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The radionuclide ®'Cu is a promising positron emitter for PET imaging. We investigated its production via
the °Co(a, 2n)°!Cu reaction in the energy range 14-59 MeV using the stacked-foil technique. Excitation
functions for 61Cu and co-produced radionuclides (°°Cu, 36-58:60.61Co, 59Fe, 54Mn) were measured by HPGe
y-spectrometry and compared with TALYS 1.96 predictions and previous datasets. Thick Target Yields (TTY)
and radionuclidic purity (RNP) were calculated for different irradiation conditions. Results show that high-yield
and high-purity °! Cu production is achievable at 45 MeV on a 226 um thick Co target (TTY®® ~ 840 MBq pA~!,
RNP >99.9% after 3 h irradiation and 3.4 h waiting time) and feasible with emerging 30 MeV «a-accelerators
using a 76 pm thick Co target (TTYPCB ~ 420 MBq pA~!, RNP > 99.9% after 3 h irradiation and 1.8 h waiting
time). These findings support cost-effective production using inexpensive cobalt targets, reducing reliance on
enriched materials. Practical implications for routine supply and synergy with a-accelerators designed for 2! At
are discussed.

1. Introduction are five copper isotopes suitable for nuclear medicine due to their
nuclear characteristics: 7 Cu, ®4Cu, 42Cu, ®!Cu and ®°Cu.
87Cu (T, = 61.83 h (IAEA-NDS, 2025)) is ideal for both SPECT

imaging and therapy (Mou et al., 2022), but production is limited

Since the discovery of radioactivity, ionizing radiation has be-
come crucial in medicine. Nuclear medicine utilizes trace amounts

of radionuclides for diagnostics and radiotherapy. Radiopharmaceu-
ticals, which combine a radioactive tracer with a drug, allow the
targeted imaging and treatment of specific organs. Radionuclides that
emit gamma photons are widely employed in Single Photon Emis-
sion Computed Tomography (SPECT), whereas positron-emitting ra-
dionuclides (f* emitters) are used in Positron Emission Tomography
(PET) (Bashir et al., 2019). In radiotherapy, radionuclides emitting
charged particles, such as alpha or beta particles are used to destroy
diseased tissues (Coura-Filho et al.,, 2022). The concept of thera-
nostic agents, which combine diagnostics and therapy, emerged to
personalize treatments (Coura-Filho et al., 2022; Keiniien et al., 2019).
Matched pairs of radionuclides, such as 44Sc/47Sc (Miiller et al., 2018)
and 1241/1311 (Qaim, 2020), allow for both imaging and therapeutic
applications in nuclear medicine.

In this area, an important element that presents several radioiso-
topes suitable for diagnosis, therapy, and theranostics is copper. There

* Corresponding authors.

by the lack of producing facilities (Boschi et al., 2018). 84Cu (T, =
12.7006 h (IAEA-NDS, 2025)), emitting both g* and - particles, is the
most versatile for theranostics, although its production is challenging
due to the need for highly enriched ®4Ni (Boschi et al., 2018). %2Cu
(T1 /5 = 9.67 min (JAEA-NDS, 2025)), with its short half-life, is used for
dynamic organ studies, but the short lifespan of its generator limits its
use (Boschi et al., 2018). ®Cu (T, = 23.7 min (IAEA-NDS, 2025)),
with a short half-life and presence of high energy gamma emissions,
is less favored for clinical imaging due to poor image quality (Boschi
et al., 2018).

This paper, instead, deals with the production of ¢! Cu (T;, = 3.339
h (JAEA-NDS, 2025)), useful for PET imaging due to its g decay,
although optimal spatial resolution is challenging due to high energy
beta emission (Boschi et al., 2018). Several nuclear reactions have been
explored to produce ¢ Cu (Qaim, 2020; Hermanne et al., 2023), includ-
ing bombarding natural or enriched zinc (Abbas et al., 2006) and nickel
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Fig. 1. Schematic representation of the stack-foil arrangement used in this
work. The example refers to Stack 1 and illustrates the sequence of target
foils, monitor foils, and catchers. The thickness is not representative of the
real thickness of the foils.

targets with protons (Szelecsényi et al., 2006), though high target costs
and material recovery issues are significant drawbacks (Szelecsényi
et al., 2002). An alternative method is the °Co(e,2n) reaction, which
could simplify radiochemical separation and reduce costs, as cobalt is
monoisotopic and does not require expensive enriched targets like zinc
or nickel.

Nowadays, there is growing interest in the construction of new
a-particle accelerators with energies of around 30 MeV, aimed at
producing radionuclides below this energy range, particularly for the
production of 2!1At, a promising alpha emitter for targeted alpha
therapy (Qaim, 2024). In this context, evaluating the production of
61Cu at energies equal to or lower than 30 MeV is of great interest
for the advancement of the state-of-the-art production of radionuclides
using such accelerator technology.

In this study, the excitation function of the 3*Co(«,2n)°! Cu nuclear
reaction was investigated, along with those of the main copper con-
taminant (°Cu) and other radionuclides produced in the process. The
obtained cross section data are compared to previous experimental
results from studies. This new dataset expands nuclear libraries and is
used to determine the Thick Target Yields (TTY) and the RadioNuclidic
Purity (RNP), exploring the potential for ® Cu production using 30 MeV
a-accelerators by assessing the feasibility of this production method.

Some of the studied reactions already have the potential to be
used as monitor reactions to enrich the list of available monitor cross
sections for alpha beams (Hermanne et al., 2018; Tarkanyi et al., 2024).
This possibility is further discussed in this work.

