
α-elastic scattering in inverse kinematics for 
the astrophysical p-process

The bulk of the heavy nuclei are produced via neutron capture reactions in 
the s- and the r-process [1, 2]. Additional neutron capture process like the 
i-process [3] also significantly contribute to the synthesis of nuclei heavier 
than iron.
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However, there is a small number of nuclei ranging from 74Se till 196Hg, 
which cannot be produced by these neutron capture processes due to the 
presence of stable isomer nuclei with lower atomic number. The 
production of the so-called p-nuclei is mostly thought to happen via the p-
process [4] (sometimes described as γ-process [5]) in the O/Ne layer of 
Supernovae Type II explosions reaching temperatures in the order of     T9 
= 1.5 - 3.5. 
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Recent advances in the technique of magnetron sputtering allowed the 
production of self- supporting films of Si containing large quantities of 
4He, reaching values around 1018

 
atoms/cm2

 
[13, 14].
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where m01 is the reduced mass of the projectile and target system, and k is the Boltzmann
constant. The reaction rates used in the study were compiled from two sources: the current
recommended Reaclib v.2 reaction set [23] that includes 81 644 reactions, the second was the
result of the Talys code [26].

The calculations were performed for three sets of reaction rates:

• ‘reaclib’: current recommended rates from the Reaclib data base [23] that includes NON-
SMOKER rates for the heavy nuclei,

• ‘test’: the rates above with all the rates for α-induced reactions (and their inverse)
calculated using the Talys code with inputs identical (or as close as possible) to those of
NON-SMOKER,

• ‘talys’: as above, but with the α optical-model potential replaced by the dispersive model
of Demetriou et al [46].

The difference between the rates from ‘reaclib’ and ‘talys’ sets, for a subset of nuclei, is
shown in figure 3. It should be noted, that at high temperatures (2.5–3.5 GK), where the
heaviest p-nuclei are produced, the reaction rates from the two sets can vary by up to two
orders of magnitude. A similar observation was made for (α,n) reactions on lighter nuclei for
the r-process [43]. Additionally, the shape of the rate function is significantly different
between the two data sets. Scaling the original rate, typical for sensitivity studies, does not
account for this difference in the dependence of the reaction rate as a function of temperature.

5. Network calculations

The calculations utilized the NucNet tools package [53] developed at Clemson University.
The post-processing calculations of the γ-process nucleosynthesis were performed for a 25

Figure 3. Comparison of sample reaction rates for α-capture from the two data sets
used in this study. Left panel: dashed lines indicate rates from the ‘reaclib’ set, solid
lines: rates from the ‘talys’ with a dispersive αOMP from [46]. Right panel: ratio of the
‘reaclib’ to ‘talys’ rates. In both panels, colors denote various target nuclei, the shaded
area indicates the Gamow window for the γ-process.

J. Phys. G: Nucl. Part. Phys. 44 (2017) 064006 A Simon et al

8

To show the potential of the self-supported a-Si:He coatings
prepared by our methodology, as a target for experiments of
scattering of exotic beams, a preliminary measurement using a
similar forward geometry and a stable beam of 6Li was
performed. For the 6Li2+ forward scattering experiment, the
self-supported coating was placed on a holder, as shown in
Figure 6c, and bombarded with 6Li2+ ions at 6 MeV. The
experimental setup is schematized in Figure 8a, and the
scattering spectrum measured at 30° is presented in Figure 8b.
Even if the acquisition system and, consequently, the spectrum
can be improved, this preliminary experiment is used here as
proof of concept to demonstrate the fact that the Li ions can
traverse the sample, and the energies of the dispersed Li, or
recoiled ions, are the ones predicted by kinematics. Never-
theless, the results presented here represent a novel approach
for the production of self-supported coatings as solid He targets
by magnetron sputtering. Further experiments with stable
beams are being proposed to improve the quality of the spectra,
and these preliminary studies serve as a verification test of our
self-supported samples for measurements with radioactive
beams.
a-Si:He Thin-Film Solid Target for Experiments of

