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ARTICLE INFO ABSTRACT

Keywords: Radiometals play a fundamental role in the development of personalized nuclear medicine. In particular, copper
Copper-64 radioisotopes are attracting increasing interest since they offer a varying range of decay modes and half-lives
Theranostics

and can be used for imaging (°°Cu, ®*Cu, °2Cu and ®*Cu) and targeted radionuclide therapy (°*Cu and ¢’ Cu),
providing two of the most promising true theranostic pairs, namely ! Cu/®’Cu and ®*Cu/%’Cu. Currently, the
most widely used in clinical applications is ®*Cu, which has a unique decay scheme featuring f*-, f~-decay
and electron capture. These characteristics allow its exploitation in both diagnostic and therapeutic fields.

Cross sections
Proton irradiation
Medical cyclotron

Solid targets
PET imaging However, although ®*Cu has extensively been investigated in academic research and preclinical settings, it
Target radiotherapy is still scarcely used in routine clinical practice due to its insufficient availability at an affordable price. In

fact, the most commonly used production method involves proton irradiation of enriched ®*Ni, which has
a very low isotopic abundance and is therefore extremely expensive. In this paper, we report on the study
of two alternative production routes, namely the ®>Cu(p,pn)®*Cu and ’Zn(p, «)®*Cu reactions, which enable
low and high ®4Cu specific activities, respectively. To optimize the ®*Cu production, while minimizing the
mass of copper used as a target in the first case, or the co-production of other copper radioisotopes in the
second case, an accurate knowledge of the production cross sections is of paramount importance. For this
reason, the involved nuclear reaction cross sections were measured at the Bern medical cyclotron laboratory
by irradiating enriched ®°CuO and enriched % ZnO targets. On the basis of the obtained results, the production
yield and purity were calculated to assess the optimal irradiation conditions. Several production tests were
performed to confirm these findings.

1. Introduction most widely used is based on the reaction ®*Ni(p,n)®4Cu (Szelecsényi

4Cu (t;/, = 12.7006 h, EC: 44.0%, p~: 38.5%, f+: 17.5%) (IAFA,
2022) is an attractive radioisotope for clinical applications in nuclear
medicine for both diagnostic and therapeutic purposes. This is due
to its unique decay scheme featuring three different decay modes,
namely electron capture, p~ and p* decay. Its short positron range
(E';fx=652.62(21) keV), similar to the one of 18F, allows for high-
resolution PET imaging, enhanced by the absence of an abundant y-ray
emission. On the other hand, the Auger electrons resulting from elec-
tron capture and the - particles can be used for targeted radionuclide
therapy (Blower et al., 1996). 4Cu radiopharmaceuticals can thus be
used for quantitative PET imaging to assess the radiation dose prior
performing targeted radiotherapy with ®4Cu (Jauregui-Osoro et al.,
2021) (earning ®4Cu the name of theranostic agent (Gutfilen et al.,
2018)) or its therapeutic partner %7 Cu (t, /2 = 61.83 h, f7: 100%).

Due to the increasing interest for this radionuclide in nuclear
medicine, several 4Cu production methods have been proposed. The
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et al.,, 1993; McCarthy et al., 1997), which allows obtaining high
production yields of no-carrier-added ®*Cu with low energy protons,
easily reachable with small medical cyclotrons. Although these accel-
erators are available in many nuclear medicine departments, the high
cost of isotopically enriched ®*Ni (natural abundance 0.926%) makes
this route prohibitively expensive for clinical applications. For this
reason, alternative production methods have been explored, including
deuteron irradiation of natural zinc (Bonardi et al., 2003; Hilgers et al.,
2003; Abbas et al.,, 2006) and the use of nuclear reactors via the
63Cu(n,y)®4Cu (Bokhari et al.,, 2010; Chakravarty et al., 2020) and
647n(n,p)®4Cu (Zinn et al., 1994) reactions, which, however, provide
low specific activities. The 64Zn(n,p)""‘Cu reaction, together with the
65Cu(n,2n)®*Cu reaction, was also investigated by using fast neutron
generators (Kin et al., 2013; Kawabata et al., 2015; Capogni et al., 2020;
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Dellepiane, 2022), although such machines are scarcely available. In
addition, proton-induced reactions of enriched %6Zn (Szelecsényi et al.,
2005), 67Zn (Szelecsényi et al., 2014) and %8Zn (Hilgers et al., 2003;
Szelecsényi et al., 2005) targets were studied. Among these, the 67 Zn(p,
a)®*Cu reaction reaches its maximum cross section at about 14 MeV,
making small medical cyclotrons suitable for 4Cu production.