2. Materials and methods

To measure the excitation functions, 16 thin cobalt targets were
irradiated with alpha particles using the stacked-foils method. Four
separate stacks, each containing 4 cobalt foils, were arranged to cover
the alpha particle energy range from 14 to 58.7 MeV. Within each stack,
a 10 or 16 pm aluminum catcher foil was placed after every cobalt foil,
which doubles as a monitor foil unless positioned next to another alu-
minum foil. Other aluminum foils, from 16 pm and 100 pm in thickness,
were used as energy degraders and titanium foils of 10 and 20 pm of
thickness were added to the stacks to serve as monitor foils in the last
two stacks, where the energy was below 40 MeV. Aluminum foils 10
or 16 pm thick were used as catcher after titanium foils. An example of
stack is reported in Fig. 1. All foils were purchased from GoodFellow
Corporation (Huntingdon, UK) with different purities: Co foils have a
purity of 99.6%, while Ti and Al foils have a purity of 99.9%. For each
of them, the mass-thickness was determined by measuring the mass
and the area with a highly accurate weigthing scale and caliper, with
sensibilities up to 10~> g and 10~ m, respectively. The uncertainty on
the mass thickness is set to 2% to account for stochastic and systematic
errors in the measurements. All mass thicknesses are shown in Table 1.
Then squares were cut with 2.5 x 2.5 cm? dimensions in order to be
placed in a metal sample holder for the irradiation.
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Table 1

Mass thickness calculated for each target. Nominal thickness are given by
GoodFellow Corporation (Huntingdon, UK) where all foils were purchased.
Uncertainty for the mass thickness (pdx) is set to 2%.

Target Nominal thickness (pm) pdx (mg m~2)
Cobalt 2.5 2.30
7 5.84
Aluminum 10 2.80
25 6.54
50 13.2
114 329
250 68.0
1000 271
Titanium 10 4.35
20 8.14
Table 2

Average energy of the beam in each cobalt foils of the four irradiated stacks
with associated uncertainty.

Stack E; (MeV) E, (MeV) E; (MeV) E, (MeV)
st 58.7 + 1.0 56.2 + 1.1 53.6 + 1.2 48.2 + 1.5
2nd 50.8 + 1.4 455 + 1.7 43.2 + 1.8 39+ 2
3rd 39.4 + 1.9 34 +2 31 +3 26 + 3
4th 27 + 3 21 + 4 18+ 4 14 +5

2.1. Irradiation setup

The irradiation process was carried out using the high-intensity
cyclotron (IBA-C70XP, K = 70) at the GIP ARRONAX research center
in Saint-Herblain, France (Haddad et al., 2008). Each stack was placed
approximately 6 cm from the end of the beamline, which was sealed
with a Kapton layer of 50 pm, and exposed to air. A scintillating Al,O,
foil was irradiated to verify that the beam was well-collimated and
centered on the stack. The four stacks were irradiated in two separate
sessions few months apart: during the first session, the first and second
stacks were irradiated for 1 h each, with constant beam currents of 107
and 101 nA, respectively. In the second session, the third and fourth
stacks were irradiated for 30 min each, both at a constant beam current
of 150 nA. The exit energy from the cyclotron for alpha beam is fixed
at 67.4 + 0.5 MeV. The average beam energies in each foil (as listed
in Table 2) were specifically selected to ensure overlapping energy
ranges between successive stack irradiations, which helps to identify
any inconsistencies in the experimental data by highlighting potential
discontinuities in the resulting curves. The energy degradation and
straggling of the beam within the target stack were evaluated by
simulating the irradiation geometry with the SRIM code (Biersack and
Ziegler, 1982). The uncertainty on the mean energy in each foil (6E)
was determined by combining the initial uncertainty on the incident
beam energy, the energy straggling within the foil, and the uncertainty
in the range determination due to the 2% uncertainty on the areal
density (pdx).

The stability of the beam current during irradiation was continu-
ously monitored using a beam dump equipped with a charge integrator.
The total charge of the incoming beam was calculated using the values
recommended by IAEA for the monitor reactions (Hermanne et al.,
2018). The monitor reactions were 27 Al(«,x)%*Na and/or ™tTi(«,x)°! Cr
depending on the energy.

2.2. Measurements

The activity of the produced radionuclides was measured using
HPGe detectors, either at GIP ARRONAX on the same day as the
irradiations and the following day, and at the Physics Measurement
Laboratory at LASA (Segrate, IT) three days post-irradiation due to
transportation delays. Each detector underwent calibration: at GIP AR-
RONAX the calibration of the two n-type HPGe detectors was performed
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with two certified radioactive sources, 152Eu and 241 Am. At LASA, three
n-type detectors were calibrated using 1>2Eu and 133Ba.

During the measurements, the irradiated targets were placed on top
of spacers to minimize dead time, ensuring that the beam entrance
side faced the detector crystal in the same geometric configuration
used during calibration. The distance ranged between approximately
1 m immediately after the irradiation to 15 cm one week after the
irradiation. At GIP ARRONAX, the first measurement session focused on
radionuclides with short half-lives, such as ®°Cu (half-life of 23.7 min),
61Cu (half-life of 3.339 h) and ®1Co (half-life of 1.649 h). In the
second session, held at LASA, measurements were concentrated on
radionuclides with longer half-lives.

The activity measurements spanned 8 months following the irra-
diations to track the decay of medium and long-lived radionuclides.
Measurement times varied depending on the half-life: short-lived ra-
dionuclides were measured from 7 to 90 min, while long-lived radionu-
clides, such as cobalt isotopes, 5°Fe and 5*Mn, required measurement
periods ranging from 1 h to 7 days. When multiple gamma emissions
were used, the average activity at the time of measurement was cal-
culated as the weighted average of the activities measured at each
peak. Similarly, the average activity at the end of the bombardment
was determined as the weighted average of the values obtained from
each repeated measurement. In both cases, the weights were given by
the inverse square of the corresponding experimental uncertainties.

Table 3 lists the radionuclides for which cross sections were mea-
sured, along with their half-lives, nuclear decay properties, and pro-
duction reactions (IAEA-NDS, 2025; Verpelli and Abriola, 2011). The
gamma lines used for the determination of the activity of each ra-
dionuclide are reported in Table 3 as well. The decay data for the
relevant cobalt, nickel and copper isotopes were also checked against
the evaluated Nuclear Data Sheets (Yang and Huo, 2014; Huo et al.,
2011; Bhat, 1998; Basunia, 2018; Browne and Tuli, 2013; Zuber and
Singh, 2015), which are consistent with the values adopted in this
work.