Elastic Scattering with Stable Beams. The excitation
functions for the direct scattering process He(p,p)He between
110 and 165° are presented in Figure 9 (obtained values are
also presented in Table S1), as obtained from experiments with
our Au/a-Si:He/Si solid He target. Data are compared to the
reported results in the literature at similar angles, using He
targets of different nature.20,21,23−28 The scattering angles in the
cited works are slightly different from those measured in our
work; nevertheless, the data presented in Figure 9 are
compared with published graphs at a similar scattering angle.
In general, our cross-section curves agree well, both in shape

and in absolute values, with the data available in the literature.
As expected, the cross-section maxima are systematically lower
for smaller scattering angles.20

For 165, 150, and 135°, the curves increase swiftly from 0.6
until a broad maximum is reached around an energy of 2.2
MeV, and after this maximum, cross-sections decrease with
increasing energy. Attending to the value of the maximum
resonance, we observe that data at 165° differ by less than 2%
from the data presented by Lu21 at this angle, and by less than
5% in the absolute value between the values obtained by
Miller24 at 164° and the ones presented by Kraus25 at 163°.
The data obtained at 150° are 2% higher than the values
presented by Cai27 at 151° and 10% higher than those by
Kraus25 at 150°. At 135°, our values are 10% higher than the
data obtained by Barnard26 and Kraus25 at 135° but differ by
less than 2% from the values by Freier23 at 140°.
In the case of the data obtained at 110°, between 0.6 and 0.8

MeV, a decrease in the cross-section values is observed with the
increase in energy, followed by a similar behavior of the
previous curves for higher energies. At the cross-section
maxima, the difference is less than 1% compared to data
from Miller24 at 112°.
It is worth pointing out again the different nature of the

targets used, and that the differences found could be due to
instabilities inherent to the nature of the He target used in the
previous measurements as already reported by other authors.20

Even with differences up to 10%, these results point out that
our porous silicon coatings are good candidates to be used a
solid He targets.
Furthermore, it is important to notice the stability of samples

after irradiation. In Figure 10, we can see the spectra of the
sample before and after the experimental measurements
performed with the proton ion beams. The sample was
submitted to a total irradiation fluence of 5 × 1017 particles/
cm2, with a dose rate of 5 × 1012 particles/(cm2 s), and no
significant differences in the He content were observed,
demonstrating once again the high stability of the target
coatings.

■ EXPERIMENTAL SECTION
Preparation and Characterization of Helium-Charged

Silicon Coatings. In this work, the effect of helium deposition
pressure on the formation of closed porosity and He
incorporation was investigated. A 2 inch magnetron gun
(ION’X from Thin Film Consulting, Germany) equipped with
a pure Si target (99.999% purity; KurtJ Lesker), placed at 5 cm
from the sample holder, was used. The He deposition pressure
was changed from 2.7 to 9.0 Pa for a deposition power of 150
W in rf mode. Table 1 shows the deposition conditions
employed in the preparation and the labels of the coatings. The
coatings were deposited on silicon substrates (100) of 525 μm

Figure 7. p-EBS spectrum of the a-Si:He_MP(self-supp.) target.

Table 2. Comparison of He Incorporation vs Contaminants by Magnetron Sputtering (Sample a-Si:He_MP(Self-Supp.) in
Present Work) and He Implantation16,19,36

magnetron sputtering ion implantation

present work Vanderbist et al.19 Raabe et al.16 Ujic et al.32

metal (×1015 atoms/cm2) (Si) 9250 ± 463 (Al) 1100 (Al) 4200 (Al) 1200
He (×1015 atoms/cm2) 4060 ± 203 275 270 130
O (×1015 atoms/cm2) 700 ± 35 60 100 not mentioned
O/He 0.17 0.22 0.37 not mentioned
He/M 0.44 0.25 0.06 0.11
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Several sensitivity studies [5, 6, 7, 8] have 
been performed in order to identify the 
uncertainties caused by the nuclear input in p-
process reaction networks. All studies 
indicated a strong dependence of the final 
abundance distribution of the heavy p-
isotopes on the α-nuclear potential.

