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Abstract: The present work describes a method to determine excitation function curves and, therefore,
cross-sections, making use of the irradiation of liquid targets at distinct energies in a biomedical
cyclotron. The method relies on the derivative of experimentally measured thick target yield curves
to determine the corresponding excitation function curves. The technique is presented as a valid
and practical alternative to the commonly used activation method combined with the stack monitor
technique, whose implementation in liquid targets offers practical difficulties. The working princi-
ple is exemplified by presenting the results obtained for the clinically relevant 68Zn(p,n)68Ga and
the 64Zn(p,cx)61 Cu nuclear reactions, obtained though the irradiation of liquid targets containing
dissolved natural zinc.
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1. Introduction

Accurate knowledge of cross-sections is mandatory for the investigation, planning and
development of production processes of clinically relevant radioisotopes. Cross-sections are
not only fundamental to estimate and maximize the amount of the radioisotope of interest to
be produced but also to quantify the undesirable radionuclidic impurities produced through
other undesirable nuclear reactions unavoidably occurring simultaneously, either on the
target material itself and/or on remaining isotopic impurities [1-5]. The quantification
of such quantities is fundamental to optimize production processes and unavoidably
relies on the accuracy of cross-sections provided; for instance, in order to determine the
most adequate energy range and/or the minimal acceptable enrichment for a given target
material [3-5].

As a result, continuous efforts have been spent over the last decades toward the ex-
perimental determination of accurate cross-sections [6-8], especially for clinically relevant
radioisotopes among other applications of interest, as reported in [9] and recently pointed
out in [10]—with most of the cross-sections provided obtained through the well-known
stack-foil activation method. Consequently, many methods have been described over the
years in order to reduce or even prevent some technical difficulties associated with the
technique, with the common goals of improving the beam characterization and reducing
the experimental error of the data measured. Accurate knowledge of the primary beam
is essential: not only it is important to determine the beam current with precision, but

Instruments 2022, 6, 3. https:/ /doi.org/10.3390/instruments6010003

https:/ /www.mdpi.com/journal/instruments


https://doi.org/10.3390/instruments6010003
https://doi.org/10.3390/instruments6010003
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/instruments
https://www.mdpi.com
https://orcid.org/0000-0003-4631-7268
https://orcid.org/0000-0001-8054-4267
https://doi.org/10.3390/instruments6010003
https://www.mdpi.com/journal/instruments
https://www.mdpi.com/article/10.3390/instruments6010003?type=check_update&version=2

Instruments 2022, 6, 3

2 0f 8

an accurate knowledge of the beam energy at any point is also fundamental. A direct
measurement of the beam current through a deposited electrical charge must be rigorous
(e.g., the suppression of secondary electrons is essential), while, in the meantime, guar-
anteeing that the beam profile impinging on the measurement device corresponds to the
beam crossing the stack. On the other hand, errors in the determination of the initial beam
energy and/or in the stopping power of the absorber in the foils result in cumulative
inaccuracies when determining the beam energy along the stack. This effect is even more
relevant when coupled with difficulties in providing and/or quantifying with precision the
thickness of the thin solid foils composing the stack. As a result, efforts have been aimed at
determining the initial energy of the impinging ions with improved accuracy [11-15] or at
reducing uncertainties related to beam current measurements, usually by using well-known
monitor reactions under continuous re-evaluation within the stack monitor [6,9]. Such
monitor reactions have also found interest in preventing beam current measurements, as
several authors have measured and compared activity ratios from distinct radioisotopes
produced simultaneously in monitor foils, or even activity ratios for a single radioisotope
within the stack to avoid errors associated with the absolute efficiency calibration of the
y-spectroscopy system, as described in [11]. Moreover, the unique shape of each monitor
reaction was also used as a tool to determine the beam initial energy [11,15].

However, practical difficulties still prevent the production of a wider portfolio of
experimentally obtained cross-sections data, as it is not always a simple task to properly
mount a stack monitor with several thin and homogenous layers containing the target
material of interest, in a solid state, with accurately determined thicknesses. Indeed, target
materials can present numerous practical difficulties, such as (i) not being available as a
solid, therefore making the construction of a stack impossible [16], (ii) being volatile at room
temperature or only when irradiated, (iii) the stability of the target under bombardment,
iv) being mechanically difficult to handle in the production of homogenous thin layers and
(v) being cost-prohibitive.