In the framework of a research program focused on novel radionu-
clides for theranostics at the Bern medical cyclotron laboratory (Brac-
cini et al., 2019), the production of ®4Cu with low and high specific
activity was investigated via proton irradiation of enriched %>CuO and
enriched %7ZnO solid targets.

In the case of the reaction ®>Cu(p,pn)®*Cu, no other copper radioiso-
topes are produced during the irradiation but only very low specific
activities can be obtained since stable Cu is used as the target material.
This leads to interferences in radiolabelling, as the non-radioactive
carrier copper competes with #4Cu in binding to the chelator. However,
it is possible to use the produced 4Cu in the form of [6*Cu] CuCl, as a
radiopharmaceutical for PET imaging (Chakravarty et al., 2016), if the
clinically relevant amount does not manifest any toxicity concerns due
to “cold” Cu (Chakravarty et al., 2020).

For the %7Zn(p, a)®*Cu reaction, the main impurities to be kept
under control in the energy range of PET medical cyclotrons are ! Cu,
obtained from 64Zn via the %4Zn(p, @)1 Cu reaction, and %7 Cu, obtained
from 79Zn via the 79Zn(p, @)%’ Cu reaction. It is important to underline
that both 4Zn and 7°Zn are present as impurities in the target ma-
terial, even if a highly-enriched 67Zn pellet is used. The quantity of
61Cu can prolong the waiting time before medical applications, while
the presence of 7Cu may limit the application period of the labeled
compounds. To maximize %#Cu activities while minimizing ®'Cu and
67Cu impurities, the precise knowledge of the reaction cross sections
as a function of the beam energy is fundamental.

In this paper we report on the cross-section measurement of the
nuclear reactions 9>Cu(p,pn)®4Cu, %7Zn(p, «)®4Cu and ®*Zn(p, «)°1Cu,
performed at the Bern medical cyclotron laboratory to optimize the
production of ®4Cu, by maximizing the radionuclidic purity and the pro-
duction yield. Several production tests were performed using enriched
65Cu0 and enriched %7ZnO solid targets to confirm our predictions
based on cross-section measurements.

2. Materials and methods

The Bern medical cyclotron laboratory is located at the Bern Uni-
versity Hospital (Inselspital) (Braccini, 2013). It hosts an IBA Cyclone
18/18 HC, accelerating H™ ions to a nominal energy of 18 MeV with
a current range from a few pA to 150 pA (Auger et al., 2015). The
facility is characterized by two bunkers with independent access, al-
lowing commercial GMP 8F production to take place during the night
and multidisciplinary research activities during the day (Braccini and
Scampoli, 2016). The cyclotron features six 180-enriched water targets,
an IBA Nirta Solid Target Station (STS) and a 6-m-long Beam Transfer
Line (BTL) that brings the beam to the second bunker. 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;
Haffner et al., 2019) and was used for the cross-section measurements
presented in this paper.

The ®4Cu production tests were performed using the STS, cus-
tomized with automatic target loading and delivery systems to mini-
mize the dose to personnel (Dellepiane et al., 2022b). In particular, the
irradiated target can be sent either to one 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 needs to be transported
to external laboratories for chemical processing or transferred to the
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Table 1
Isotopic abundance of the enriched ®>CuO powder by
Isoflex used in this study.