The figure on the right (source [8]) shows the 
ratio of the reaction rate using two different 
reaction rate libraries, resulting in remarkable 
differences in the temperature range relevant 
for p-process nucleosynthesis.

The strong dependence is as 
well observed (left figure) in 
the ratio of the calculated α- 
elastic scattering cross 
section on the 144Sm and 
138Sm isotopes at energies 
around the Coulomb barrier 
for some global α-nuclear 
potentials [9,10,11,12]

These films can be used as targets in nuclear reaction experiments to 
measure elastic scattering and determine nuclear optical potentials. This 
provides a clear opportunity to study radioactive nuclei in inverse 
kinematics using state of the art charged particle detection systems, 
covering large solid angle while at the same time allowing precise 
determination of the entrance angle of the particles emerging from the 
reaction process. 

These targets have been used at the 3 MV Tandem accelerator Centro 
Nacional de Aceleradores (CNA) [15], to study the resonance structure in 
the p+4He reaction [14]. Measurements with 28Si and 12C beams on a He 
target have been recently performed at CNA, using a detector 
configuration similar to potential experiments of this kind.

Stoichiometry of the Si-He films and He-content compared to other 
implantation works (adapted from [14])

p-RBS spectrum of the Si-He films [14]

The images show existing experimental setups that could be used as a 
reference to perform these kind of studies. The preparation of first 
benchmark studies is in progress. 
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the astrophysical p-process

The bulk of the heavy nuclei are produced via neutron capture reactions in 
the s- and the r-process [1, 2]. Additional neutron capture process like the 
i-process [3] also significantly contribute to the synthesis of nuclei heavier 
than iron.
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However, there is a small number of nuclei ranging from 74Se till 196Hg, 
which cannot be produced by these neutron capture processes due to the 
presence of stable isomer nuclei with lower atomic number. The 
production of the so-called p-nuclei is mostly thought to happen via the p-
process [4] (sometimes described as γ-process [5]) in the O/Ne layer of 
Supernovae Type II explosions reaching temperatures in the order of     T9 
= 1.5 - 3.5. 
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where m01 is the reduced mass of the projectile and target system, and k is the Boltzmann
constant. The reaction rates used in the study were compiled from two sources: the current
recommended Reaclib v.2 reaction set [23] that includes 81 644 reactions, the second was the
result of the Talys code [26].

The calculations were performed for three sets of reaction rates:

• ‘reaclib’: current recommended rates from the Reaclib data base [23] that includes NON-
SMOKER rates for the heavy nuclei,

• ‘test’: the rates above with all the rates for α-induced reactions (and their inverse)
calculated using the Talys code with inputs identical (or as close as possible) to those of
NON-SMOKER,

• ‘talys’: as above, but with the α optical-model potential replaced by the dispersive model
of Demetriou et al [46].

The difference between the rates from ‘reaclib’ and ‘talys’ sets, for a subset of nuclei, is
shown in figure 3. It should be noted, that at high temperatures (2.5–3.5 GK), where the
heaviest p-nuclei are produced, the reaction rates from the two sets can vary by up to two
orders of magnitude. A similar observation was made for (α,n) reactions on lighter nuclei for
the r-process [43]. Additionally, the shape of the rate function is significantly different
between the two data sets. Scaling the original rate, typical for sensitivity studies, does not
account for this difference in the dependence of the reaction rate as a function of temperature.

5. Network calculations

The calculations utilized the NucNet tools package [53] developed at Clemson University.
The post-processing calculations of the γ-process nucleosynthesis were performed for a 25

