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Abstract

The medium-lived radionuclide Gallium-66 (T;, = 9.5 hours,
Bt = 56%, and € = 45%) plays a crucial role in positron emission
tomography (PET). This study comprehensively analyzes twelve
distinct nuclear reaction pathways for ®®Ga production, examining
proton, helium-3, and alpha particle bombardment on copper and
zinc targets. Cross sections were calculated using the TALYS 1.9
nuclear reaction simulation code for reactions including ®Zn(p, n)*°Ga,
7Zn(p, 2n)%Ga,%¥Zn(p,3n)*Ga, "“Zn(p, x)*°Ga, Cu(*He,2n)*°Ga,
natGu(3He, x)%°Ga, Zn(*He, x)®Ga, "Zn(*He, x)*°Ga, ®Cu(a,
n)®Ga, %Cu(a, 3n)*®Ga, "“Cu(a, x)*Ga and %Zn(a, x)°**Ga. The
investigation encompassed both natural and enriched isotope targets
(®3Cu, %Cu, ™Cu, %Zn, %Zn, ¢7Zn, %Zn, and "*Zn), with theoretical
calculations validated against experimental data from the EXFOR library.
Notably, the %Zn(p,n)**Ga and %*Zn(a,x)*°Ga reactions demonstrated
exceptional efficiency, achieving peak cross sections of 400-440 mb and
600-640 mb respectively. For each reaction pathway, optimal energy
ranges, threshold energies, and Q-values were determined, providing
essential parameters to optimize ®*Ga production in medical applications.

1. Introduction:

Nuclear cross-sections offer fundamental insight into the

diagnostic imaging and therapeutic interventions, especially in
cancers, bone disorders, and calcium-related disorders. Radia-

probability of nuclear reactions and form a bedrock in the un-
derstanding of nuclear physics and its applications. Thus, even
though nuclear reaction studies have undergone remarkable
development, it is still lack an understanding of the nature of
chemical reaction dynamics. This disparity gives challenges
and opportunities to researchers working in nuclear physics
and its applications. Gallium isotopes have very successfully
established themselves in nuclear medicine for more than five
decades. Versatile isotopes have been of utmost importance in
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tion therapy is one such modality employing ionizing radiation
targeting malignant cells and has become the cornerstone in
the modern cancer treatment protocol. Among the different
gallium isotopes, special interest has been attracted by the
6 Ga isotope, due to specific properties making it highly suit-
able for PET imaging. The increasing significance of PET in
contemporary medical diagnostics, combined with the unique
properties of ®®Ga as a positron emitter for tumor imaging,
serves as the foundation for this comprehensive study [1], [2],
[3] and [4].

Our theoretical calculation methodology for nuclear reac-
tion cross sections will involve multiple particle types such as
protons, Helium-3, and alpha particles interacting with copper
and zinc isotopes using the sophisticated Monte Carlo nuclear
reaction simulation code TALYS 1.9. To validate our theo-
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retical findings, we executed systematic comparisons with
the experimental data available from the EXFOR database
[5], providing a way of quantifying the observed discrepan-
cies between theoretical predictions and the corresponding
experimental findings. The growing need for medical ra-
dioisotopes is increasing pressure to arrive at more effective
production routes for clinically relevant isotopes. 66Ga has
become a very important radioisotope in this respect because
it possesses special advantages in the PET imaging of slow
biological processes, for example, lymphatic transport and
tumor metabolism. Its half-life of 9.49 hours is extremely
suitable for most applications in medical imaging and allows
an ideal compromise between the practical handling time and
the effective delivery of a radiation dose. The twelve inves-
tigated nuclear reactions could provide alternative methods
for the production of ®*Ga. The investigation addresses both
the natural targets narCu and "*Zn and the enriched isotopes
63Cu, 95Cu, %Zn, %Zn, 7Zn, and °Zn, which allows one to
compare different production strategies. Every reaction path-
way is determined by specific energy requirements, threshold
values, and Q-values that may give important information
in the optimization of the production protocols. The excita-
tion functions of these reactions show quite different cross-
sectional behaviors. The most important among them is the
66Zn(p,n)“Ga reaction, which presents favorable characteris-
tics due to its high cross sections in the medium energy range.
Similar options also exist for *Zn(a,x)®®Ga; in particular,
interesting complementarities with higher energies might be
established that could form complementary production routes.
This paper extends considerations to aspects of radioisotope
production practice in depth, with details of target material,
energy optimization, and yield prediction. The compilation of
cross-sectional data with the theoretical calculations gives the
necessary insight into facility planning and the elaboration of
effective protocols of production.