63Cuy 65Cu
65Cu-enr. [%] 0.33 99.67
Table 2
Isotopic abundance of the enriched %7ZnO powder by Isoflex used in this study.
6470 6671 677n 6871 7071
67Zn-enr. [%] 1.56 3.88 89.60 4.91 0.05
Table 3

Physical properties of copper radionuclides (IAEA, 2022). The values in parentheses
are the uncertainties referred to the last digits of the value. BR is the branching ratio.

Radionuclide tiy Decay mode: [%] E, [keV] BR, [%]
61Cu 3.339(8) h ec + g+: 100 282.956(10) 12.7(20)
62Cu 9.67(3) min ec + g*: 100 1172.97(10) 0.342(17)
+.
64w 12.7006(20) h eg + p*: 61.5 1345.77(6) 0.472(4)
p~: 38.5 - -
%7Cu 61.83(12) h p~: 100 184.577(10) 48.7(3)

physics laboratory of the facility for gamma spectrometry. For this
purpose, a N-type high-purity germanium (HPGe) detector (Canberra
2019) was used. 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 (Forgacs 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 y source.
The calibration source was measured at distances up to 10 cm from the
detector, thanks to a custom-designed plexiglass ladder with equally
spaced levels 1 cm apart. At each level, the measured efficiencies
as a function of the gamma energies are fitted using a parametric
least-squares fit. The average uncertainty of the efficiencies is about
3%.

The production of 6#Cu was studied by irradiating both enriched
65Cu0 and enriched %7ZnO powders, purchased from Isoflex (http://
www.isoflex.com/), whose isotopic compositions are reported in Ta-
ble 1 and Table 2, respectively. In the latter case, 1 Cu and 67 Cu are also
produced during the irradiation via the secondary reactions ®4Zn(p,
a)®1Cu and 79Zn(p, «)®7Cu, respectively; as for enriched %°CuO, no
other copper radioisotopes were observed.

The decay properties of the radionuclides of interest are listed in
Table 3.

2.1. Cross-section measurements

The experimental procedure used in this work was the same as
our previous studies on cross-section measurements (Carzaniga and
Braccini, 2019; Dellepiane et al., 2022a; Braccini et al., 2022) and is
described in detail in Carzaniga et al. (2017). This method is based on
the irradiation of the full mass of a thin target by a proton beam with a
constant surface distribution and has the advantage that the target has
not to be necessarily uniform in thickness, provided that the energy of
the protons can be considered constant within its mass.

The beam was flattened by the optical elements of the BTL and
monitored online with the UniBEaM detector. The beam current hitting
the target material was measured by means of a custom target station
connected to an electrometer (B2985 A Keysight). The station provides
a beam of controlled diameter thanks to an 8 mm collimator. To
perform irradiations below 18 MeV, the beam energy was degraded by
means of aluminum attenuator discs placed in front of the target and
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Fig. 1. Preparation procedure for the targets used for the cross-section measurements: (a) empty aluminum disc; (b) aluminum disc filled with enriched %’ZnO (left) and enriched

65CuO (right) powder; (c) aluminum disc covered with a 13-pm-thick aluminum foil.

Fig. 2. (a) The cup (left) and the lid (right) of the coin target; (b) lid with a 7-mm-diameter hole; (¢) 13-pm-thick aluminum foil inserted inside the coin to prevent the pellet

leakage during the irradiation.

was determined using the SRIM-2013 Monte Carlo code (Ziegler and
Manoyan, 2013).

For both target materials, about 1.4 mg of powder were suspended
in distilled water and deposited in the 4.2-mm-diameter, 0.8-mm-deep
pocket of an aluminum disc (Fig. la: diameter 22.8 mm, thickness
2 mm), as shown in Fig. 1b. Once the water had completely evaporated
by means of a heating plate, the deposited mass was measured with an
analytical balance (Mettler Toledo AX26 DeltaRange) with a sensitivity
of 2 pg and a reproducibility of 4 pg. To guarantee that the material
is kept within the pocket throughout the irradiation and measurement
procedure, the targets were then sealed with a 13-pm-thick aluminum
foil (Fig. 1c). With this procedure, target thicknesses up to 14 pm were
achieved, allowing to consider the beam energy constant within the
uncertainties over the full irradiated mass.