Figure 3. Comparison of sample reaction rates for α-capture from the two data sets
used in this study. Left panel: dashed lines indicate rates from the ‘reaclib’ set, solid
lines: rates from the ‘talys’ with a dispersive αOMP from [46]. Right panel: ratio of the
‘reaclib’ to ‘talys’ rates. In both panels, colors denote various target nuclei, the shaded
area indicates the Gamow window for the γ-process.
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To show the potential of the self-supported a-Si:He coatings
prepared by our methodology, as a target for experiments of
scattering of exotic beams, a preliminary measurement using a
similar forward geometry and a stable beam of 6Li was
performed. For the 6Li2+ forward scattering experiment, the
self-supported coating was placed on a holder, as shown in
Figure 6c, and bombarded with 6Li2+ ions at 6 MeV. The
experimental setup is schematized in Figure 8a, and the
scattering spectrum measured at 30° is presented in Figure 8b.
Even if the acquisition system and, consequently, the spectrum
can be improved, this preliminary experiment is used here as
proof of concept to demonstrate the fact that the Li ions can
traverse the sample, and the energies of the dispersed Li, or
recoiled ions, are the ones predicted by kinematics. Never-
theless, the results presented here represent a novel approach
for the production of self-supported coatings as solid He targets
by magnetron sputtering. Further experiments with stable
beams are being proposed to improve the quality of the spectra,
and these preliminary studies serve as a verification test of our
self-supported samples for measurements with radioactive
beams.
a-Si:He Thin-Film Solid Target for Experiments of

Elastic Scattering with Stable Beams. The excitation
functions for the direct scattering process He(p,p)He between
110 and 165° are presented in Figure 9 (obtained values are
also presented in Table S1), as obtained from experiments with
our Au/a-Si:He/Si solid He target. Data are compared to the
reported results in the literature at similar angles, using He
targets of different nature.20,21,23−28 The scattering angles in the
cited works are slightly different from those measured in our
work; nevertheless, the data presented in Figure 9 are
compared with published graphs at a similar scattering angle.
In general, our cross-section curves agree well, both in shape

and in absolute values, with the data available in the literature.
As expected, the cross-section maxima are systematically lower
for smaller scattering angles.20

For 165, 150, and 135°, the curves increase swiftly from 0.6
until a broad maximum is reached around an energy of 2.2
MeV, and after this maximum, cross-sections decrease with
increasing energy. Attending to the value of the maximum
resonance, we observe that data at 165° differ by less than 2%
from the data presented by Lu21 at this angle, and by less than
5% in the absolute value between the values obtained by
Miller24 at 164° and the ones presented by Kraus25 at 163°.
The data obtained at 150° are 2% higher than the values
presented by Cai27 at 151° and 10% higher than those by
Kraus25 at 150°. At 135°, our values are 10% higher than the
data obtained by Barnard26 and Kraus25 at 135° but differ by
less than 2% from the values by Freier23 at 140°.
In the case of the data obtained at 110°, between 0.6 and 0.8

MeV, a decrease in the cross-section values is observed with the
increase in energy, followed by a similar behavior of the
previous curves for higher energies. At the cross-section
maxima, the difference is less than 1% compared to data
from Miller24 at 112°.
It is worth pointing out again the different nature of the

targets used, and that the differences found could be due to
instabilities inherent to the nature of the He target used in the
previous measurements as already reported by other authors.20

Even with differences up to 10%, these results point out that
our porous silicon coatings are good candidates to be used a
solid He targets.
Furthermore, it is important to notice the stability of samples

after irradiation. In Figure 10, we can see the spectra of the
sample before and after the experimental measurements
performed with the proton ion beams. The sample was
submitted to a total irradiation fluence of 5 × 1017 particles/
cm2, with a dose rate of 5 × 1012 particles/(cm2 s), and no
significant differences in the He content were observed,
demonstrating once again the high stability of the target
coatings.

■ EXPERIMENTAL SECTION
Preparation and Characterization of Helium-Charged

Silicon Coatings. In this work, the effect of helium deposition
pressure on the formation of closed porosity and He
incorporation was investigated. A 2 inch magnetron gun
(ION’X from Thin Film Consulting, Germany) equipped with
a pure Si target (99.999% purity; KurtJ Lesker), placed at 5 cm
from the sample holder, was used. The He deposition pressure
was changed from 2.7 to 9.0 Pa for a deposition power of 150
W in rf mode. Table 1 shows the deposition conditions
employed in the preparation and the labels of the coatings. The
coatings were deposited on silicon substrates (100) of 525 μm

Figure 7. p-EBS spectrum of the a-Si:He_MP(self-supp.) target.

