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A B S T R A C T

RadioNuclide Therapy (RNT) in nuclear medicine is a cancer treatment based on the administration of
radioactive substances that specifically target cancer cells in the patient. These radiopharmaceuticals consist
of tumor-targeting vectors labeled with 𝛽−, 𝛼, or Auger electron-emitting radionuclides. In this framework,
67Cu is receiving increasing interest as it provides 𝛽−-particles accompanied by low-energy 𝛾 radiation. The
latter allows to perform Single Photon Emission Tomography (SPECT) imaging for detecting the radiotracer
distribution for an optimized treatment plan and follow-up. Furthermore, 67Cu could be used as therapeutic
partner of the 𝛽+-emitters 61Cu and 64Cu, both currently under study for Positron Emission Tomography (PET)
imaging, paving the way to the concept of theranostics. The major barrier to a wider use of 67Cu-based
radiopharmaceutical is its lack of availability in quantities and qualities suitable for clinical applications. A
possible but challenging solution is the proton irradiation of enriched 70Zn targets, using medical cyclotrons
equipped with a solid target station. This route was investigated at the Bern medical cyclotron, where an
18 MeV cyclotron is in operation together with a solid target station and a 6-m-long beam transfer line. The
cross section of the involved nuclear reactions were accurately measured to optimize the production yield and
the radionuclidic purity. Several production tests were performed to confirm the obtained results.
. Introduction

With an average content of (1.4÷2.1) mg/kg, copper is the third
ost abundant metal after iron and zinc (IAEA, 2016) in the human

ody and it is necessary for the proper functioning of organs and
etabolic processes (Chen et al., 2020). Along with the growth of

heranostics and personalized medicine, copper radioisotopes are at-
racting increasing interest as they are characterized by a wide range
f half-lives and several decay modes. Among them, 60Cu [t1∕2 =
3.7 min], 61Cu [t1∕2 = 3.339 h] and 62Cu [t1∕2 = 9.67 min] are pure
+-emitters and can be used for PET imaging; 64Cu [t1∕2 = 12.7006 h]
ndergoes three different decays, namely electron capture (44%), 𝛽−-
ecay (38.5%) and 𝛽+-decay (17.5%), and it finds application in both
he diagnostic and the therapeutic fields. 67Cu [t1∕2 = 61.83 h] is
he longest-living copper radioisotope, whose emission comprises low-
nergy 𝛽−-particles [E𝑚𝑎𝑥

𝛽− = 377 keV (57%); 468 keV (22%); 562 keV

∗ Corresponding author.
E-mail address: gaia.dellepiane@lhep.unibe.ch (G. Dellepiane).

(20%)] and 𝛾-rays [E𝛾 = 185 keV (49%); 92 keV (23%)]. These char-
acteristics make it suitable for RNT and it allows for SPECT imaging
during treatment.

Compared to the clinically-established 177Lu [t1∕2 = 6.64 d, E𝑚𝑎𝑥
𝛽−

= 497 keV (79%); 176 keV (12%), E𝛾 = 208 keV (10%); 113 keV
(6%)], 67Cu has a similar 𝛽− range, but its shorter half-life allows it
to be used for labeling molecules with a faster washout from tumor
tissues (Champion et al., 2016). Furthermore, it offers the advantage
of having diagnostic radioisotope partners, forming the 64Cu/67Cu
and 61Cu/67Cu true theranostic pairs. Copper radioisotopes potentially
allow the most accurate picture of the radiopharmaceutical distribution
prior to radionuclide therapy via both SPECT and PET.

Despite its potential, the limited availability of 67Cu in quantities
and qualities suitable for medical applications makes it rarely used in
clinical settings. Only recently 67Cu has become available in the U.S.
through the Department of Energy Isotope Program (DOE-IP) (Merrick
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Table 1
67Cu production routes.