2.3. Calculation of reaction cross sections and uncertainty propagation

The experimental cross sections for all radionuclides produced in
the irradiated cobalt targets were derived from the measured activities
at end of bombardment. The cross section at a given energy was
calculated using the standard activation formula in Eq. (1) (Colucci
et al., 2024):
o(E)= AM Ze

pdx-Ny-0-1
where E (MeV) is the mean energy of the alpha beam in the target foil,
M (mg mol~1) is the atomic weight of cobalt, Z e (C) is the charge of
the alpha particle, N, (mol~1) is the Avogadro number, A (Bq) is the
activity, pdx (mg cm~2) is the mass thickness, Q (C) is the beam charge,
4 (s71) is the decay constant characteristic of each radionuclide, t,,, (s)
is the irradiation time, t,,,,, (s) is the duration of the measurements, t,,,,
(s) is the time between the end of bombardment (EOB) and the start of
measurements while the factor 10?7 converts cm? in mb. The activity A
is determined as %, where C are the net counts of the photo-peak
of energy E, I, is the abundance of the gamma emission of energy E,
¢ is the detector efficiency at energy E and LT (s) is the Live Time
of the measurement, given by the time of measurements without dead
time. Two multiplicative factors are also present: the growing factor
G(t;,.) which takes into account the decay of the produced radionuclide
during the irradiation, and the decay factor D(t,,,,) which corrects for
the decay of the radionuclides during the measurements:
A- Lirr

1 — e Mirr

At

G(tirr) : D(tcaum‘) : ektwm : 1027 (€9)]

G(tirr) =
(2)

count
Dz, =
(caunt) — e~ Mcount

e
The uncertainties on the cross-section values were evaluated
through standard error-propagation formulas, taking into account the
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uncertainties of the relevant physical quantities. In the case of the cross
section, the absolute uncertainty ¢, has been estimated by using the
following Equation:

_ €4\2 €pdx 2 €0 :
ey () (8)

where ¢; is the uncertainty on the ith quantity. The uncertainty on
the mass thickness (e,,,/pdx) was set to 2%, as stated above. The

uncertainty on the collected charge (e, /Q) ranged from 1.2% to 2.5%,
depending on the stack. It was derived from the uncertainty on the
activity measured for the monitor foils, combined with the uncertainty
associated with the recommended cross-section data of the monitor re-
actions. An average beam charge was determined using several monitor
foils and different monitor reactions in order to minimize the overall
uncertainty. The uncertainty on the activity A is determined using the
following Equation:

2 €r,\2 2

am (o) () + (2)
where CPS is defined as % LT has been set so that the counting
statistics is good enough to ensure a counting uncertainty generally
lower than 10%. The uncertainty in the gamma-ray intensity, €r is
sourced from the IAEA database (IAEA-NDS, 2025), while the relative
uncertainty in detector efficiency is lower than 3% and depends on the
energy. The relative uncertainty on the beam charge is determined by
propagating the measurement uncertainties on the recommended data
sourced from IAEA (Hermanne et al., 2018). Multiple measurements
allow to reduce the uncertainty on the cross sections that ranges from
4% to 30%.

When repeated measurements are performed or multiple peaks are
used to determine the activity of a single radionuclide the uncertainty
on the weighted average is determined as the maximum between:

)

2. .2
Zixi— e
_—

= (6)
i €
where p is the weighted average value, x; is the ith repetition of the
measurement (or the ith peak) and ¢; is the standard uncertainty of
x; (Gilmore, 2008). The symbol ¢ is here used in a general sense to in-
dicate the uncertainty on the averaged quantity, which can correspond
either to repeated measurements of the same peak or to the average
activity obtained from multiple peaks of the same radionuclide.

3. Results and discussion

The experimental cross-section values obtained in this work are
summarized in Tables 4 and 5.

The corresponding excitation functions are displayed in Figs. 2-10,
where they are compared with previously published experimental
datasets (Ansari et al., 2004; Gadioli et al., 1984; Homma and Mu-
rakami, 1976, 1977; Ismail and Divatia, 1988; Ismail, 1993; Jastrzebski
et al.,, 1986; Michel and Brinkmann, 1980; Mukherjee et al., 1998;
Neuzil and Lindsay, 1963; Rama Rao et al., 1987; Singh et al., 1993;
Skulski et al., 1992; Szelecsényi et al., 2002; Zhukova et al., 1972;
Stearns, 1962; Levkovskij, 1991), and with the computer simulations
TALYS 1.96 (Koning and Hilaire, 2023) run with default settings.
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Table 3
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Gamma emissions used for the determination of cross sections of produced radionuclides with their abundances.
Uncertainties are reported in italic and refer to the last significant digits (IAEA-NDS, 2025; Verpelli and Abriola,

2011).
Nuclide Half-life Nuclear E, E, I
reaction (MeV) (keV) (%)
61Cu 33397h (a, 2n) 14.8 282.956 10 12.7 20
EC, g+ (100) 373.050 10 213
656.008 10 10.4 16
1185.234 15 3.6 6
%0Cu 23.7 4m (a, 3n) 27.2 467.3 2 3.52 18
EC, g (100) 497.9 2 1.67 9
826.4 2 21.7 11
952.4 2 2.73 18
1035.2 2 3.70 18
1293.7 2 1.85 18
56Co 77.236 26 d (a, 30 a) 32.2 846.770 2 99.9399 23
EC, g (100) (a, n 2t) 44.3 1037.843 4 14.05 4
(a0, 2n d t) 50.9 1238.288 3 66.46 12
(a0, 3npt) 53.3 1360.212 4 4.28 12
(a, 4n *He) 54.1
(a, 3n 2d) 57.5
57Co 271.74 6 d (a, 2n a) 20.2 122.06065 12 85.60 17
EC (100) (a, 2t) 32.2 136.4736 3 10.68 8
(¢, ndt) 38.8
%8Co 70.86 d 6 (@, n @) 11.1 810.7593 20 99.45 1
EC, g+ (100) (a,d t) 29.7 863.951 6 0.686 10
(e, npt) 32.1
(a, 2n *He) 32.9
(a, n 2d) 36.4
(a, 2n p d) 38.7
%0Co 1925.28 14 d (a, *He) 13.9 1332.492 4 99.9826 6
p~ (100) (a0, p d) 19.7
(2, n 2p) 22.1
%1Co 1.649 5 h (a, 2p) 12.2 67.412 10 84.7 4
p~ (100)
59Fe 44.490 9 d (a, p *He) 22.7 1099.245 3 56.5 9
A~ (100) (a, 2p d) 28.5 1291.590 6 43.2 9
(2, n 3p) 30.8
54Mn 312.20 20 d (a, n 2a) 18.2 834.848 3 99.976 1
EC, g (100) (a,d t a) 36.9
(e, npta) 39.2
(a, 2n *He a) 40.0
(a, n 2d a) 43.5
(¢, 2np d a) 45.9
(a, 3n 2p a) 48.2
(a, 2t *He) 52.0
(a, p d 20) 57.9
(a, 2n d t 3He) 58.7