Table 2. Comparison of He Incorporation vs Contaminants by Magnetron Sputtering (Sample a-Si:He_MP(Self-Supp.) in
Present Work) and He Implantation16,19,36

magnetron sputtering ion implantation

present work Vanderbist et al.19 Raabe et al.16 Ujic et al.32

metal (×1015 atoms/cm2) (Si) 9250 ± 463 (Al) 1100 (Al) 4200 (Al) 1200
He (×1015 atoms/cm2) 4060 ± 203 275 270 130
O (×1015 atoms/cm2) 700 ± 35 60 100 not mentioned
O/He 0.17 0.22 0.37 not mentioned
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Several sensitivity studies [5, 6, 7, 8] have 
been performed in order to identify the 
uncertainties caused by the nuclear input in p-
process reaction networks. All studies 
indicated a strong dependence of the final 
abundance distribution of the heavy p-
isotopes on the α-nuclear potential.

The figure on the right (source [8]) shows the 
ratio of the reaction rate using two different 
reaction rate libraries, resulting in remarkable 
differences in the temperature range relevant 
for p-process nucleosynthesis.

The strong dependence is as 
well observed (left figure) in 
the ratio of the calculated α- 
elastic scattering cross 
section on the 144Sm and 
138Sm isotopes at energies 
around the Coulomb barrier 
for some global α-nuclear 
potentials [9,10,11,12]

These films can be used as targets in nuclear reaction experiments to 
measure elastic scattering and determine nuclear optical potentials. This 
provides a clear opportunity to study radioactive nuclei in inverse 
kinematics using state of the art charged particle detection systems, 
covering large solid angle while at the same time allowing precise 
determination of the entrance angle of the particles emerging from the 
reaction process. 

These targets have been used at the 3 MV Tandem accelerator Centro 
Nacional de Aceleradores (CNA) [15], to study the resonance structure in 
the p+4He reaction [14]. Measurements with 28Si and 12C beams on a He 
target have been recently performed at CNA, using a detector 
configuration similar to potential experiments of this kind.

Stoichiometry of the Si-He films and He-content compared to other 
implantation works (adapted from [14])

p-RBS spectrum of the Si-He films [14]

The images show existing experimental setups that could be used as a 
reference to perform these kind of studies. The preparation of first 
benchmark studies is in progress. 
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The bulk of the heavy nuclei are produced via neutron capture 
reactions in the s- and the r-process [1, 2]. Additional neutron 
capture process like the i-process [3] also significantly contribute to 
the synthesis of nuclei heavier than iron.

However, there is a small number of nuclei ranging from 74Se till 196Hg, 
which cannot be produced by these neutron capture processes due to the 
presence of stable isomer nuclei with lower atomic number. The 
production of the so-called p-nuclei is mostly thought to happen via the 
p-process [4] (sometimes described as γ-process [5]) in the O/Ne layer 
of Supernovae Type II explosions reaching temperatures in the order of     
T9 = 1.5 - 3.5. 
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where m01 is the reduced mass of the projectile and target system, and k is the Boltzmann
constant. The reaction rates used in the study were compiled from two sources: the current
recommended Reaclib v.2 reaction set [23] that includes 81 644 reactions, the second was the
result of the Talys code [26].

The calculations were performed for three sets of reaction rates:

• ‘reaclib’: current recommended rates from the Reaclib data base [23] that includes NON-
SMOKER rates for the heavy nuclei,

• ‘test’: the rates above with all the rates for α-induced reactions (and their inverse)
calculated using the Talys code with inputs identical (or as close as possible) to those of
NON-SMOKER,

• ‘talys’: as above, but with the α optical-model potential replaced by the dispersive model
of Demetriou et al [46].