Impinging Target Route Energy range
particle [MeV]

p 70Zn (p,𝛼) 25–10 (Levkowskij, 1991; Kastleiner et al., 1999)
p 68Zn (p,2p) 70–35 (Morrison and Caretto, 1962, 1964; McGee et al., 1970; Levkowskij, 1991; Schwarzbach et al.,

2001; Stoll et al., 2002; Szelecsényi et al., 2009; Pupillo et al., 2018)
p 70Zn + 68Zn (p,x) + (p,2p) 70–55 + 55–35 (Pupillo et al., 2020; Mou et al., 2021)
d 70Zn (d,x) 26–16 (Kozempel et al., 2012; Nigron et al., 2021)
𝛼 64Ni (𝛼,p) 30–10 (Tanaka, 1960; Levkowskij, 1991; Skakun and Qaim, 2004; Takács et al., 2020)
𝛾 68Zn (𝛾,x) 60–30 (Starovoitova et al., 2011; Aliev et al., 2019; Hovhannisyan et al., 2021)
n 67Zn (n,p) > 1 (Kielan and Marcinkowski, 1995; Nesaraja et al., 1999; Shimizu et al., 2004; Furuta et al., 2008;

Bhike et al., 2009; Uddin et al., 2014; Johnsen et al., 2015)
2).
. I

)

)
)
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Table 2
Physical properties and main 𝛾 emissions of the radionuclides of interest (IAEA, 202

he values in parentheses are the uncertainties referred to the last digits of the value
s the intensity of the 𝛾 line.
Radionuclide t1∕2 Decay mode: [%] E𝛾 [keV] I𝛾 [%]

64Cu 12.7006(20) h ec + 𝛽+: 61.5 1345.77(6) 0.472(4
𝛽−: 38.5 – –

67Cu 61.83(12) h 𝛽−: 100 93.311(5) 16.1(2)
184.577(10) 48.7(3)

67Ga 3.2617(5) d ec: 100 93.310(5) 38.81(3
184.576(10) 21.41(1

Table 3
Isotopic abundance of the enriched 70ZnO powder supplied by CortecNet and the enrich
68Zn foil supplied by ISOFLEX.

64Zn 66Zn 67Zn 68Zn 70Zn
70ZnO-enr. [%] 0.02 0.01 0.02 1.20 98.7
68Zn-enr. [%] 0.99 0.81 0.38 97.80 0.02

et al., 2021). The investigation of 67Cu supply worldwide is there-
fore a crucial point and in particular its production has been studied
through various nuclear reactions (Table 1). In the framework of a
research program aimed at the production of copper radioisotopes for
theranostics (Dellepiane et al., 2022e,c) at the Bern medical cyclotron
laboratory, 67Cu production via proton irradiation of enriched 70ZnO
solid targets was considered.

The only copper impurity using this route is 64Cu, produced in
traces for energies above 14 MeV via the secondary reaction 68Zn(p,𝛼n)
64Cu. Since 68Zn is present as impurity in the enriched 70ZnO, the
cross section of this reaction was measured by irradiating enriched 68Zn
targets. The results were then normalized to the isotopic abundance of
68Zn in the enriched 70Zn material to study the 64Cu production yield.

67Ga is also produced during the irradiation through the 68Zn(p,2n)
67Ga nuclear reaction. Although it does not affect the radionuclidic
purity of 67Cu, it presents the same 𝛾-lines (Table 2) and its contribution
must be disentangle for cross section calculations.

On the basis of the obtained results, a study of the production
yield and radionuclidic purity of 67Cu was performed to optimize the
irradiation parameters. Several production tests were carried out by
irradiating enriched 70ZnO solid targets.