The theoretical framework of this study is based on pre-
vious research using Monte Carlo methods, as represented
in several studies during the last decade. These prior inves-
tigations have established the validity of computational ap-
proaches in predicting nuclear reaction outcomes and have
helped identify areas where theoretical models require re-
finement. The significance of this research extends beyond
academic interest, addressing practical challenges in medical
radioisotope production. In this work, some production routes
of ®Ga were deeply analyzed with the aim of contributing
to the optimization of its production for clinical applications.
The obtained results will have direct consequences on the
medical facilities that intend to create or upgrade their ra-
dioisotope production capabilities. Theoretical calculations
with the subsequent validation by means of experimental data
are a good approach to the understanding of nuclear reac-
tion mechanisms. This methodology identifies not only the
most promising production routes but also indicates where

refinement of theoretical models is necessary. Systematic
comparison with experimental data will ensure that our con-
clusions have a basis in practical reality while taking further
steps in theoretical understanding.

This work forms the basis for future studies into radioiso-
tope production optimization. The comprehensive investiga-
tion of various reaction pathways, including practical consider-
ations for implementation in production, provides a very use-
ful knowledge base for the nuclear medicine community. As
the need for medical radioisotopes grows, such detail-oriented
studies will be increasingly needed to ensure effective and
reliable methods of production. Other investigations in this
field have also been performed via Monte Carlo methods [6],
[71, [81, [9] and [10].

2. Material and Methods:

The production of radioactive isotopes requires precise con-
trol and understanding of nuclear reactions. This study focuses
on determining optimal projectile energy ranges to maximize
radioisotope yields through both theoretical calculations and
experimental validation [11], [12]. Our research specifically
examines the cross sections for Gallium production via pro-
ton, Helium-3, and alpha particle induced nuclear reactions on
Copper and Zinc targets. In our investigation utilizes several
target materials commonly employed in ®Ga radioisotope
production:

1. Copper isotopes: ®3Cu, $°Cu, and natural copper ("
Cu).

2. - Zinc isotopes: 6471, 667n, ©77Zn, ¥8Zn, and natural zinc
(nat Zn)

These target materials were selected based on their estab-
lished role in producing ®®Ga, a radioisotope crucial for nu-
clear medicine applications, particularly in studying slow dy-
namic processes such as lymphatic transport through positron
emission tomography. The study encompasses twelve distinct
nuclear reactions: Proton-induced reactions: ®Zn(p,n)*°Ga,
77Zn(p,2n)*’ Ga, %Zn(p,3n)*°Ga, "¥Zn(p,x)*°Ga. Helium-
3-induced reactions: 65Cu(3He,2n)66Ga, ”‘”Cu(3He,x)66Ga,
667n(%°He,x)%°Ga, "*Zn(3He,x)®°Ga. And Alpha particle-
induced reactions: >Cu(a,n)®®Ga, >Cu(a,3n)®Ga, "*Cu(a,x)
06Ga, %Zn(a,x)%Ga.

All theoretical calculations were performed using TALYS
1.9 code, an advanced Monte Carlo simulation program. This
computational tool offers several key capabilities:

1. Energy range coverage: 1 keV to 200 MeV.
2. Applicable to target nuclides with mass numbers > 12.

3. Handles multiple projectile types: neutrons, photons,
protons, deuterons, tritons, 3He, and alpha-particles.
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4. Calculates total reaction cross-sections.