The difference between the rates from ‘reaclib’ and ‘talys’ sets, for a subset of nuclei, is
shown in figure 3. It should be noted, that at high temperatures (2.5–3.5 GK), where the
heaviest p-nuclei are produced, the reaction rates from the two sets can vary by up to two
orders of magnitude. A similar observation was made for (α,n) reactions on lighter nuclei for
the r-process [43]. Additionally, the shape of the rate function is significantly different
between the two data sets. Scaling the original rate, typical for sensitivity studies, does not
account for this difference in the dependence of the reaction rate as a function of temperature.

5. Network calculations

The calculations utilized the NucNet tools package [53] developed at Clemson University.
The post-processing calculations of the γ-process nucleosynthesis were performed for a 25

Figure 3. Comparison of sample reaction rates for α-capture from the two data sets
used in this study. Left panel: dashed lines indicate rates from the ‘reaclib’ set, solid
lines: rates from the ‘talys’ with a dispersive αOMP from [46]. Right panel: ratio of the
‘reaclib’ to ‘talys’ rates. In both panels, colors denote various target nuclei, the shaded
area indicates the Gamow window for the γ-process.
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Several sensitivity studies [5, 6, 7, 8] 
have been performed in order to identify 
the uncertainties caused by the nuclear 
input in p-process reaction networks. All 
studies indicated a strong dependence of 
the final abundance distribution of the 
heavy p-isotopes on the α-nuclear 
potential.

The figure on the right (source [8]) 
shows the ratio of the reaction rate using 
two different reaction rate libraries, 
resulting in remarkable differences in 
the temperature range relevant for p-
process nucleosynthesis.

The strong dependence is as 
well observed (left figure) in 
the ratio of the calculated α- 
elastic scattering cross 
section on the 144Sm and 
138Sm isotopes at energies 
around the Coulomb barrier 
for some global α-nuclear 
potentials [9,10,11,12]
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α-elastic scattering in inverse kinematics for 
the astrophysical p-process

The bulk of the heavy nuclei are produced via neutron capture reactions in 
the s- and the r-process [1, 2]. Additional neutron capture process like the 
i-process [3] also significantly contribute to the synthesis of nuclei heavier 
than iron.
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However, there is a small number of nuclei ranging from 74Se till 196Hg, 
which cannot be produced by these neutron capture processes due to the 
presence of stable isomer nuclei with lower atomic number. The 
production of the so-called p-nuclei is mostly thought to happen via the p-
process [4] (sometimes described as γ-process [5]) in the O/Ne layer of 
Supernovae Type II explosions reaching temperatures in the order of     T9 
= 1.5 - 3.5. 
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where m01 is the reduced mass of the projectile and target system, and k is the Boltzmann
constant. The reaction rates used in the study were compiled from two sources: the current
recommended Reaclib v.2 reaction set [23] that includes 81 644 reactions, the second was the
result of the Talys code [26].

The calculations were performed for three sets of reaction rates:

• ‘reaclib’: current recommended rates from the Reaclib data base [23] that includes NON-
SMOKER rates for the heavy nuclei,

• ‘test’: the rates above with all the rates for α-induced reactions (and their inverse)
calculated using the Talys code with inputs identical (or as close as possible) to those of
NON-SMOKER,

• ‘talys’: as above, but with the α optical-model potential replaced by the dispersive model
of Demetriou et al [46].

The difference between the rates from ‘reaclib’ and ‘talys’ sets, for a subset of nuclei, is
shown in figure 3. It should be noted, that at high temperatures (2.5–3.5 GK), where the
heaviest p-nuclei are produced, the reaction rates from the two sets can vary by up to two
orders of magnitude. A similar observation was made for (α,n) reactions on lighter nuclei for
the r-process [43]. Additionally, the shape of the rate function is significantly different
between the two data sets. Scaling the original rate, typical for sensitivity studies, does not
account for this difference in the dependence of the reaction rate as a function of temperature.