2. Materials and methods

2.1. The Bern medical cyclotron laboratory

The Bern University Hospital (Inselspital) (Braccini, 2013) hosts
an IBA Cyclone 18/18 HC (High Current) cyclotron, accelerating H−

ions to a nominal energy of 18 MeV with a current range from a
few pA to 150 μA (Auger et al., 2015). The cyclotron features six
18O-enriched water targets for the industrial production of 18F, an
IBA Nirta Solid Target Station (STS) and a 6-m-long Beam Transfer
Line (BTL) that brings the beam to a bunker, with independent ac-
cess, dedicated to research activities. This solution is uncommon for a
2

hospital-based facility and allows the spin-off company Swan Isotopen
AG to synthesize 18F-labeled tracers for PET imaging overnight and
the Laboratory for High Energy Physics (LHEP) of the University of
Bern to perform multidisciplinary research during the day (Braccini
and Scampoli, 2016). The BTL is equipped with beam focusing and
diagnostic systems, including a non-destructive two-dimensional beam
profiler based on scintillating doped silica fibers passing through the
beam. The detector, named UniBEaM, was developed by our group and
commercialized by the company D-Pace (Auger et al., 2016; Potkins
et al., 2017). The BTL is characterized by an extracted beam energy of
(18.3 ± 0.3) MeV (Nesteruk et al., 2018; Häffner et al., 2019) and it
was used for the cross section measurements presented in this paper.

The 67Cu production tests were performed using the STS. It is
connected to the cyclotron through an apparatus based on a com-
pact focusing and steering magnet system, named Mini-PET Beamline
(MBL) (Dehnel et al., 2013), followed by a UniBEaM detector. This
system was conceived to optimize the irradiation procedure, allowing
to control the size and position of the beam and to keep it on the
target by correcting its possible deviations using the MBL (Häffner
et al., 2021). The STS was customized with automatic target loading
and delivery systems to minimize the dose to personnel (Dellepiane
et al., 2022b). In particular, the irradiated target can be sent either
to a hot-cell in the nearby GMP radio-pharmacy or to a receiving
station located in the BTL bunker. The latter option is used when the
target is transported to external laboratories for chemical processing or
transferred to the physics laboratory of the facility for 𝛾 spectrometry.
A N-type high purity germanium (HPGe) detector (Canberra2019) is
used for this purpose. The detector is coupled to a preamplifier and to
a Lynx® digital signal analyzer. The spectrum of the source is acquired
with the Genie2K software (Mirion Technologies, 2022) in the case of
a single measurement and with the Excel2Genie (Forgács et al., 2014)
Microsoft Excel application for repeated measurements. The analysis is
carried out with the InterSpec software (Sandia National Laboratories,
2022), developed by the Sandia National Laboratories. The efficiency
calibration was performed in accordance with the international stan-
dard (International Standard, 2021) by means of a multi-peak 𝛾 source
containing 57Co, 60Co, 85Sr, 88Y, 109Cd, 133Sn, 137Cs and 241Am, and
resulted in efficiency uncertainties below 3%.

The production of 67Cu was studied by irradiating a 98.75% en-
riched 70ZnO powder, purchased by CortecNet (Cortecnet, 2022). To
measure the 68Zn(p,𝛼n)64Cu nuclear reaction cross section, a 97.80%
enriched 68Zn foil by Isoflex (Isoflex, 2022) was used. The isotopic
compositions of the two materials are reported in Table 3.

2.2. Cross section measurements

Targets for cross section measurements were prepared with the
sedimentation method. Aluminum disks (22.8 mm in diameter, 2 mm
thick) with a 4.2-mm diameter and 0.8-mm deep pocket in their center
were used as backing (Fig. 1-a). A few milligrams of ZnO powder
was suspended in distilled water and deposited in the pocket (Fig. 1-
b). Once the water had completely evaporated by means of a heating

plate, the deposited mass was measured with an analytical balance
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Fig. 1. Target preparation procedure used for cross section measurements: (a) empty aluminum disk; (b) aluminum disk filled with enriched 70ZnO powder; (c) aluminum disk
covered with a 13-μm-thick aluminum foil.
Fig. 2. (a) The cup containing the 6-mm pellet (left) and the lid (right) of the coin target; (b) lid with a 7-mm-diameter hole; (c) 13-μm-thick aluminum foil inserted inside the
coin to prevent the pellet leakage during the irradiation.
(Mettler Toledo AX26 DeltaRange). The measurement uncertainty was
within 5%. Finally, the target was sealed with a 13-μm-thick alu-
minum foil (Fig. 1-c) to guarantee that the material is kept within
the pocket throughout the irradiation and measurement procedure.
With this method, an average target thickness of 14 μm was achieved,
allowing to consider the beam energy constant within the uncertainties
over the full irradiated mass.