In order to prevent such practical difficulties, this work presents an alternative method
for the determination of cross-sections of interest. The method relies on the experimental
determination of the thick target yield (TTY) at saturation curves, Ys;(E). Usually, the
procedure adopted to estimate radionuclide production relies on calculating the TTY at
saturation, deduced from some known cross-sections of the excitation curve of interest [9]
though the following relationship:

Yout (Ef) = w AT/ST E) JE (1)

where E is the energy of the impinging ions, Ej is the initial energy of the impinging ions,
Ysat(Ep) is the thick target yield at saturation at energy Ej, which is usually expressed in
MBq/uAs, Ny is Avogadro’s number, At is the molecular mass of the target material, w
is the percentage of the target material present in the irradiated target, ¢ is the enrichment
of the target material used, o(E) is the cross-section at energy E and St (E) is the target-
stopping power at energy E, which is usually expressed in MeV.cm? /g. The present work
describes the determination of an excitation curve through the experimental measurement
of its TTY curve by bombarding the target material of interest with several distinct initial
energies, as described in [17-20]. The cross-section ¢ (E;) at energy E; is then given by

o(E;) = go:jZ{IA St(E;) (dYS;;(E)) . ()

i

Moreover, since a common drawback of the stack monitor technique is the large
amount of target material required, since it is usually a cost-prohibitive enriched isotope,
the present technique was hereby developed and presented by irradiating liquid targets,
since these present the advantage of requiring a very low amount of dissolved target
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material, with the benefit of providing the irradiated target in a more suitable liquid
chemical form, while also making use of the technological platform developed over the
last few years at the University of Coimbra for the production of radiometals in liquid
targets [3,4,21,22]. This latter advantage is particularly relevant for radionuclides with short
half-lives requiring prompt and simple post-irradiation handling, and also for preparing
samples to perform y-spectrometry. In addition, the use of liquid targets also demonstrates
that the technique presented is particularly useful for cases where the target material is
commonly not available in a solid state at room temperature.

The present work hereby exemplifies the principle of the technique developed by
presenting the results for the excitation curves of the clinically relevant ®Zn(p,n)®®Ga and
the #4Zn(p,«)®!Cu nuclear reactions. Strangely, despite its clinical relevance, as recently
pointed out by the TAEA [23], data for the ®*Zn(p,«)®!Cu reaction are scarce. One should
also point out that the method can only be used when it is granted that the radionuclide
of interest is produced through only one nuclear reaction in the energy range considered.
For instance, as shown later, ®®Ga was not considered as it is produced though the proton
irradiation of natural zinc through both the ®6Zn(p,n)®*Ga and the 67Zr1(p,2n)66Ga reactions.

2. Materials and Methods

Thick target yields were experimentally measured by irradiating a commercial liquid
target assembly from a commercial biomedical cyclotron, model 18/9 from IBA (Ion Beam
Applications) [24], adapted as previously described [3,4,21], with a constant current in the
5-10 pA range for a few minutes. Since fixed-energy 18 MeV protons were available, the
necessary several distinct energies impinging on the liquid target were obtained by using
several target windows of different material and/or thicknesses. Alloys were avoided due
to their larger uncertainty in terms of stopping power. In order to guarantee that the entire
incident beam strikes the target material, the target cavity was completely filled in excess
(i.e., with a volume larger than the target cavity), with the overflow connection of the target
valve also connected to the collecting vial. Similarly, in order to guarantee that no irradiated
target material was lost in the process after the irradiation, the liquid target cavity was
washed three times after being purged, from bottom to top, with water in excess, so that the
totality of all solutions (the irradiated liquid target and the purges) was completely collected
into the collecting vial, either through the normal exit port or the overflow connection. The
activities of ®1Cu, %°Ga and %8Ga from the activated target solution were accessed through
Y spectrometry using a high-purity germanium detector (HPGe), model GEM30P4-76 from
ORTEC (ORTEC, Tennessee, US), calibrated using 133Ba and >*Eu radioactive point-like
sources, keeping the dead-times inferior to 4% during acquisition.