5. Network calculations

The calculations utilized the NucNet tools package [53] developed at Clemson University.
The post-processing calculations of the γ-process nucleosynthesis were performed for a 25

Figure 3. Comparison of sample reaction rates for α-capture from the two data sets
used in this study. Left panel: dashed lines indicate rates from the ‘reaclib’ set, solid
lines: rates from the ‘talys’ with a dispersive αOMP from [46]. Right panel: ratio of the
‘reaclib’ to ‘talys’ rates. In both panels, colors denote various target nuclei, the shaded
area indicates the Gamow window for the γ-process.
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To show the potential of the self-supported a-Si:He coatings
prepared by our methodology, as a target for experiments of
scattering of exotic beams, a preliminary measurement using a
similar forward geometry and a stable beam of 6Li was
performed. For the 6Li2+ forward scattering experiment, the
self-supported coating was placed on a holder, as shown in
Figure 6c, and bombarded with 6Li2+ ions at 6 MeV. The
experimental setup is schematized in Figure 8a, and the
scattering spectrum measured at 30° is presented in Figure 8b.
Even if the acquisition system and, consequently, the spectrum
can be improved, this preliminary experiment is used here as
proof of concept to demonstrate the fact that the Li ions can
traverse the sample, and the energies of the dispersed Li, or
recoiled ions, are the ones predicted by kinematics. Never-
theless, the results presented here represent a novel approach
for the production of self-supported coatings as solid He targets
by magnetron sputtering. Further experiments with stable
beams are being proposed to improve the quality of the spectra,
and these preliminary studies serve as a verification test of our
self-supported samples for measurements with radioactive
beams.
a-Si:He Thin-Film Solid Target for Experiments of

Elastic Scattering with Stable Beams. The excitation
functions for the direct scattering process He(p,p)He between
110 and 165° are presented in Figure 9 (obtained values are
also presented in Table S1), as obtained from experiments with
our Au/a-Si:He/Si solid He target. Data are compared to the
reported results in the literature at similar angles, using He
targets of different nature.20,21,23−28 The scattering angles in the
cited works are slightly different from those measured in our
work; nevertheless, the data presented in Figure 9 are
compared with published graphs at a similar scattering angle.
In general, our cross-section curves agree well, both in shape

and in absolute values, with the data available in the literature.
As expected, the cross-section maxima are systematically lower
for smaller scattering angles.20

For 165, 150, and 135°, the curves increase swiftly from 0.6
until a broad maximum is reached around an energy of 2.2
MeV, and after this maximum, cross-sections decrease with
increasing energy. Attending to the value of the maximum
resonance, we observe that data at 165° differ by less than 2%
from the data presented by Lu21 at this angle, and by less than
5% in the absolute value between the values obtained by
Miller24 at 164° and the ones presented by Kraus25 at 163°.
The data obtained at 150° are 2% higher than the values
presented by Cai27 at 151° and 10% higher than those by
Kraus25 at 150°. At 135°, our values are 10% higher than the
data obtained by Barnard26 and Kraus25 at 135° but differ by
less than 2% from the values by Freier23 at 140°.
In the case of the data obtained at 110°, between 0.6 and 0.8

MeV, a decrease in the cross-section values is observed with the
increase in energy, followed by a similar behavior of the
previous curves for higher energies. At the cross-section
maxima, the difference is less than 1% compared to data
from Miller24 at 112°.
It is worth pointing out again the different nature of the

targets used, and that the differences found could be due to
instabilities inherent to the nature of the He target used in the
previous measurements as already reported by other authors.20

Even with differences up to 10%, these results point out that
our porous silicon coatings are good candidates to be used a
solid He targets.
Furthermore, it is important to notice the stability of samples

after irradiation. In Figure 10, we can see the spectra of the
sample before and after the experimental measurements
performed with the proton ion beams. The sample was
submitted to a total irradiation fluence of 5 × 1017 particles/
cm2, with a dose rate of 5 × 1012 particles/(cm2 s), and no
significant differences in the He content were observed,
demonstrating once again the high stability of the target
coatings.