Each target was then irradiated with a proton beam with a flat
surface distribution, so that any inhomogeneities in thickness due to
sedimentation could be neglected. This procedure, successfully used in
our previous work on cross section measurements (Carzaniga and Brac-
cini, 2019; Dellepiane et al., 2022a; Braccini et al., 2022; Dellepiane
et al., 2022d), is described in detail in Carzaniga et al. (2017).

The beam was flattened by the optical elements of the BTL and
monitored online with the UniBEaM detector. A custom target station,
providing a controlled diameter beam thanks to an 8-mm collimator,
was connected to an electrometer (B2985A Keysight) and used to
measure the beam current hitting the target. An electron suppressor
ring connected to a negative bias voltage is embedded in the station to
repel secondary electrons produced during the irradiation, that would
increase the measured current. To perform irradiations below 18 MeV,
the beam energy was degraded by means of aluminum attenuator disks
placed in front of the target and was determined using the SRIM-2013
Monte Carlo code (Ziegler and Manoyan, 2013).

The average irradiation time in each run was 7 min and the beam
current about 11 nA. After the End of Beam (EOB), the produced
activity was measured by 𝛾 spectrometry with the HPGe detector. In
all measurements, the count frequency was sufficiently low to limit
negative effects due to pile up (dead time below 1%).

During the irradiation, 67Ga is also produced from the secondary re-
actions 67Zn(p,n)67Ga and 68Zn(p,2n)67Ga, which occurs on the 0.02%
67Zn and 1.20% 68Zn, respectively, present as impurities in the en-
riched 70ZnO material used in this work (Table 3). All the 𝛾-lines
emitted in the decay of 67Cu are also observed in the decay of 67Ga. As
3

the half-life of 67Ga is 3.26 d and the half-life of 67Cu is 2.58 d, 67Ga
cannot be removed from the sample by means of decay time. For this
reason, a method based on the inversion of a linear system of equations
was applied to disentangle the two contributions.

By irradiating a sample at the proton energy 𝐸 and by measuring
the count rates 𝜌(𝑡) of the two common peaks at 93.3 keV and 184.6 keV
(Table 2), the following linear system holds:
{

𝜌93(𝑡) =
∑

𝑘 𝐴𝑘(𝑡0) ⋅ 𝐵𝑅𝑘,93 ⋅ 𝜖93 ⋅ 𝑓𝑘 ⋅ 𝑒−𝜆𝑘𝑡

𝜌185(𝑡) =
∑

𝑘 𝐴𝑘(𝑡0) ⋅ 𝐵𝑅𝑘,185 ⋅ 𝜖185 ⋅ 𝑓𝑘 ⋅ 𝑒−𝜆𝑘𝑡
(1)

where 𝑘 =67Cu, 67Ga, 𝐴𝑘(𝑡0) is the EOB activity to be determined, 𝜖 is
the HPGe efficiency for the given peak energy, 𝐵𝑅𝑘 is the branching ra-
tio of the 𝑘th radionuclide referred to the given peak, 𝑓𝑘 = 1 − 𝑒−𝜆𝑘⋅𝑅𝑇

𝜆𝑘 ⋅ 𝑅𝑇
and 𝑒−𝜆𝑘𝑡 are the correction factors for the measurement duration and
the cooling time, respectively, with 𝜆𝑘 the decay constant of the 𝑘th
radionuclide and 𝑅𝑇 the real time of the measurement.