Table 4

Values of the cross sections ¢, with their respective uncertainties ¢,, of the
short-lived radionuclides measured at ARRONAX. The average beam energy E
and energy uncertainty SE in each target are also presented.

E (MeV) 61Cu (mb) 60Cu (mb) 61Co (mb)
58.7 + 1.0 214 + 1.1 27 £ 2 35 +0.2
56.2 + 1.1 247 + 1.4 36 + 3 3.81 + 0.17
53.6 + 1.2 29.6 + 1.8 48 + 4 4.16 = 0.17
50.8 + 1.4 31 +2 50 + 3 39+04
48.2 + 1.5 43.0 + 1.9 68 + 4 4.7 + 0.2
45.5 + 1.6 56 + 3 68 + 4 51+04
433 + 1.8 71 £ 3 66 + 3 57 +£0.4
39.4+19 145 + 8 55+ 3 8.6 + 0.4
39 +2 142 + 6 42 + 2 7.4+ 03
34 +2 305 + 14 145 £ 0.9 9.6 + 0.4
31 +3 374 + 19 3.3+03 9.6 + 0.4
27 + 3 510 + 20 - 3.7+ 05
26 + 3 450 + 30 - 1.7 + 0.

21 + 4 310 + 15 - -

17 + 4 98 + 4 - -

14+ 5 3.1+03 - -

3.1. *9Co(a,2n)%'Cu

The production cross sections of ®1Cu are shown in Fig. 2. The
excitation function is a peak-shaped curve, with a maximum around
28 MeV and a long tail at high energies. The cross sections values
are high (o,,,, = 507 mb); therefore, a high production yield for 1 Cu
is expected. The data from other works are in accordance with the
measurements of this work and follow the same general trend, except
for Homma and Murakami (1976), Ansari et al. (2004) and Zhukova
et al. (1972), which seem to underestimate the data in the peak region.
The TALYS 1.96 seems to be shifted to lower energies, not accurately re-
producing the experimental results. The measurements used to estimate
61Cu were carried out the first two days after the end of the irradiation
at the GIP ARRONAX research center due to the relatively short half-life
of this radionuclide (T, /, = 3.339 h).

The intensity of the 656 keV gamma emission from this radionuclide
was re-evaluated by Bleuel et al. (2021), suggesting a reduction from
the previously accepted value of 10.4 + 1.6% reported in IAEA-NDS
(2025) to 9.7 + 1.7%. In this work, we adopted the former value for
consistency with other datasets. In our case, the potential systematic
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Table 5
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Values of the cross sections o, with their respective uncertainties ¢,, of the long-lived radionuclides measured at LASA. The
average beam energy E and energy uncertainty SE in each target are also presented.

E (MeV) 56Co (mb) STeumCo (mb) S8g+mCo (mb) 60.cumGo (mb) 59Fe (mb) 54Mn (mb)
58.7 + 1.0 49 + 2 111 + 4 130 + 6 53 +2 1.55 + 0.14 254 + 1.2
56.2 + 1.1 41.8 + 1.6 134 + 5 117 + 5 59 + 2 1.10 + 0.08 299 + 1.2
53.6 + 1.2 29.6 + 1.2 161 + 6 108 + 5 64 + 3 0.67 + 0.06 320 + 1.2
50.8 + 1.4 14.4 + 0.7 167 + 5 9 + 4 62 + 3 0.35 + 0.05 277 + 1.1
48.2 + 1.5 6.4 + 04 192 + 7 106 + 5 66 + 3 0.16 + 0.03 26.0 + 1.1
455 + 1.6 1.64 + 0.10 197 + 6 118 + 5 62 + 3 0.163 + 0.016 199 + 0.7
43.3 + 1.8 0.27 + 0.02 179 + 6 129 + 5 52 + 2 0.13 + 0.02 13.0 + 0.6
39.4 + 19 - 153 + 6 172 + 8 36.9 + 1.7 0.091 + 0.006 4.5 + 0.3
39 + 2 0.05 + 0.02 127 + 5 173 + 9 28 + 2 0.083 + 0.013 2.7 +0.2
34 +2 - 57 + 2 231 + 10 11.0 + 0.8 0.060 + 0.012 -
31 +3 - 16.6 + 1.1 228 + 11 3.7 + 0.6 - -
27 + 3 - 1.4 + 0.5 228 + 12 - - -
26 + 3 - 0.67 + 0.19 185 + 8 41 + 1.6 - -
21 + 4 - 1.4 + 0.2 95 + 4 - - -
18 + 4 - - 15.7 + 0.7 - - -
14 +5 - - 1.50 + 0.17 - - -
59 61 59 60
Co(a,2n)°'Cu Co(a,,3n)**Cu
700 T T T T T T T 100 T T T T T T T T
o M.A. Ansari (2004) ] F.Szelecsenyi (2002)
O F.Szelecsenyi (2002) o V.N.Levkovski (1991)
600 |- <> N.LSingh (1993) . A\ E.Gadioli (1984)
/N W.Skulski (1992) 80 L 0.AZhukova (1972) |
o V.N.Levkovski (1991) J.Jastrzebski (1986)
500 ] E.Gadioli (1984) This work
= B % R.Michel (1980) 7 = TALYS 1.96 - default 4
= O Y.Homma (1976) IS
= 0.A Zhukova (1972) = 60 | _
g 400 C.M.Sterns (1962) E S
= </ J.Jastrzebski (1986) =
8 ©  A.Budzanowski (1967) 3
® 300 @ This work b
o> e Y8y e TALYS 1.96 - default n 40 _
N 10}
o <
O 200 | i )
20 -
100 -
0 o e 0 |
0 40 60 80 0 20