5. Determines values based on branching ratios across
different reaction channels and mechanisms [13].

The program, implemented in FORTRAN and running on
Linux operating systems, provides comprehensive analysis of
nuclear reaction parameters. These calculations help estab-
lish the accuracy of various parameters that are also derived
from experimental measurements, enabling validation through
comparison with empirical data.

3. Results and Discussion:

The ®Zn(p, n) ®Ga, ’Zn(p, 2n) *°Ga, *Zn(p,3n) °Ga,
natzn(p, x) %°Ga for proton induced % Cu(He,2n) *°Ga, " Cu
(PHe, x) %°Ga, %Zn(®He, x) ®Ga, "*Zn(*He, x) ®°Ga for
helium-3 induced and %3Cu(a, n) %°Ga, ®Cu (a, 3n) %°Ga,
nat Cy(a, x) %°Ga, ®4Zn(a, x) %°Ga for alpha induced production
reaction excitation functions were calculated theoretically
using TALYS 1.9 code. We compared our theoretical results
with experimental data from the EXFOR database.

3.1 Proton Induced Reactions:

The excitation functions for proton-induced reactions in
Zinc nuclei were calculated theoretically using the TALYS
1.9 code. Four specific reactions were analyzed: ®Zn(p,n)
%Ga, ©’Zn(p,2n) °°Ga, Zn(p,3n) °Ga, and " Zn(p,x) *0Ga.
The theoretical results were compared with experimental data
and presented in Figures 1, 2, 3 and 4.

%7Zn(p,n) ®°Ga Reaction (Figure 1):

Our theoretical calculations for the ®Zn(p,n)*®Ga nuclear
reaction demonstrate strong consistency with existing exper-
imental data across an energy range from below 10 MeV to
above 30 MeV. In the peak region, experimental data from Sz-
elecsenyi et al. (1998), Levkovski et al. (1991), and Hille et al.
(1972) exceed our calculated results by approximately 25%.
Conversely, data reported by Hermann et al. (1992) shows
lower values than our calculations beginning at 12 MeV. The
cross-section exhibits a pronounced peak around 10-15 MeV,
reaching maximum values of approximately 600 mb for our

calculations, followed by a sharp decrease approaching zero
beyond 40 MeV.

57Zn(p,2n)*°Ga Reaction (Figure 2):

For the 67Zn(p,2n)66Ga reaction, our calculations show
excellent agreement with experimental data from Szelecsenyi
et al. (2003, 1998), particularly below 25 MeV where most
experimental data is available. The results align especially
well with data from Szelecsenyi et al. (1998), Levkovski
(1991), and Tarkanyi et al. (1990) in the low-energy region up
to 20 MeV, though their peak values exceed our calculations
by 25%, 20%, and 10% respectively. The cross-section peaks
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Figure 1. Our cross-section calculations of ®Zn(p, n)°*Ga
reaction compared with experimental data
[14, 15, 16, 17, 18, 19, 20, 21, 22].
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Figure 2. Our cross-section calculations of 4"Zn(p,2n)*°Ga
reaction compared with experimental data [15, 16, 18, 19].
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Figure 3. Our cross-section calculations of %3Zn (p,3n)%Ga
reaction compared with experimental data [14], [16, 17, 18],
[23, 24, 25, 26].
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Figure 4. Our cross-section calculations of "“Zn (p,x)**Ga

reaction compared with experimental data [14], [15], [25],
[27, 28, 29, 30, 31, 32, 33, 34].

around 20-25 MeV, reaching approximately 400 mb.