Both materials were irradiated at different energies with currents
of about 8.5 nA for an average of 12 min in the case of CuO and
of 23 min in the case of ZnO. After each irradiation, the produced
activity was measured by gamma spectrometry with the HPGe detector.
In all measurements, the count frequency was sufficiently low to limit
negative effects due to pile up and random summing (dead time below
2%).

3. Study of production yield and purity

Aiming at an optimized production of ®4Cu, a study of the Thick
Target Yield (TTY) and of the purity was performed on the basis of
the results obtained. From the cross-section measurements, the TTY
as a function of the proton energy on target (entry energy) E can be
calculated using the following formula

— ity E
TTY(E)=ﬂ=(1_e 1) o-(E/,) B
1 Ey Sp(E")

"1 Mypor - 4

where ¢, is the irradiation time, I the current on target, A(7;) the activity
produced at the End of Beam (EoB), 4 the decay constant, ¢(E’) the
cross section as a function of the proton kinetic energy E’, S,(E') is
the mass stopping power for the target material, E,, is the threshold
energy for the considered reaction, N, the Avogadro constant, m,,, the
average molar mass of the target material, # the number of target atoms
of the desired species per molecule and ¢ the charge of the projectile.
The mass stopping power was calculated using SRIM.

(€8]

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

- Ax
T $N
XA
where A; 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

(2

Py

Y(E)=TTY(E)-TTY(E,,) 3)

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

3.1. %#Cu production tests

The targets used for production tests were prepared by compressing
approximately 69 mg and 59 mg of enriched ®>CuO and enriched
677n0, respectively, with the application of an axial force of about
4.10* N. The thicknesses of the obtained 6-mm-diameter disc-shaped
pellets could not be measured due to their high fragility and were
therefore calculated on the basis of the theoretical densities of CuO
and ZnO (6.31 g/cm? and 5.61 g/cm3, respectively National Center for
Biotechnology Information, 2022), resulting in 0.39 mm and 0.37 mm,
respectively. These values were used in all calculations and SRIM
simulations.

The pellets were placed in a special capsule — called coin - con-
sisting of two aluminum halves kept together by permanent magnets
(Fig. 2a). The coin was conceived and built by our group to irradiate
compressed powder pellets or solid foils and has been successfully used
to produce several radionuclides (Dellepiane et al., 2021), in particular
448c (van der Meulen et al., 2020), %8Ga (Braccini et al., 2022) and
155Th (Dellepiane et al., 2022a; Favaretto et al., 2021).

The back part of the coin hosts the pellet and an O-ring to prevent
the possible leakage of molten material or of any gas produced during
the irradiation. To avoid overheating during the irradiation, the lid and
the cup are helium-cooled and water-cooled, respectively.

The energy of the protons reaching the target material was set by
adjusting the thickness of the lid, in order to optimize the production
yield and the radionuclidic purity. In particular, a lid with a 7-mm-
diameter hole (Fig. 2b) was used in some production tests in order not
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to degrade the beam energy. In this case, a 13-pm-thick aluminum foil
was placed inside the coin to prevent possible leakage of the pellet.
(Fig. 2¢).

The current was measured throughout each irradiation by connect-
ing the body of the STS to the B2985 A Keysight electrometer. The
effective current hitting the 6-mm-diameter pellet was assessed by
measuring the 2D beam profiles with radiochromic films (Casolaro,
2021) and was known with an uncertainty of 10%.

Two production tests were carried out by irradiating the 0.39-mm-
thick enriched 65CuO target with the highest achievable energies. In
this regard, one irradiation was carried out in the BTL by means of
an adapted version of the solid target station used for cross-section
measurements, so that an energy of (18.2 + 0.4) MeV could be reached.

The activity produced was assessed with the HPGe detector; in all
measurements, the distance between the target and the crystal was
adjusted to minimize pile up and random summing, resulting in a dead
time of less than 1%.