Energy [MeV]

Fig. 2. Experimental cross section of 5°Co(a,2n)%' Cu reaction in comparison
with TALYS 1.96 simulation and previous experimental results (Szelecsényi
et al.,, 2002; Singh et al., 1993; Skulski et al., 1992; Gadioli et al., 1984;
Homma and Murakami, 1976; Jastrzebski et al., 1986; Ansari et al., 2004;
Michel and Brinkmann, 1980; Zhukova et al., 1972; Stearns, 1962; Levkovskij,
1991; Budzanowski et al., 1967).

deviation introduced by this choice was not found to significantly im-
pact the results, as the associated uncertainty exceeds the possible bias
introduced by the intensity difference. This is consistent with a recent
re-evaluation of ®1Cu cross sections (Hermanne et al., 2025), where
updated gamma-ray intensities—based on (IAEA-NDS, 2025) and the
ratio proposed by Bleuel et al. (2021) were applied to selected datasets.
The resulting corrections led to variations of only 2%-6% in the cross
section values, well within the typical experimental uncertainties.

3.2. %9Co(a,31)%0Cu

The excitation function for the production of °Cu (T, ,, = 23.7 m) is
reported in Fig. 3. The energy threshold of the reaction 5°Co(,3n)°Cu
is 27.2 MeV (IAEA-NDS, 2025). Consequently, no ®°Cu can be seen in
the fourth stack as the irradiation energy there falls below 30 MeV.
Notably, the production of ®°Cu, the primary contaminant of ®!Cu,
ceases before reaching the maximum cross section value for ®1Cu pro-
duction. This observation suggests that 1 Cu can be produced without

Energy [MeV]

Fig. 3. Experimental cross section of 5°Co(«,3n)®°Cu reaction in comparison
with TALYS 1.96 simulation and previous experimental results (Szelecsényi
et al.,, 2002; Gadioli et al., 1984; Levkovskij, 1991; Zhukova et al., 1972;
Jastrzepski et al., 1986).

60Cu contamination by selecting an appropriate energy range, a point
that will be elaborated on later. The data in this work are aligned well
with previous studies. Data clearly show that results from Jastrzebski
et al. (1986) should not be considered as they are clearly off the other
datasets. Simulations performed with TALYS 1.96 tend to underesti-
mate the experimental excitation functions considered in this work.
Measurements used to estimate °°Cu were performed on the first and
second days after the end of irradiation at the GIP ARRONAX research
center, due to the short half-life of this radionuclide (T, 2 =237 min).

3.3. %9Co(a,x)°°Co

The excitation function for the production of 3¢Co (T, = 77.2
d (IAEA-NDS, 2025)) is shown in Fig. 4. Here, it can be seen that
the data from this work align well with previous studies, except for
the three experimental points around 40 MeV of Ansari et al. (2004)
and Ismail (1993). These datasets have already been identified as
possibly problematic for the production of ®1Cu. TALYS 1.96 simulation
reproduces the overall trend of the experimental data in this work with
a shift to lower energies. 5°Co energy threshold is 32.2 MeV (IAEA-NDS,
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Fig. 4. Experimental cross section of >°Co(a,x)*®Co reaction in comparison
with TALYS 1.96 simulation and previous experimental results (Michel and
Brinkmann, 1980; Ansari et al., 2004; Mukherjee et al., 1998; Ismail and
Divatia, 1988; Rama Rao et al., 1987; Gadioli et al., 1984; Ismail, 1993;
Jastrzepski et al., 1986).
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Fig. 5. Experimental cross section of >°Co(a,x)%”-*“™Co reaction in comparison
with TALYS 1.96 simulation and previous experimental results (Mukherjee
et al.,, 1998; Singh et al., 1993; Ismail and Divatia, 1988; Rama Rao et al.,
1987; Gadioli et al., 1984; Michel and Brinkmann, 1980; Homma and Mu-
rakami, 1977; Stearns, 1962; Ansari et al., 2004; Levkovskij, 1991; Zhukova
et al.,, 1972; Jastrzebski et al., 1986). The production of > Co is cumulated
from the possible contribute of the decay of >’ Ni above 46 MeV.

2025), however, this radionuclide was not observed below 38.7 MeV
probably due to the fact that only one reaction channel («,3n) has an
energy threshold below this value and its cross section is low.

3.4. %°Co(a,2p)>7“mCo
The excitation function of the reaction 5°Co(a,x)%”-<"™Co (T, n=

272 d (IAEA-NDS, 2025)) is shown in Fig. 5. No gamma-lines at-
tributable to the decay of the precursor >’Ni (T, = 35.6 h), in
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Fig. 6. Experimental cross section of °°Co(a,x)>%8*™Co reaction in comparison
with TALYS 1.96 simulation and previous experimental results (Ismail and
Divatia, 1988; Mukherjee et al., 1998; Rama Rao et al., 1987; Gadioli et al.,
1984; Ansari et al.,, 2004; Stearns, 1962; Michel and Brinkmann, 1980;
Levkovskij, 1991; Zhukova et al., 1972; Jastrzebski et al., 1986; Singh et al.,
1993; Homma and Murakami, 1977; Ismail, 1993). The production of 5¥Co is
cumulated with the contribute of the decay of the metastable state %™ Co.

particular the 368.7 keV transition (35.3%), were observed in our
spectra, indicating that its production is below our detection capability.
However, given the reaction threshold near 46 MeV and the fact that
57Ni can decay to %7 Co via electron capture, a small contribution cannot
be excluded. For this reason, the ®”Co cross sections are reported as
cumulative, and only spectra registered after 30 days from EOB were
considered for the determination of the cross-section.