%87n(p,3n)°°Ga Reaction (Figure 3):

The %3Zn(p,3n)%°Ga reaction calculations show patterns
consistent with experimental data from Szelecsenyi et al.
(2005) and Stoll et al. (2002). Strong agreement is observed
with data from Pupillo et al. (2018), Szelecsenyi et al. (1998),
and Levkovski (1991) at energies up to 30 MeV. Hermann
et al. (1999) data matches our results closely except for the
final points, while Hermann et al. (1992) data exceeds our
calculations by about 30% between 30-40 MeV. McGee et
al. (1970) data shows strong agreement at energies above 40
MeV. The reaction exhibits a distinctive peak around 35-40
MeYV, reaching approximately 200 mb for our calculations.

nat Zn(p,x)°°Ga Reaction (Figure 4):

The "*Zn(p,x)*®Ga reaction calculations reveal a complex
pattern with two distinct peaks. The first peak occurs at 17
MeYV, initiated by the 66Zn(p,n) reaction contribution start-
ing at 8 MeV. The %7Zn(p,2n) reaction’s influence causes a
subsequent decrease in cross-section, while the ®Ga(p,3n)
reaction’s contribution begins near 25 MeV, creating a sec-
ond peak at 34 MeV. Our calculations generally align well
with experimental literature, though some experimental points
from Szelecsenyi et al. (2005), Bonardi et al. (2005), and
Hermann et al. (1999) show slightly higher values than our
calculations. The primary peak reaches approximately 170
mb at 12-15 MeV, while the secondary peak achieves about
45 mb at 35-40 MeV.

The comprehensive analysis of these proton-induced re-
actions provides valuable insights into the production mecha-
nisms of %°Ga, with theoretical calculations generally showing
good agreement with experimental data across multiple stud-
ies and energy ranges. The observed variations between theo-
retical and experimental results, particularly in peak regions,
contribute to our understanding of the reaction mechanisms
and help refine production parameters for practical applica-
tions.

3.2 Helium-3 Induced Reactions:

Excitation functions for helium-3 induced reactions in Cop-
per and Zinc nuclei were calculated using the TALYS 1.9
nuclear reaction simulation code. Four specific reactions
were analyzed: 5Cu(®He,2n)%°Ga, " Cu (PHe,x) °°Ga, %Zn
(*He,x) %°Ga, and "* Zn(*He,x) °®Ga. These theoretical cal-
culations were compared with experimental data from the
EXFOR library which were plotted in Figures 5, 6, 7 and 8.

65Cu(*He,2n)°Ga Reaction (Figure 5):

The theoretical calculations for the ©Cu(*He,2n)®°Ga re-
action show good agreement with experimental data from
Misaelides et al. (1980), Golchert et al. (1970), and Lebowitz
et al. (1970). However, significant discrepancies were ob-
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served with data from Bissem et al. (1980) and Bryant et al.
(1963). particularly at energies above 15 MeV, where their
values exceed our calculations by approximately 40% and
20%, respectively. The cross-section peaks between 15-20
MeV, with experimental values reaching 370 mb compared to
our theoretical prediction of 220 mb.

nat Cu(3He,x)%°Ga Reaction (Figure 6):

For the " Cu(*He,x)®®Ga reaction, our theoretical results
demonstrate excellent agreement with experimental data re-
ported by Tarkanyi et al. (2002, 1992) in the energy range
below 15 MeV. Beyond 16 MeV, experimental data shows
values approximately 20% higher than our calculations. The
cross-section exhibits a well-defined peak around 15-20 MeV,
with experimental values reaching 90 mb while our calcula-
tions predict a maximum of about 65 mb.

%67n(*He,x)*°Ga Reaction (Figure 7):

The theoretical calculated results for the ®°Zn(*He,x)*°Ga
nuclear reaction was compared with experimental data avail-
able in literature. Only one study found in EXEOR library
which performed by Nagame, et al. (1989). A good agreement
between calculated results and experimental data to energy
range up to 30 MeV with a small shift to the right in the peak
region about 5 MeV for the experimental data. The maximum
in the cross-section is reached around 35-40 MeV, with exper-
imental values of about 550 mb, while our theoretical model
predicts about 450 mb.

nat 7n(3He,x)°*Ga Reaction (Figure 8):