The solution of the linear system allows to determine the EOB activ-
ity of the two radionuclides, from which the cross sections dependence
on the proton energy 𝐸 can be calculated as

𝜎(𝐸) = 𝐴(𝑡0) ⋅
𝑞
𝐼
⋅

1

𝑚 ⋅
𝑁𝐴𝜖𝜂
𝑚𝑚𝑜𝑙

⋅
1

1 − 𝑒−𝜆𝑡𝑖
(2)

where 𝑞 is the elementary charge, 𝐼 the current per unit surface, 𝑚
the mass of the irradiated target, 𝑁𝐴 the Avogadro constant, 𝑚𝑚𝑜𝑙 the
molecular mass of the target material, 𝜖 the isotopic ratio of the target
nucleus, 𝜂 its stoichiometric number and 𝑡𝑖 the irradiation time.

2.3. Study of 67Cu production yield and purity

Aiming at an optimized production of 67Cu, a study of the Thick
Target Yield (TTY) and of the purity was performed. From the cross
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section measurements, the TTY as a function of the proton energy on
target 𝐸 can be calculated using the following formula

𝑇𝑇𝑌 (𝐸) =
𝐴(𝑡𝑖)
𝐼 ⋅ 𝑡𝑖

=
(1 − 𝑒−𝜆⋅𝑡𝑖 )
𝑚𝑚𝑜𝑙 ⋅ 𝑞 ∫

𝐸

𝐸𝑡ℎ

𝜎(𝐸′)
𝑆𝑝(𝐸′)

𝑑𝐸′ (3)

where (1 − 𝑒−𝜆⋅𝑡𝑖 ) is the Saturation Factor (SF), with 𝑡𝑖 the irradiation
time and 𝜆 the decay constant, 𝐼 the current on target, 𝐴(𝑡𝑖) the activity
produced at EOB, 𝜎(𝐸′) the cross section as a function of the proton
kinetic energy 𝐸′, 𝑆𝑝(𝐸′) is the mass stopping power for the target
material, 𝐸𝑡ℎ is the threshold energy of the considered reaction, 𝑁𝐴 the
Avogadro constant, 𝑚𝑚𝑜𝑙 the average molar mass of the target material,
𝜂 the number of target atoms of the desired species per molecule and
𝑞 the charge of the projectile. The mass stopping power was calculated
using SRIM.

Given a sample containing a mixture of 𝑁 radioisotopes, the purity
of the radionuclide of interest X is given by

𝑃𝑋 =
𝐴𝑋

∑𝑁
𝑖 𝐴𝑖

(4)

where 𝐴𝑖 is the activity of the 𝑖th radionuclide.
If a thin target is used, so that the protons are not stopped therein,

the production yield, Y(E), can be defined as

𝑌 (𝐸) = 𝑇𝑇𝑌 (𝐸) − 𝑇𝑇𝑌 (𝐸𝑜𝑢𝑡) (5)

where 𝐸𝑜𝑢𝑡 is the proton energy after the target, calculated by using
SRIM.

2.4. 67Cu production tests

The target used for the production tests was prepared by com-
pressing approximately 58 mg of enriched 70ZnO powder, with the
application of an axial force of about 4 ⋅104 N. The thickness of the
obtained 6-mm-diameter disk-shaped pellet could not be measured
due to its high fragility and was therefore calculated on the basis
of the theoretical density of ZnO (5.61 g/cm3 (National Center for
Biotechnology Information, 2022)), resulting in ca. 366 μm.

The pellet was placed in a special capsule – called coin – designed
and built by our group and successfully used to produce several ra-
dionuclides (Dellepiane et al., 2022b,a; Braccini et al., 2022; van der
Meulen et al., 2020; Favaretto et al., 2021). The coin is composed
by two aluminum halves, the lid and the cup, kept together by small
permanent magnets, as shown in Fig. 2-a. The cup hosts the 6-mm-
diameter pellet and an O-ring to prevent the leakage of possible molten
material or of any gas produced during the irradiation. To optimize the
67Cu production yield and purity, the energy of the protons reaching
the target material was set by adjusting the thickness of the lid. In
particular, a lid with a 7-mm-diameter hole (Fig. 2-b) was used in some
production tests in order not to degrade the beam energy. In this case,
a 14-mm-diameter and 13-μm-thick aluminum disk was placed inside
the coin to prevent possible pellet leakage (Fig. 2-c). The O-ring ensures
that the aluminum disk stays in place during the irradiation.