In Fig. 5, it can be seen that the data from other works align
well with those from this work. As in the case of ®1Cu and °Co,
exceptions are represented by Jastrzebski et al. (1986) whose data are
strongly scattered, the data of Ansari et al. (2004) at energies greater
than 40 MeV and the data of Ismail (1993) that appear shifted to
higher energies of about 5 MeV . In this case, the data of Homma and
Murakami (1977) seem to be shifted to lower energies. The TALYS 1.96
simulation reproduces well the data below 40 MeV.

3.5. >?Co(a,x)*8Co

58Co has a metastable state (Ty/5 = 9.10 h (JAEA-NDS, 2025)) that
decay by IT in the ground state 588Co (T, /2 =70.9 d (IAEA-NDS, 2025))
with a 100% branching ratio. However the quantification of the activity
of the metastable state is complex since its only gamma emission has
low energy (EV = 25.889 keV) and low intensity (Iy = 0.0397%). The
excitation function for the production of ®8Co is therefore reported as
cumulated in Fig. 6. The activity measurements started one week after
the EOB. Here, it can be seen that the data in this work align well
with most of the data present in literature: results from Zhukova et al.
(1972), Homma and Murakami (1977) and Ansari et al. (2004) tend
to underestimate the excitation function in the whole studied range,
the data of Ismail (1993) that appear shifted to higher energies of
about 5 MeV. The data from Singh et al. (1993) overestimate the cross-
sections in the maximum region. The TALYS 1.96 simulation include
the contribute of the IT, but it does not reproduce the trend very well
for all energies.
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Fig. 7. Experimental cross section of 5°Co(a,x)?%*“mCo reaction in comparison
with TALYS 1.96 simulation and previous experimental results (Mukherjee
et al., 1998; Ismail, 1993; Ismail and Divatia, 1988; Rama Rao et al., 1987; Ga-
dioli et al., 1984; Michel and Brinkmann, 1980; Ansari et al., 2004; Jastrzepski
et al., 1986). The production of ®°Co is cumulated with the contribute of the
decay of the metastable state ®™Co.

3.6. *9Co(a,x)°Co

The cross sections for the production of ®°Co (T, /2 = 1925 d (IAEA-
NDS, 2025)) are shown in Fig. 7. It is not possible to exclude the
contribute of the metastable state ®®Co (T,/, = 10.467 min (IAFA-
NDS, 2025), IT = 99.76%) since its gamma emission (Ey = 58.6 keV, I
= 2.07%) is hard to be detected, therefore the cross section is reported
as cumulated. Spectra acquired before one week from the EOB were not
considered in the determination of the activity of %°Co. Excluding data
from the work of Ansari et al. (2004) and Jastrzebski et al. (1986), there
is good agreement between experimental results below 50 MeV. Above
this energy, the literature data present two different trends: one trend
shows lower cross section values, while the other shows higher values.
Data from this work follow the trend found by Gadioli et al. (1984).
60Co has two gamma emissions: one at 1332 keV with an intensity of
99.98%, and another at 1173 keV with an intensity of 99.97%. The
latter gamma emission overlaps with the 3®Co gamma emission at 1175
keV, which has an abundance of 2.252%. This superposition of gamma
emission is likely not considered by other authors in determining the
cross section of production of 6°Co, with a consequent increase of the
measured cross section. In the present work only the emission at higher
energy has been used to determine the production cross section. The
TALYS 1.96 simulation reproduces the trend very well for energies
below 50 MeV, and above 50 MeV it seems to follow the trend towards
lower values. The energy threshold for ®°Co is 13.9 MeV (IAEA-NDS,
2025). However, the cross sections for the fourth stack could not be
determined because of the suppression caused by the Coulomb barrier
below 23 MeV.

3.7. %9Co(a,x)%!Co

The cross sections for the production of ®*Co (T, = 1.649 h (IAEA-
NDS, 2025)) are reported in Fig. 8. The gamma ray used for the
determination of the activity of ®1Co in this work is the one at 67.412
keV (I, = 84.7%) is also present in the emission spectrum of 61Cu but
with lower intensity (I, = 4.0%). The latter contribution have been sub-
tracted accordingly. As a verification, the decay time of 61 Co has been
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Fig. 8. Experimental cross section of °Co(a,x)®'Co reaction in comparison
with TALYS 1.96 simulation and previous experimental results (Zhukova et al.,
1972; Stearns, 1962).

measured, obtaining an experimental value of T;» = 1.62 + 0.02 h,
that is in very good agreement with the one reported in literature.

There is good agreement between the experimental results of this
work and the data of Zhukova et al. (1972). The data of Stearns
(1962) seem to overestimate the cross section at low energies. No
experimental results are available at energies higher than 40 MeV. The
TALYS 1.96 simulation underestimates the cross section in the whole
energy range, the data from (Jastrzebski et al., 1986) exhibit great
uncertainty between 30 and 40 MeV.

3.8. %9Co(a,x)*°Fe

The cross sections for the production of 3Fe (T, , = 44.490 d (IAFA-
NDS, 2025)) are presented in Fig. 9. There is a good agreement between
the experimental results of this work with data from the literature in
the energy range investigated in this work. The TALYS 1.96 simulation
has the same trend of the experimental data below 60 MeV and then it
reproduces data from the work of Gadioli et al. (1984) at higher energy.

3.9. 9Co(a,x)>*Mn

The production cross sections of 54Mn (T, ,» = 312 d (IAEA-NDS,
2025)) are reported in Fig. 10. There is a good agreement between
the experimental results of this work and the data in the literature.
Few datasets are off, but they are the same as the one that presents
discrepancies for other radionuclides studied in this work. The TALYS
1.96 simulations tend to underestimate the trend of cross section’s
values.

4. Optimization of the production of 51Cu

To optimize the production of a radionuclide it is necessary to
determine the produced activity of the radionuclide of interest and of
all the co-produced contaminants as a function of the parameters of
irradiations, including the entrance energy, the thickness of the target
and the irradiation time.