Analysis of the "Zn(*He,x)**Ga reaction shows good
overall agreement between our theoretical calculations and
the experimental data reported by Al-Abyad et al. (2017).
The excitation function reveals distinctive features: a plateau
beginning around 11 MeV due to the ®*Zn(*He,p) reaction
contribution, followed by increased cross-sections above 15
MeV attributed to the ®°Zn(®He,x) reaction. The cross-section
peaks at 30-35 MeV, reaching approximately 135 mb, with our
calculations effectively reproducing both the shape and mag-
nitude of the experimental excitation function. The compre-
hensive analysis of these helium-3 induced reactions provides
valuable insights into ®Ga production mechanisms. The gen-
erally good agreement between theoretical calculations and
experimental data, despite some discrepancies in peak regions,
validates the predictive capabilities of the TALYS 1.9 code for
these reaction channels. Given the limited experimental data
available for some reactions, particularly the ®©Zn(*He,x)*°Ga
and "*Zn(*He,x)®Ga reactions, our theoretical calculations
offer important guidance for future experimental investiga-
tions.
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Figure 5. Our cross-section calculations of >Cu
(®*He,2n)%Ga reaction compared with experimental data
[35, 36, 37, 38, 39].
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Figure 6. Our cross-section calculations of "#Cu
(®He,x)%°Ga reaction compared with experimental data [40],
[41].
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reaction compared with experimental data [18], [38],
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3.3 Alpha Induced Reactions:

Theoretical excitation functions for alpha particle-induced
reactions producing %°Ga were calculated using the TALYS
1.9 code. Four specific reactions were analyzed: °Cu(a,n)®*Ga,
65Cu(a,3n)°°Ga, " Cu(a,x)°°Ga, and **Zn(a,x)*°Ga. These
calculations were compared with published experimental data
from the EXFOR library as shown in Figures 9, 10, 11, 12.

%3 Cu(a,n)*°Ga Reaction Figure 9:

Our theoretical calculations for the 3Cu(a,n)®°Ga reac-
tion show varying degrees of agreement with experimental
data. Results from Didik et al. (1994) match our calculations
perfectly up to 14 MeV but exceed our predictions by a fac-
tor of two in the peak region. Data from Levkovski (1991),
Zweit et al. (1987), and Bryant et al. (1963) consistently
show higher cross-sections than our calculations, though the
overall reaction behavior patterns remain compatible. The
experimental data shows a pronounced peak between 15-20
MeV, reaching approximately 800 mb, while our calculations
predict a maximum of about 450 mb.

% Cu(a,3n)*®Ga Reaction Figure 10:

The %Cu(a,3n)°°Ga reaction calculations demonstrate
strong parallelism with experimental data from Levkovski
(1991). Good agreement is also observed with results from
Takacs et al. (2017), Didik et al., (1994) and Proges (1956),
though experimental data beyond 37 MeV is lacking. The
cross-section peaks around 45-50 MeV, reaching approxi-
mately 400 mb, with our theoretical predictions accurately
capturing both peak position and magnitude.

nat Cu(a,x)%Ga Reaction Figure 11:
Analysis of the "¥Cu(a,x)®®Ga reaction reveals a distinc-
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Figure 12. Our cross-section calculations of %47n (a,x)%Ga
reaction compared with experimental data [18], [58].

tive double-peaked structure. The first peak, attributed to
the 3Cu(a,n) reaction, occurs at 15 MeV and extends to 28
MeV. The second peak at 40 MeV results from combined con-
tributions of *Cu(a,n) and ®>Cu(a,3n) reactions, appearing
at energies above 29 MeV. Our calculations show excellent
agreement with published data, particularly in the low-energy
region up to 14 MeV and between 30-42 MeV. The primary
peak reaches approximately 320 mb, while the secondary peak
achieves about 150 mb.

64Zn(a,x)°°Ga Reaction Figure 12:

The %Zn(a,x)*°Ga reaction calculations were compared
with experimental data from Levkovski (1991) and Mirzadeh
(1991). While Levkovski’s data shows similar patterns to
our calculations, their cross-sections are approximately 15%
higher than our predictions. Our results align almost perfectly
with Mirzadeh’s data, except for their final data point. The
reaction exhibits a pronounced peak around 30-35 MeV, with
experimental values exceeding 1000 mb, while our calcula-
tions predict a maximum of approximately 750 mb.