The current was measured throughout each irradiation by connect-
ing the body of the STS to the B2985A Keysight electrometer. The
effective current hitting the pellet was assessed by measuring the 2D
beam profiles with radiochromic films (Casolaro, 2021) and it was
measured within an uncertainty of 10%.

3. Experimental results

3.1. Cross section measurements

The results of the 70Zn(p,𝛼)67Cu cross section measurements, ob-
tained from Eqs. (1) and (2), are presented in Fig. 3; for completeness,
the numerical values are reported in the Appendix (Table 5). Our
measurements are in good agreement with the data available in the lit-
erature (Kastleiner et al., 1999; Levkowskij, 1991). In accordance with
4

Fig. 3. 70Zn(p,𝛼)67Cu nuclear cross section.

Fig. 4. 67Ga production cross sections.

Fig. 5. 68Zn(p,𝛼n)64Cu nuclear cross sections.

the findings of Takács et al. (2002), the values presented in Levkowskij
(1991) were scaled by a factor of 0.8, on the basis of the currently
accepted value of the monitor reaction that was used by Levkovski
in his original work. TENDL-2021 calculation (Koning and Rochman,
2012) predicts the same peak position but it overestimates the cross
section values over the entire excitation function curve for energies
above 10 MeV.67Ga is produced from 67Zn and 68Zn via the reactions
67Zn(p,n)67Ga and 68Zn(p,2n)67Ga, respectively. The 67Ga production
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cross sections were measured to test the linear system method and are
shown in Fig. 4 together with our previous findings (Braccini et al.,
2022), normalized by the isotopic abundance of 67Zn and 68Zn, present
in the enriched 70ZnO used in this study.

The numerical data are reported in the Appendix (Table 6). A good
agreement was found for energies above 12 MeV, corresponding to the
cross section measurements of the 68Zn(p,2n)67Ga reaction. As for the
67Zn(p,n)67Ga reaction, its cross section could not be measured in this
study because of the low percentage of 67Zn in the target material.
According to TENDL-2021, 64Cu should also be produced in the energy
range of interest via the 67Zn(p,𝛼)64Cu and 68Zn(p,𝛼n)64Cu reactions.
However, due to the low isotopic abundance of 67Zn and 68Zn in the
enriched 70Zn material (0.02% and 1.20%, respectively) and the low
intensity of the 𝛾-emission (Table 2), it was not possible to detect 64Cu
by irradiating enriched 70ZnO samples.

The 68Zn(p,𝛼n)64Cu nuclear reaction cross section was measured by
irradiating enriched 68Zn foils, whose isotopic composition is reported
in Table 3. The results are presented in Fig. 5; for completeness,
the numerical values are reported in the Appendix (Table 7). Our
measurements are in agreement with TENDL-2021 calculations and
with the experimental data reported by Levkowskij (1991) (corrected
according to Takács et al. (2002)). The data reported by Hilgers et al.
(2003) differ considerably from both this study and TENDL predictions.

As for the 67Zn(p,𝛼)64Cu nuclear reaction, its cross section was mea-
sured in the framework of our research program on Cu radioisotopes
from 89.6% enriched 67ZnO targets (Dellepiane et al., 2022c) (64Zn:
1.56%; 66Zn: 3.88%; 67Zn: 89.60%; 68Zn: 4.91%; 70Zn: 0.05%) .

3.2. Production tests

The thick target yield of 67Cu and 64Cu were calculated from Eq. (3)
on the basis of the cross section measurements reported in this paper
and in Dellepiane et al. (2022c) and are shown in Fig. 6 as a function
of the entry energy. The irradiation time 𝑡𝑖 is set to 1 h.