The Physical Thick Target Yield, a,,,, (MBq C™1), for all produced
radionuclides was calculated using the following formula (Otuka and
Takacs, 2015; Pupillo et al., 2022):

Ny-A [F E
o (E;AE) = —A~ o) )
pAys M- Ze E—AE lE(E/)

p dx
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Fig. 9. Experimental cross section of >°Co(a,x)*°Fe reaction in comparison
with TALYS 1.96 simulation and previous experimental results (Rama Rao
et al., 1987; Gadioli et al., 1984; Mukherjee et al., 1998; Jastrzebski et al.,
1986; Michel and Brinkmann, 1980).
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Fig. 10. Experimental cross section of 5°Co(e,x)**Mn reaction in comparison
with TALYS 1.96 simulation and previous experimental results (Neuzil and
Lindsay, 1963; Mukherjee et al., 1998; Ismail, 1993; Ismail and Divatia, 1988;
Rama Rao et al., 1987; Gadioli et al., 1984; Jastrzebski et al., 1986; Michel
and Brinkmann, 1980; Levkovskij, 1991).

where E is the incident alpha beam energy, 4E is the energy loss within
the thick target, and 1 “E is the mass stopping power of a particles in
the target material. Tﬁe terms N4, M, A, Z and e are defined in Eq. (1).
The a,,,, for the produced radionuclides is reported in Fig. 11.

The activity produced per unit of current at the EOB, namely
the Thick Target Yield TTYEO® (MBq pA~!), depends non linearly on

the duration of the irradiation and it is related to a,,,, through the
relation (Otuka and Takacs, 2015):

EOB 1— e Mir
TTYEOB(E; AE:1,,) = ———— - a,,,(E,AE) ®)

A
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Fig. 11. a,,, of ®Cu and its contaminants as a function of the incident « beam
energy and for various energy losses AE. The graph refers to the condition of
complete absorption of the beam within the target.

The production of a specific radionuclide reaches saturation as the
duration of irradiation approaches eight half-lives (Loveland et al.,
2006). In the case of 5'Cu (T;;, = 3.339 h (IAEA-NDS, 2025)) the
saturation is reached after approximately 22 h. For the production
of ®1Cu via the 5°Co(a,2n) reaction, an irradiation time of 3 h was
selected. This corresponds to approximately one half-life of 61 Cu. After
this irradiation period, the saturation yield reaches 46%, and the activ-
ity growth still exhibits an almost linear trend. In these conditions, the
maximum TTYEOB is of about 1.1 GBq pA~! when the entrance energy
of the alpha beam is 59 MeV and energy losses of 44 MeV (down to
the threshold energy of production of ®1Cu). To ensure an energy loss
of 44 MeV a Co mass thickness of 370 mg cm™2 is required, which is
equivalent to a physical thickness of 430 pm considering a metal target
with density 8.6 g cm~3

At the same pair (E; 4E) = (59 MeV; 44 MeV) for an irradiation
of 3 h, the TTYEOB of 0Cu, is 400 MBq pA~!, while the TTYFOB of
62Cu have been estimated to be approximately 1.8 GBq pA~! from the
literature data (Szelecsényi et al., 2002; Skulski et al., 1992; Jastrzebski
et al., 1986; Zhukova et al., 1972; Stearns, 1962). The latter radionu-
clide could not be measured in this work due to its short half-life of
9.67 min and the very low intensities of its gamma emissions (IAEA-
NDS, 2025). Considering that ®°Cu has a half-life of 23.7 min and 62Cu
has a half-life of 9.67 min, waiting for the decay of these contaminants,
it is possible to achieve a RNP above 99.9% for this pair (E; 4E) in 4 h
with a reduction of the activity of 1Cu to 480 MBq pA~!.

From Fig. 11 it is possible to extract different interesting features.
The most important one is that the ratio between the yield of ®1Cu
and %°Cu increases while decreasing the entrance energy down to about
30 MeV. Moreover the yield of production of the non-isotopic contami-
nants is orders of magnitude lower than the one of ®1Cu. This is mainly
due to the fact that all of them have half-lives much longer than the one
of ©1.80Cu. It is possible to chemically remove these contaminants in an
effective way using different radiochemical methods (Das et al., 2012;
Sadeghi et al., 2008). This characteristic is significant for the RNP and
Specific Activity of the final product, even though their presence must
be taken into account when dealing with waste disposal, making their
reduction advisable.

Based on the cross section data, it is interesting to evaluate the
production of ®1Cu in the range 45-20 MeV, completely covering the
peak of production of this radionuclide. In this case, with an irradiation
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Table 6
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Comparison between irradiation at 59 MeV, 45 MeV and 30 MeV. The duration of the irradiation is fixed at 3 h. Metal Co targets

have been considered. ty is the waiting time after the EOB.

E AE ty TTYEOB TTY(ty) RNP(ty) pdx Thickness
(MeV) (MeV) ) (MBq pA™) (MBq pA™") (%) (mg cm™2) (pm)

59 44 4.0 1100 480 99.9 370 430

45 25 3.4 840 420 99.9 195 226

30 10 1.8 420 290 99.9 65 76

time of 3 h, the TTYFOB of 61Cu is about 840 MBq pA~!, while the ones
of ©2Cu and ®°Cu are 850 MBq pA~! and 150 Bq pA~! respectively. A
RNP of 99.9% can be reached after a waiting time of 3.4 h, obtaining
420 MBq pA~! of pure 61 Cu. The mass thickness of the target required
to degrade the energy of the beam from 45 to 20 MeV is 195 mg cm™2
corresponding to a thickness of 226 pm.

Nowadays, there is a growing interest in installing new
a-accelerators with energies up to 30 MeV for the production of medical
radionuclides. In particular, these accelerators are valuable for produc-
ing 211 At, a promising alpha emitter for targeted alpha therapy (Qaim,
2024; Aliev et al., 2023). It is therefore useful to evaluate the possibility
to exploit this kind of accelerator to produce other radionuclides for
medical applications.