As for the 0.37-mm-thick enriched 67ZnO pellet, two irradiations
were performed with the STS at energies around 16.5 MeV. The target
was then measured several times with the HPGe detector to study the
purity of 4Cu as a function of time. In all measurements the dead time
was below 5%.

For both materials, after each irradiation the pellet was let to decay
completely.

4. Experimental results
4.1. Cross-section measurements

The experimental uncertainties in cross-section measurements in-
clude the flatness of the beam (5%), the beam current integration
(1%), the HPGe detector efficiency (3%) and the target mass mea-
surements (up to 5%). Considering the ®5Cu(p,pn)®*Cu and ©7Zn(p,
a)%*Cu reactions, the main contribution was given by the statistical
uncertainty of the 1346-keV peak (up to 12% and 15%, respectively),
due to its low branching ratio. As for the %4Zn(p, a)®! Cu reaction, the
main uncertainties were due to the 283-keV peak (up to 20%) and
to its branching ratio (~16%). All the contributions were summed in
quadrature to obtain the overall experimental uncertainty.

Enriched %°CuO

In the energy range of interest, ®*Cu was the only copper radioiso-
tope observed by irradiating the 99.67% enriched ®>Cu0O material. It
is produced via the >Cu(p,pn)®*Cu reaction. Fig. 3 shows the mea-
sured cross section, as well as TENDL-2021 predictions (Koning and
Rochman, 2012) and the data available in the literature (Levkowskij,
1991; Meadows, 1953; Cohen et al., 1954; Collé et al., 1976; Brinkman
et al., 1977). For completeness, the numerical cross-section values are
reported in the Appendix (Table 6).

According to TENDL, ®2Cu should be produced in small quantities
via the ®3Cu(p,pn)®2Cu reaction at energies above 13 MeV. However,
due to the low activity produced and the low intensity of y emissions, it
was not possible to detect any signal of ®2Cu in this experiment. In any
case, the 2Cu half-life is sufficiently short to neglect its production.

Enriched %7 ZnO

In the investigated energy region, ®4Cu is produced from ¢7Zn via
the (p, a) reaction. The results of the ©7Zn(p, «)®*Cu cross-section
measurements are presented in Fig. 4; for completeness, the numerical
values are reported in the Appendix (Table 7).

Our measurements are in good agreement with the data available
in the literature (Szelecsényi et al., 2014; Levkowskij, 1991). In accor-
dance with the findings of Takacs et al. (2002), the values presented
in Levkowskij (1991) were scaled by a factor of 0.8, on the basis of
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the currently accepted value of the monitor reaction that was used by
Levkovskij in his original work. TENDL predictions reproduce well the
experimental data for energies above 12 MeV, while at lower energies
some discrepancies are observed.

61Cu is the only impurity observed by irradiating a 89.60% enriched
677n0 target. In the energy range of interest, it results from ®4Zn via the
(p, @) reaction. The ®4Zn(p, «)®1Cu nuclear cross-section measurements
are presented in Fig. 5; for completeness, the numerical values are
reported in the Appendix (Table 7). The results obtained in this study
are in good agreement with our previous findings (Dellepiane et al.,
2022d). TENDL predictions reproduce well the experimental data for
energies below 8 MeV, while at higher energies some discrepancies are
observed.

According to TENDL, %7Cu should also be produced in the energy
range of interest via the 7°Zn(p, «)®”Cu reaction. However, due to
the low fraction of 79Zn in the target material (Table 2), the ¢7Cu
production cross section is of the order of microbarns and could not
be measured in this experiment.

4.2. Production tests

A study of the production yield (Y) and the purity (P) was performed
on the basis of the obtained results in order to optimize the ®4Cu
production.

Enriched %> CuO

64Cu is the only copper radioisotope produced in the irradiation of
a 99.67% enriched ®>Cu target, as the production of the short-lived
62Cu at energies above 13 MeV is negligible. The %4Cu thick target
yield (Eq. (1)) as a function of energy is shown in Fig. 6a and 6b for
an irradiation time of 1 h and in saturation condition, respectively. In
both cases, the highest 4Cu TTY can be obtained with the maximum
achievable energy on target.