The fraction of 67Cu produced and the presence of the main im-
purity 64Cu depend on the energy of the proton beam entering the
target, as shown in Fig. 7, where the radionuclidic purity is calculated
according to Eq. (4). In particular, the highest 67Cu production yield
can be reached irradiating the target with the maximum achievable
energy, while the radionuclidic purity rapidly decreases after 14 MeV
due to the 68Zn(p,𝛼n)64Cu reaction.

Since the main impurity is 64Cu and its half-life is much shorter
than that of 67Cu, the radionuclidic purity can be improved considering
longer irradiation times and/or letting the target decay after EoB. It is
important to remark that 64Cu is also a 𝛽− emitter and contributes to
the dose to the patient.

Irradiating a 98.75% enriched 70ZnO thick target with the max-
imum reachable energy of 17.8 MeV, a 67Cu TTY of 154 MBq/μA
can be achieved at saturation with a radionuclidic purity of 99.5%.
Radionuclidic purity further improves during the chemical processing
time between the EoB and the application to patients, because of the
decay of 64Cu. However, it is important to remark that, in order to
have a high labeling efficiency, also the non-radioactive impurities
produced during the irradiation have to be carefully evaluated and, if
necessary, reduced to avoid interference with 67Cu in the radiolabelling
procedure.

To confirm these predictions based on cross section measurements,
two production tests were performed in the energy range (17.8–15.8)
MeV by irradiating the 0.37-mm-thick enriched 70ZnO pellet with the
solid target station. To reach a higher energy, a third test was carried
out at the BTL, by means of an adapted version of the station used
for cross section measurements. The energy ranges, the irradiation
parameters and the activities are reported in Table 4. Fig. 8 shows
the experimental results compared with the production yields (Eq. (5))
and the radionuclidic purity calculated from our cross section measure-
ments under irradiation conditions. In the first two productions, 64Cu
could not be measured with the HPGe detector and the experimental
purity was overestimated. In the last test, a good agreement was found.
5

Fig. 6. 67Cu and 64Cu thick target yields as a function of the entry energy for a 98.75%
enriched 70ZnO target. The irradiation time is set to 1 h. The bands correspond to the
maximum and minimum yield calculated on the basis of the measured cross sections.

Fig. 7. 67Cu thick target yield and purity at EOB for a 98.75% enriched 70ZnO target,
considering an irradiation time of 1 h (a) and at saturation (b). The bands correspond
to the maximum and minimum yield calculated on the basis of the measured cross
sections.
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Fig. 8. 67Cu and 64Cu yields and radionuclidic purity calculated from the measured cross section in our irradiation conditions compared to the experimental results. The bands
correspond to the maximum and minimum yield calculated on the basis of the measured cross sections.
Table 4
Irradiation parameters, 67Cu and 64Cu yields and radionuclidic purity at EOB obtained irradiating the 0.37-mm-thick 98.75% enriched 70ZnO
pellet. The values in parentheses are the yield calculations based on the cross section measurements.
E𝑖𝑛 E𝑜𝑢𝑡 t𝑖 I Q Y(67Cu) Y(64Cu) P(EoB)
[MeV] [MeV] [min] [nA] ⋅10−3 [μAh] [MBq/μAh] [MBq/μAh] [%]

15.8 ± 0.4 11.0 ± 0.4 ∼ 9 52.7 ± 0.5 7.9 ± 0.8 0.96 ± 0.14 No Signal Compatible with 100
(1.02) (0.01) (99)

17.5 ± 0.4 13.2 ± 0.4 ∼ 30 3.44 ± 0.03 1.7 ± 0.2 1.15 ± 0.12 No Signal Compatible with 100
(1.18) (0.03) (98)

18.2 ± 0.4 14.0 ± 0.4 ∼ 79 28.7 ± 0.3 37.7 ± 1.8 1.11 ± 0.07 0.06 ± 0.02 95 ± 1
(1.15) (0.05) (96)
4. Conclusions and outlook

The aim of this study was to investigate the feasibility of 67Cu
production with a medical cyclotron, irradiating an enriched 70ZnO
solid target with an 18 MeV proton beam. To select the optimal
irradiation conditions, the cross sections of the nuclear reactions in-
volved were measured at the Bern medical cyclotron laboratory. In
particular, the 70Zn(p,𝛼)67Cu and the 68Zn(p,𝛼n)64Cu nuclear cross sec-
tion were measured from enriched 70ZnO and enriched 68Zn samples,
respectively. The latter was of paramount importance to quantify the
co-production of 64Cu during the irradiation, which represents the only
copper impurity in the sample.