Considering an optimal irradiation time of 3 h, the maximum
TTYEOB for 61Cu in conditions of complete absorption of the beam
within the target reaches 470 MBq pA~1. However, reducing the energy
loss to 10 MeV (exit energy 20 MeV as in the hypothesis discussed
above) results in a slightly lower activity of 420 MBq pA~!, while
minimizing the amount of irradiated material. Under irradiation con-
ditions of (E; 4E; t;,,) = (30 MeV; 10 MeV; 3 h), the TTYECP values for
the isotopic contaminant %2Cu is 350 MBq pA~!, while the production
of ®0Cu is negligible (below 100 kBq pA~1). A radionuclide purity
(RNP) exceeding 99.9% is achieved after 1.8 h, corresponding to 11
half-lives of ®2Cu, reaching a final activity of 61Cu of 290 MBq pA~!.
Additionally, at 30 MeV, the required amount of cobalt target material
is significantly reduced: a mass thickness of 65 mg cm™2 is sufficient
to degrade the energy from 30 MeV to 20 MeV, and it corresponds to
a physical thickness of 76 pm.

In Table 6, the comparison between the activity per unit of current
of 1 Cu produced at 30 MeV, 45 MeV and 59 MeV is reported, alongside
with the reached RNP and the thicknesses of cobalt required.

4.1. Practical implications

The proposed production route offers several advantages for routine
clinical supply of ®1Cu:

+ Cost-effectiveness: cobalt is monoisotopic and inexpensive com-
pared to enriched Zn or Ni targets, simplifying radiochemical
separation;

Compatibility with emerging accelerators: 30 MeV a-accelerators,
primarily developed for 211 At, can also produce °1 Cu with accept-
able yields and purity, enabling multi-isotope production plat-
forms;

Reduced waste and target thickness: lower entrance energy
(30 MeV) requires only ~ 76 pm Co thickness, minimizing ma-
terial costs and radioactive waste;

High radionuclidic purity: RNP >99.9% achievable after short
decay times (<2 h for 30 MeV), ensuring clinical-grade product
without complex purification steps.

These features make the 5°Co(e,2n)®1Cu reaction a practical al-
ternative for PET imaging radionuclide supply in hospital-based or
regional production facilities.

5. Potential use of 3°Co(a,x) reactions for monitor purposes

The list of monitor reactions for charged particles has been re-
cently extended (Tarkényi et al., 2024); however, >°Co has not yet
been considered as a possible monitor target in the stacked-foil tech-
nique. Nevertheless, several of the radionuclides produced through
the 5°Co(a,x) reactions are already included in the monitor list when
produced via different nuclear reactions (e.g.,"®Ni(a,x)?%61Cu,%” Co, or
natCy(p,x)%1 Cu,>-°8Co, etc. Hermanne et al. (2018), Tarkanyi et al.
(2024)).

The results obtained in this work demonstrate that several nuclear
reactions induced by a-particles on °Co targets show promising fea-
tures for use as monitor reactions in alpha beam irradiations. Three
advantages support this potential application:

» Wide range of half-lives: The radionuclides produced exhibit
half-lives ranging from minutes to hundreds of days. This wide
variety allows flexible measurement times after the EOB, enabling
different radionuclides to be analyzed on the same monitor foil at
optimized times without overlap.

Consistency across multiple studies: The excitation functions
of the main reaction products have been measured by several in-
dependent groups, showing good mutual agreement, particularly
for 1Cu,%°Cu, 56Co, 57Co, 58Co, and >*Mn. This cross-validation
enhances the reliability of using these reactions for monitoring
purposes. Exceptions are the datasets of Jastrzebski et al. (1986)
and Ansari et al. (2004), whose cross sections frequently deviate
from the results reported by other studies.

Multiple gamma emissions: Many of the produced radionuclides
emit several gamma lines with significant intensities. This enables
the activity to be determined by averaging results from multiple
gamma peaks, reducing the impact of potential interferences
or spectral overlaps, and ensuring more robust and accurate
measurements.

A potential drawback, compared to most of the currently recom-
mended monitor reactions, is that pure cobalt foils are typically more
expensive than alternative target materials such as natural aluminum,
nickel, titanium, or copper.

6. Conclusions

This study investigated the production of ®1Cu via the °Co(a,2n)
reaction by measuring its excitation function in the energy range of
14-59 MeV. The cross section data were obtained using the stacked-
foil technique and compared with previous experimental data and
theoretical calculations from TALYS 1.96. Our results confirm that 1 Cu
can be efficiently produced using medium-energy a-particle beams,
with a maximum cross section of 510 mb at approximately 27 MeV.

TTY and RNP calculations were performed to identify optimal irra-
diation conditions. We found that using an incident energy of 45 MeV
with a 25 MeV energy loss (down to 20 MeV) and a 3-hour irradiation
yields a TTYEOB of 840 MBq pA~!. After a 3.4 h post-irradiation decay,
a final yield of 420 MBq pA~! with a RNP exceeding 99.9% can
be obtained. This approach provides high production efficiency while
minimizing the impact of short-lived isotopic contaminants such as
%0Cu and %2Cu.
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We also demonstrated that 30 MeV a-accelerators, which are being
developed for medical radionuclide production (e.g.,2!1At), are viable
for ®1Cu production. Under irradiation conditions of (30 MeV; 10 MeV
energy loss; 3 h irradiation), the TTYEOP reaches 420 MBq pA~!, and
after 1.8 h of cooling, the final yield is 290 MBq pA~! with an RNP
above 99.9%. Notably, this setup requires just one-third the target
thickness used at 45 MeV, significantly reducing the amount of cobalt
required.

Future work should focus on improving radiochemical separation
techniques and further refining production strategies to meet clinical
demand.

Moreover, the results obtained suggest that 5°Co(a,x) reactions,
thanks to their favorable nuclear properties, wide range of product
half-lives, and good agreement across experimental datasets are strong
candidates for developing new monitor reactions for alpha particle
beams, despite the higher cost of cobalt targets relative to standard
materials such as aluminum or titanium.
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