+3n) 34.58
Cu-65(p,He-3+p+4n)  55.48
Cu-65(p,3p+5n) 63.32
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Table 6 (continued): physical characteristics of the radionuclides produced in copper (Kin-
sey et al., 1996, Ekstrom and Firestone, 2004) and reaction thresholds (QCALC, 1995).

Radioisotope Ty/2 E I Contributing reactions Threshold

y ¢
(keV) (%) (MeV)
Co-60 5.2714 (5) y 1173.237 99.9736 (7) Cu-63(p,3p+n) 27.00
1332.501  99.9856 (4)  Cu-65(p,a-+p+n) 16.36
Cu-65(p,3p+3n) 45.09
Cu-61 3333 (5)h 282956  12.2 (3) Cu-63(p,p+2n) 20.05
373.05 2.15 (5) Cu-65(p,p+4n) 38.15

588.605  1.168 (21)

656.008  10.77 (18)

908.631  1.102 (21)

1185234 3.75 (7)
Cu-64 12.700 (2) b 1345.84  0.473 (10) Cu-65(p,d) 7.81
Cu-65(p,p+n) 10.06
Mn-54 3123 (4)d  834.848  99.976 (1) Cu-63(p,2a+d) 21.05
Cu-63(p,2a+p+n) 23.31
Cu-65(p,2a+d+2n) 39.14
Cu-65(p,2a+p+3n) 41.40
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Table 7: experimental cross section values for Cu-nat(p,x)Zn-62,65, Ni-57, Co-56,57,58,60,
Cu-61,64, Mn-54 reactions.

Energy (MeV) o Zn-62 (mb) o Zn-65 (mb) o Ni-57 (mb) o Co-56 (mb)
70.08 £ 0.54 6.59 £ 0.51 3.28 + 0.54 1.19 + 0.09

69.99 £ 0.55 6.71 £ 0.53 2.89 £ 0.80 1.15 £ 0.12

69.73 £ 0.59 6.46 £+ 0.43 3.17 £ 0.48 1.24 + 0.08

63.86 £ 0.86 7.11 £ 0.38 3.28 £ 0.42 1.57 £ 0.11

63.49 + 0.92 7.34 £ 0.39 3.62 £ 0.48 1.83 £ 0.12

57.55 £ 1.07 4.17 £ 0.90 2.17 £ 0.24 3.32 + 0.36
57.12 + 1.09 4.46 £ 0.62 2.11 £ 0.21 2.80 £+ 0.20
56.74 £ 1.13 4.81 £ 0.56 2.12 £ 0.15 2.43 + 0.19
45.43 £ 0.59 12.89 £ 1.23 4.82 £ 1.16 0.51 £ 0.11

40.45 + 0.83 13.45 + 1.26 6.73 + 1.03

36.37 £ 1.06 16.84 £+ 1.58 7.31 £0.94

29.48 4+ 0.60 48.57 £+ 4.42 10.62 £ 1.45

24.72 £ 0.81 84.37 £ 7.93 12.98 £ 1.85

19.13 £ 1.13 48.07 £ 6.35 25.74 + 3.58

17.09 £ 1.18 26.20 + 3.63 43.97 £ 6.29

16.81 £ 1.25 16.49 £ 1.29 62.58 + 4.99

14.72 £ 1.37 3.94 + 0.47 93.30 £+ 11.09

13.25 £ 1.51 184.64 + 14.00

9.64 £1.99 193.38 + 16.97
Energy (MeV) o Co-57 (mb) o Co-58 (mb) o Co-60 (mb) o Mn-54 (mb)
70.08 £ 0.54 33.15 £ 2.31 39.50 £ 2.84 10.06 £ 1.56 3.89 £ 0.41
69.99 £ 0.55 32.18 £ 2.15 39.92 £ 2.94 3.58 £ 0.56
69.73 £+ 0.59 33.21 £ 1.94 39.40 + 2.42 10.88 £ 1.32 3.92 £ 0.36
63.86 = 0.86 37.17 &+ 1.55 31.05 + 1.41 10.45 £ 1.20 4.53 £ 0.34
63.49 + 0.92 37.83 £ 1.48 30.79 £ 1.34 10.13 £ 1.27 4.82 £ 0.38
57.55 £ 1.07 51.58 £ 4.73 30.74 £ 3.00 12.25 £ 2.58 4.37 £+ 0.67
57.12 £ 1.09 52.86 £+ 4.26 30.47 £+ 2.52 1242 £ 1.71 4.53 £ 0.50
56.74 £ 1.13 53.01 £ 3.09 30.95 + 1.91 12.65 £+ 2.66 4.17 + 0.38
45.43 + 0.59 26.17 £ 2.32 52.34 + 4.88 10.39 £ 2.88

40.45 £ 0.83 4.96 + 0.52 61.63 £ 5.72 8.19 + 2.30

36.37 £ 1.06 0.76 £ 0.22 50.22 £ 5.35 4.89 + 1.77

29.48 £ 0.60 7.90 £ 0.76

24.72 + 0.81

19.13 £ 1.13

17.09 £ 1.18

16.81 £ 1.25

14.72 £ 1.37

13.25 £ 1.51

9.64 + 1.99
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Table 7 (continued): experimental cross section values for Cu-nat(p,x)Zn-62,65, Ni-57,

Co-56,57,58,60, Cu-61,64, Mn-54 reactions.

Energy (MeV) o Cu-61 (mb) o Cu-64 (mb)
70.08 + 0.54 65.72 + 4.96 44.02 £ 7.03
69.99 £ 0.55 68.72 £ 5.20 45.18 £ 9.32
69.73 £+ 0.59 65.85 + 4.39 42.16 + 9.42
63.86 £ 0.86 68.75 £ 3.63 44.49 £ 9.12
63.49 £ 0.92 69.31 + 3.70 38.54 £ 8.71
57.55 £ 1.07 81.59 +£ 8.08 49.78 £ 10.34
57.12 £ 1.09 79.75 £ 7.09 54.57 £+ 11.50
56.74 £ 1.13 80.73 £ 5.32 55.66 £+ 7.31
4543 £0.59  120.22 £ 11.03  60.05 £ 12.96
40.45 £ 0.83 16943 £ 1531 67.08 £ 11.19
36.37 £ 1.06 183.10 £ 16.66 71.25 £ 12.13
29.48 £ 0.60  106.57 £ 10.81 86.10 £ 18.28
24.72 + 0.81 9.11 £ 5.43 112.26 + 26.08
19.13 £ 1.13 68.90 + 18.01
17.09 £ 1.18 40.96 £ 14.06
16.81 £ 1.25 35.43 + 10.48
14.72 £ 1.37 12.63 £+ 2.82
13.25 £ 1.51
9.64 £ 1.99
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