Several production tests were successfully performed irradiating a
98.75% enriched 70ZnO pellet with a solid target station to confirm
the cross section measurement results. To the best of our knowledge,
this was the first time that 64Cu has been experimentally measured
in the production route and energy range investigated, considered
impurity-free for energies above 23 MeV and for 100% 70Zn enriched
targets (Mou et al., 2022). However, since 64Cu presents a much shorter
half-life than 67Cu, its quantity can be minimized by considering long
irradiation times and letting the target decay after EoB. In particular,
a thick target yield of 154 MBq/μA with a radionuclidic purity of
99.5% can be achieved at saturation for an entry energy of 17.8 MeV.
The radionuclidic purity further increases during the time required for
radiochemical processing.

Although the 67Cu production yield is rather low, modern med-
ical cyclotrons are capable of delivering high beam currents (above
6

300 μA), making it possible to obtain sufficient quantities of 67Cu with
the radionuclidic purity required for nuclear medicine applications. In
this respect, is important to note that the dose of 67Cu radioactivity
required for one treatment is about 3.7 GBq (IAEA-TECDOC-1340,
2003).

The results achieved in this study confirm the predictions reported
by Kastleiner et al. (1999) and represent an important step forward
towards the use of medical cyclotrons for the production of 67Cu for
applications in theranostics.
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Appendix

See Tables 5–7.

Table 5
70Zn(p,𝛼)67Cu nuclear cross section data.
E 70Zn(p,𝛼)67Cu
[MeV] [mbarn]

5.5 ± 0.4 0.36 ± 0.03
6.8 ± 0.4 0.92 ± 0.06
7.9 ± 0.4 1.7 ± 0.1
8.7 ± 0.4 2.6 ± 0.2
9.7 ± 0.4 3.5 ± 0.3
10.8 ± 0.4 5.7 ± 0.4
11.9 ± 0.4 7.6 ± 0.6
12.9 ± 0.4 8.9 ± 1.3
13.8 ± 0.4 10.5 ± 1.3
15.0 ± 0.4 11.6 ± 1.4
15.5 ± 0.4 11.5 ± 1.4
16.0 ± 0.4 12.3 ± 1.5
17.1 ± 0.4 11.2 ± 1.5
17.5 ± 0.4 9.5 ± 1.3
18.2 ± 0.4 8.9 ± 1.4

Table 6
67Ga production cross section data, mea-
sured irradiating the 98.75% enriched 70ZnO
material (Table 3).
E 70Zn(p,x)67Ga
[MeV] [mbarn]

5.5 ± 0.4 No Signal
6.8 ± 0.4 No Signal
7.9 ± 0.4 No Signal
8.7 ± 0.4 No Signal
9.7 ± 0.4 No Signal
10.8 ± 0.4 No Signal
11.9 ± 0.4 No Signal
12.9 ± 0.4 1.7 ± 0.5
13.8 ± 0.4 3.3 ± 0.7
15.0 ± 0.4 5.2 ± 0.7
15.5 ± 0.4 5.8 ± 0.8
16.0 ± 0.4 6.1 ± 1.1
17.1 ± 0.4 6.8 ± 1.3
17.5 ± 0.4 7.3 ± 1.1
18.2 ± 0.4 7.6 ± 1.5

Table 7
68Zn(p,𝛼n)64Cu nuclear cross section data.
E 68Zn(p,𝛼n)64Cu
[MeV] [mbarn]

15.0 ± 0.4 2.3 ± 0.7
16.8 ± 0.4 8.6 ± 2.0
18.2 ± 0.4 18.8 ± 2.2
7
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