These comprehensive analyses of alpha-induced reactions
provide valuable insights into ®®Ga production mechanisms.
The generally good agreement between theoretical calcula-
tions and experimental data, despite some discrepancies in
peak magnitudes, validates the TALYS 1.9 code’s predic-
tive capabilities while highlighting areas where theoretical
models might need refinement. The observed variations in
cross-section magnitudes and peak positions across different
studies emphasize the importance of continued experimental
validation of theoretical predictions. The compilation presents
comprehensive nuclear reaction parameters for various °Ga
production routes using proton, helium-3, and alpha particle
bombardment of zinc and copper targets. Two reactions stand
out for their particularly high cross sections: ®°Zn(p,n)**Ga
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Table 1. Optimum energy range, the average cross section of these energies, E-threshold and Q-values for ®*Ga production.

Reactions elgfgtiymrl;nmge AZ:cfeslsg ) E-threshold  Q-values
(MeV) Section(mb) ~ MeV) (MeV)
% 7Zn(p, n)°°Ga E,=8—15 400 — 440  6.09286  -5.95735
7Zn(p, 20)%Ga  E, =17 —23 320 — 360 132055  -13.0097
%Zn(p,3n)®Ga  E,=30—38 150 — 175  23.5519  -23.2078
natzn(p, x)®0Ga E,=8—12 100 — 120 — —
SCu(3He,2n)%Ga Eagy, =12 — 18 150 — 175 497152  -4.75084
natCy(3He, x)%°Ga  Eag, =12 — 18 40 —» 50 — —
%7n(3He, x)°Ga  Ezg, =24 — 35 300 — 350  5.43119  -5.19359
natzn(3He, x)°°Ga  Ezge =25 — 33 100 — 120 — —
93 Cu(a, n)*°Ga E,=12—18 300 —330 8.02538  -7.50165
Cu(a, 3n)®Ga  E,=35-—45 250 — 300  26.8899  -25.3285
natCu(a, x)%0Ga E,=12— 18 200 — 240 — —
%47n(a, x)®0Ga E,=26 —33 600 — 640  13.8039  -12.9905

and %Zn(a,x)®®Ga, yielding 400-440 mb and 600-640 mb
respectively, Shown in Table 1, These high yields make them
especially attractive for practical production applications.

The threshold energies span a wide range from approxi-
mately 5 MeV to 27 MeV, with corresponding Q-values rang-
ing from -4.75 to -25.33 MeV. Reactions involving natural
targets ("*Zn and "*Cu) do not haves pecific threshold en-
ergies and Q-values because of contributions from multiple
isotopes. The optimal energy range has been carefully selected
to maximize production yield while taking in to account prac-
tical constraints, providing essential guidance for planning
radioisotope production.

4. Conclusion:

The study presents the comprehensive investigation of the
production routes of ®*Ga via proton, helium-3, and alpha-
induced reactions on copper and zinc targets. The theoretical
calculations by TALYS 1.9 were in general agreement with
the experimental data providing valuable insights into reaction
mechanisms. The most promising production paths were the
%67n(p,n)*°Ga and **Zn(a,x)°°Ga which show an optimum
cross-section. Notably, ®*Ga production can be achieved with
a small cyclotron due to the relatively low optimal energy
ranges for most reactions, typically below 38 MeV. From the
calculations in the study, it was found that the best projectiles
that give good results for the cross sections are proton, helium-
3 and alpha particles, as the results showed low energy ranges
to achieve the cross section, and this is also supported by the
practical results.

The compilation of threshold energies, Q-values, and opti-
mal energy ranges constitutes a valuable resource for produc-
tion planning and optimization, enabling efficient %°Ga pro-
duction for medical applications while minimizing unwanted
by-products. Furthermore, the study explored the potential of
natural target reactions, which, while exhibiting lower yields,
offer cost-effective alternatives for certain applications. The
findings of this research contribute significantly to the ad-
vancement of ®*Ga production methodologies, paving the way
for its wider utilization in medical imaging and other relevant
fields.
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