In order to maximize the specific activity of ®4Cu, a study of the
production yield at saturation as a function of the mass of the copper
target was carried out (Fig. 7). In this study, the highest achievable
energy on target was considered, which for our medical cyclotron is
17.8 MeV in the out-port of the STS, if a ~ 10 pm Havar beam extraction
window foil is used. In this condition, for 30 mg of %°Cu, a ®*Cu yield
of 358 MBq/pA is achievable according to our findings. Considering an
average current of 10 pA on target, which can be easily reached with
the STS, a %4Cu specific activity of 120 MBq/mg is obtained. Clinically
relevant doses of [®4CulCuCl, for PET imaging of cancer in human
patients are of (200-450) MBq (Capasso et al., 2015; Avila-Rodriguez
et al., 2017), which translates into an intake of 0.06 mg Cu/kg for a
60 kg patient. Since it has been reported that toxicity concerns due
to cold Cu are manifested in humans when the intake of copper is
>5 mg Cu/kg body weight (Aggett, 1999), our result is much below the
toxic limit. Furthermore, the amount of cold Cu in clinically relevant
dose of [®*Cu]CuCl, could be further minimized by considering higher
proton energies, as the cross section of 4Cu was found to increase at
18 MeV, reaching its maximum, according to TENDL-2021, at around
24 MeV.

To confirm the calculations based on cross-section measurements,
two production tests were performed. The entry energies, the irradi-
ation parameters and the activities obtained are reported in Table 4.
The production yield of ®4Cu calculated in our irradiation conditions
from Eq. (3) and the experimental results are shown in Fig. 8 as a
function of the proton energy. A good agreement was found between
the experimental measurements and the predictions based on our cross
sections.
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Table 4
Irradiation parameters and °*Cu yield at EoB obtained irradiating a 0.39-mm-thick

enriched ®°CuO pellet. The values in parentheses are the yield calculations based on
the cross-section measurements.

E, Eou Q Y(**Cu) P(EoB)
[MeV] [MeV] x10~4 [pAh] [MBgq/pAh] [%]
71 +7 100
18.2 + 0.4 131 + 0.4 128 + 1.3 ) (100)
54 + 6 100
17. R 12.1 B B 1. N
7.5+ 04 + 0.4 9.6 + 1.0 6D (100)
102
4 Experimental data
10*
=
<<
=
=3
@ 100
Z
[m)
=
107
1072
6 8 10 12 14 16 18

Entry proton energy [MeV]

Fig. 8. %Cu production yield calculated from the measured cross sections in our
irradiation conditions, compared to the experimental results of two irradiations using
0.69-mm-thick 99.67% enriched %°CuO target. The bands correspond to the maximum
and minimum yield calculated on the basis of the measured cross sections.

Enriched 7 ZnO

The thick target yields of 64Cu, ®1Cu and 7Cu are shown in Fig. 9
as a function of the entry energy. In case of ®4Cu and °!Cu, the
TTYs were calculated from the cross-section measurements reported
in this paper, considering the 89.60% enriched %7Zn target material
(Table 2). As for 67Cu, the TTY was calculated on the basis of the
70Zn(p, )%’ Cu nuclear cross sections measured by irradiating a 98.75%
enriched 7°ZnO target in the framework of our research program on
Cu radionuclides (Dellepiane et al., 2023). In all cases the irradiation
time t; is set to 1 h. The radionuclidic purity, calculated from Eq. (2), is
constant for energies above 14 MeV, while the highest production yield
can be reached by irradiating the target with the maximum achievable
energy, as shown in Fig. 10a.

Since the main impurity is 1 Cu and its half-life is much shorter than
that of %4Cu, the radionuclidic purity can be improved by considering
long irradiation times and/or letting the target decay after the end of
irradiation. In both cases, however, it must be taken into account that
the amount of the long-lived 7Cu present in the sample increases. In
saturation condition and considering the maximum reachable energy
of 17.8 MeV, a production yield of 479 MBq/pA with a purity of about
96% can be achieved (Fig. 10b). In these conditions, the presence
of 7Cu leads a decrease in purity of 0.005% compared to the 1 h
irradiation case.