3. Results

Figures 1 and 2 present the TTY at saturation experimentally obtained from the proton
irradiation of liquid target solutions containing diluted natural zinc in the 10-100 mg/mL
range. Even if no calibration of the incident beam energy was performed in the present
work—with the uncertainty in the incident energy therefore increasing as the thickness
of the target window increases—Figure 1 shows that the thick target yield of ®*Ga begins
to sharply increase from about 12.5 MeV, a value corresponding to the threshold of the
77n(p,2n)% Zn reaction, to begin to contribute [25], thus confirming that the incident energy
is close to the expected 18 MeV, as verified under similar experimental conditions in [11].
Identically, the thick target yield curves for the production of ®'Cu, ®*Ga and ®®Ga seem to
begin at around 6, 5 and 4 MeV, respectively, which are values that are in agreement with
previously reported thresholds for the ®4Zn(p,x)®'Cu, ®Zn(p,n)*®Ga and *¥Zn(p,n)*Ga
nuclear reactions [25]. Finally, Figure 1 also enables us to distinguish that the concavity
of the thick target yield curves for the production of ®!Cu and ®8Ga changes at around
14 MeV and 11 MeV, respectively, also corresponding to the expected maximum values of
their excitation curves by taking into account the experimental results of previous works
presented in Figures 3 and 4.



Instruments 2022, 6, 3

40f8

1200

800

Thick Target Yield (MBqg.cm?®)/(pA.g)s..

400

>
»
L 4
]

4 66Ga ¢

W 68Ga hal

|
61Cu
9
o
»
|
*
a
4
|
L 4
a
»
[
|
+*
_——
4 8 12 16 20

Incident energy (MeV)

Figure 1. Experimentally measured thick target yields at saturation for the production of 61Cy, %0Ga
and %8Ga from the proton irradiation of liquid targets containing dissolved natural zinc.
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Figure 2. Experimentally measured thick target yields at saturation for the production of ®'Cu and
%8Ga from the proton irradiation of liquid targets containing dissolved natural zinc.

Since !Cu and ®8Ga are produced by only one nuclear reaction each in the energy
range of interest, it is possible to use the obtained TTY curves to determine the respective
excitation function curves by using Equation (2), as shown in Figures 3 and 4. On the con-
trary, the data measured for the production of ®®Ga could not be used for the determination
of cross-sections. Instead of using Padé approximants, the experimentally obtained TTY
curves were fit to polynomial curves to calculate their derivative with ease.
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Figure 3. Experimentally deduced excitation function of the ®Zn(p,n)®®Ga nuclear reaction. The grey
area represents the errors in the results presented as the black curve [26-32].

As shown in Figures 3 and 4, the results of the excitation curves of the 68Zn(p,n)égGa
and the ®*Zn(p,x)®'Cu nuclear reactions are shown to be in agreement with previously
reported experimental results from several authors. This conclusion is valid for all of
the experimental data presented; even for the systematically higher values presented by
Levkovskij [26], especially if we take into account the statement from Takacs et al. [6]
explaining that the values presented by Levkovskij [26] are systematically 20% higher than
the cross-sections determined by other authors. Such an explanation also partially clarifies
how our previously calculated estimations were systematically slightly higher than the
produced activities in [4], as the cross-sections provided by Levkovskij [26] were used in
these calculations.

The errors in the excitation function curves presented were evaluated, taking into
account the uncertainties in the beam current measurement and in the activity measure-
ments. Besides, the errors in the several energies on target were determined considering
the uncertainties in the stopping powers (£5%) and the cyclotron initial fixed energy
(18 £ 0.5 MeV)—a common limitation with the stack monitor technique, as pointed out
in [9]—and therefore spreads as the target foil becomes thicker, meaning that the error in
the energy increases for TTY at lower energies, as shown in Figures 3 and 4.
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Figure 4. Experimentally deduced excitation function of the 64Zn(p,oc)61 Cu nuclear reaction. The
grey area represents the errors in the results presented as the black curve [33-37].

4. Conclusions

A methodology based on the cyclotron irradiation of liquid targets is presented for the
experimental determination of excitation functions through the experimental measurement
of its thick target yield curves. It is presented as a valid alternative with practical advan-
tages, such as requiring a very low amount of the target material, being easier to realize
when the stack monitor technique is difficult to implement and enabling measurements
of targets in a liquid or gaseous state. The technique is exemplified by presenting results
obtained through the irradiation of liquid targets for the clinically relevant ®*Zn(p,n)®®Ga
and *Zn(p,«)®!Cu nuclear reactions. The good agreement shown with published data
testifies for the suitability of the alternative technique presented for the determination
of cross-sections.
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