Considering the same irradiation conditions, the percentage of im-
purities present in the sample and the radionuclidic purity as a function
of time can be calculated, as shown in Fig. 11a and 11b. In Fig. 11b
the fraction of the remaining 6*Cu activity is also reported. From the
plots, it results that after about 10 h the purity is above 99%.
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Fig. 9. %*Cu, ®'Cu and %Cu thick target yields for a 89.60% enriched %”ZnO target,
considering an irradiation time of 1 h. The bands correspond to the maximum and
minimum yield calculated on the basis of the measured cross sections.
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considering an irradiation time of 1 h (a) and in saturation condition (b). The bands
correspond to the maximum and minimum yield calculated on the basis of the measured

cross sections.
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Table 5
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Irradiation parameters, ®*Cu and °!Cu yields and radionuclidic purity obtained irradiating a 0.37-mm-thick
enriched %7ZnO pellet. The values in parentheses are the yield calculations based on the cross-section

measurements.

Eiy Eou Q

Y(®*Cu)

Y(®'Cu) P(EoB) P(10 h)

[MeV] [MeV] x10~* [pAh]

[MBq/pAh]

[MBq/pAh]  [%] [%]

16.1 + 1.7
(15.9)
16.1 + 1.8
(16.3)

17.3 £ 0.4 12.8 + 0.4 2.7 £ 0.3

16.4 + 0.4 11.7 £ 0.4 1.3 £ 0.1

2.1 +0.3 883 +10 974+1.0
.0) (88.8) (97.4)
2.1 +£0.3 883 +12 973 %13
@1 (88.6) (97.3)
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Fig. 11. (a) ®'Cu/%*Cu and ’Cu/%*Cu activity ratio and (b) ®*Cu activity fraction and
purity as a function of time, considering an entry energy of 17.8 MeV and saturation
conditions. The bands correspond to the maximum and minimum activity calculated
on the basis of the measured cross sections.

To confirm the calculations based on cross-section measurements,
two production tests were performed with the STS. The production
yield and the radionuclidic purity calculated in our irradiation condi-
tions are shown in Fig. 12 as a function of the entry energy, together
with the experimental measurements. The entry energies, the irradia-
tion parameters and the activities obtained from the production tests
are reported in Table 5. A good agreement was found between the
experimental measurements and the predictions based on our cross
sections.

+ Experimental data: Y(°®*Cu)
<4 Experimental data: Purity

/

) /

Purity [%]
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Fig. 12. %*Cu production yield calculated from the measured cross sections in our
irradiation conditions, compared to the experimental results for two irradiations using
0.63-mm-thick 89.60% enriched ®’ZnO target. The bands correspond to the maximum
and minimum yield calculated on the basis of the measured cross sections.

5. Conclusions and outlook

64Cu is gaining increasing interest in nuclear medicine because of
its unique physical characteristics that allow it to be used for both
diagnostic and therapeutic purposes. Furthermore, considering the p*-
decay mode, it forms a promising true theranostic pair with the g~
emitter %7 Cu.

The major deterrent to a wider use of 6*Cu-labeled radiotracers in
nuclear medicine is the limited availability of this radionuclide, due
to the high cost of the target material used for the main production
route ®4Ni(p,n)®*Cu. To investigate alternative production modalities,
the cross sections of the 65Cu(p,pn)®*Cu and %7 Zn(p, «)®*Cu nuclear
reactions were measured at the Bern medical cyclotron laboratory, by
irradiating enriched %°CuO and enriched %7ZnO targets, respectively.
From the results obtained from the cross-section measurements, a study
of the production yield and purity was carried out in order to optimize
the production of %4Cu.

For the %>Cu(p,pn)®*Cu reaction, the produced %#Cu cannot be used
to label biomolecules due to the interference of “cold” copper, but
can be applied to PET imaging in the [®4Cu]CuCl, form. In this case
no other copper radioisotopes are produced in the irradiation but it
is necessary to minimize the mass of the irradiated target to avoid
possible toxicity issues due to the injection of non-radioactive copper
into the patient. According to our findings, by irradiating 30 mg of
99.67% enriched ®°Cu with 17.8 MeV protons, a ®4Cu production yield
of 358 MBq/pA can be achieved at saturation. In this conditions, a
clinically relevant dose of 450 MBq corresponds to a copper intake of
0.06 mg Cu/kg for a 60 kg patient, significantly lower than the toxicity
limit reported in the literature (>5 mg Cu/kg body weight (Chakravarty
et al., 2020; Aggett, 1999)). This value could be further improved by
considering a higher beam energy, achievable with research cyclotrons
or commercial cyclotrons that can provide at least 26 MeV protons.
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By irradiating a 89.60% enriched %7Zn target, the 6'Cu and 7Cu
impurities are produced by the secondary reactions 4Zn(p, @) Cu and
70Zn(p, @)®7 Cu, respectively. Given the low isotopic percentage of 7°Zn
in the material considered, the 67 Cu production in this experiment was
negligible. As for 61Cu, whose half-life is much shorter than that of
64Cu, its amount in the sample can be minimized by considering long ir-
radiation times and/or by letting the target decay after EoB. According
to our findings, a yield of 479 MBq/pA can be achieved at saturation
with a purity of 96%, which increases to 99% within 10 h after the
EoB. By considering a %7 Zn target with higher enrichment level, copper
impurities can be significantly reduced. However, it is necessary to
take into account the large amount of gallium radioisotopes produced,
which do not affect the purity of ®*Cu but make handling the irradiated
target and radiochemical processes problematic.

It is important to remark that, if ®4Cu is used as a PET diagnostic
agent, the presence of ®1Cu may not lead to negative effects. It is in
fact a p*-emitter with a shorter half-life, so it does not lead to a higher
dose absorbed by the patient and does not produce image degradation
effects. Furthermore, the difference in half-life between the two copper
radioisotopes could allow the same radiopharmaceutical to be used to
follow fast (°1Cu based) and slow (®4Cu based) metabolic processes.
In view of this consideration, it would be interesting to investigate
the simultaneous production of 4Cu and ¢! Cu and possible subsequent
clinical applications.

The results reported in this article contribute to the promotion of
alternative methods of producing ®4Cu using medical cyclotrons in view
of theranostic applications in nuclear medicine.
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See Tables 6 and 7.
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Table 6
Cross-section data of the %Cu(p,pn)®*Cu
nuclear reaction.

E 65Cu(p,pn)®*Cu
[MeV] [mbarn]
123 + 0.4 2.4 + 0.5
12.7 £+ 0.4 4+1
13.1 + 0.4 9x+2
13.8 + 0.4 26+ 6
145 + 0.4 54 + 10
15.2 + 0.4 82 + 13
16.0 + 0.4 129 + 15
16.4 + 0.4 142 + 14
17.1 0.4 177 + 39
17.5 + 0.4 191 + 25
182 = 0.4 222 + 32
Table 7
Cross-section data of the ®”Zn(p, «)®*Cu and ®*Zn(p, «)®'Cu nuclear
reactions.
E %77Zn(p, a)®*Cu %4Zn(p, @)®' Cu
[MeV] [mbarn] [mbarn]
5.1 + 0.5 2.0 +£ 0.4 No signal
6.2 + 0.4 4.0 + 0.5 39+ 09
7.4 + 0.4 10 + 2 13 +2
8.7 +£ 0.4 16 + 2 31+ 6
9.7 + 0.4 23 +5 48 + 9
10.8 + 0.4 29+ 5 58 + 11
129 + 0.4 37+7 85 + 16
15.0 + 0.4 37 + 8 70 + 13
16.8 + 0.4 29 + 4 61 + 12
18.2 + 0.4 23 +3 43 +9
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