■ EXPERIMENTAL SECTION
Preparation and Characterization of Helium-Charged

Silicon Coatings. In this work, the effect of helium deposition
pressure on the formation of closed porosity and He
incorporation was investigated. A 2 inch magnetron gun
(ION’X from Thin Film Consulting, Germany) equipped with
a pure Si target (99.999% purity; KurtJ Lesker), placed at 5 cm
from the sample holder, was used. The He deposition pressure
was changed from 2.7 to 9.0 Pa for a deposition power of 150
W in rf mode. Table 1 shows the deposition conditions
employed in the preparation and the labels of the coatings. The
coatings were deposited on silicon substrates (100) of 525 μm

Figure 7. p-EBS spectrum of the a-Si:He_MP(self-supp.) target.

Table 2. Comparison of He Incorporation vs Contaminants by Magnetron Sputtering (Sample a-Si:He_MP(Self-Supp.) in
Present Work) and He Implantation16,19,36

magnetron sputtering ion implantation

present work Vanderbist et al.19 Raabe et al.16 Ujic et al.32

metal (×1015 atoms/cm2) (Si) 9250 ± 463 (Al) 1100 (Al) 4200 (Al) 1200
He (×1015 atoms/cm2) 4060 ± 203 275 270 130
O (×1015 atoms/cm2) 700 ± 35 60 100 not mentioned
O/He 0.17 0.22 0.37 not mentioned
He/M 0.44 0.25 0.06 0.11
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Several sensitivity studies [5, 6, 7, 8] have 
been performed in order to identify the 
uncertainties caused by the nuclear input in p-
process reaction networks. All studies 
indicated a strong dependence of the final 
abundance distribution of the heavy p-
isotopes on the α-nuclear potential.

The figure on the right (source [8]) shows the 
ratio of the reaction rate using two different 
reaction rate libraries, resulting in remarkable 
differences in the temperature range relevant 
for p-process nucleosynthesis.

The strong dependence is as 
well observed (left figure) in 
the ratio of the calculated α- 
elastic scattering cross 
section on the 144Sm and 
138Sm isotopes at energies 
around the Coulomb barrier 
for some global α-nuclear 
potentials [9,10,11,12]

These films can be used as targets in nuclear reaction experiments to 
measure elastic scattering and determine nuclear optical potentials. This 
provides a clear opportunity to study radioactive nuclei in inverse 
kinematics using state of the art charged particle detection systems, 
covering large solid angle while at the same time allowing precise 
determination of the entrance angle of the particles emerging from the 
reaction process. 

These targets have been used at the 3 MV Tandem accelerator Centro 
Nacional de Aceleradores (CNA) [15], to study the resonance structure in 
the p+4He reaction [14]. Measurements with 28Si and 12C beams on a He 
target have been recently performed at CNA, using a detector 
configuration similar to potential experiments of this kind.

Stoichiometry of the Si-He films and He-content compared to other 
implantation works (adapted from [14])

p-RBS spectrum of the Si-He films [14]

The images show existing experimental setups that could be used as a 
reference to perform these kind of studies. The preparation of first 
benchmark studies is in progress. 
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He-enriched targets

Recent advances in the technique of magnetron sputtering allowed the 
production of self- supporting films of Si containing large quantities of 4He, 
reaching values around 1018 atoms/cm2 [13, 14].
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These targets have been used at the 3 MV Tandem accelerator Centro 
Nacional de Aceleradores (CNA) [15], to study the resonance structure in the 
p+4He reaction [14]. Measurements with 28Si and 12C beams on a He target 
have been recently performed at CNA, using a detector configuration similar 
to potential experiments of this kind.

Stoichiometry of the Si-He films and He-
content compared to other implantation 

works (adapted from [14])

p-RBS spectrum of the 
Si-He films [14]
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To show the potential of the self-supported a-Si:He coatings
prepared by our methodology, as a target for experiments of
scattering of exotic beams, a preliminary measurement using a
similar forward geometry and a stable beam of 6Li was
performed. For the 6Li2+ forward scattering experiment, the
self-supported coating was placed on a holder, as shown in
Figure 6c, and bombarded with 6Li2+ ions at 6 MeV. The
experimental setup is schematized in Figure 8a, and the
scattering spectrum measured at 30° is presented in Figure 8b.
Even if the acquisition system and, consequently, the spectrum
can be improved, this preliminary experiment is used here as
proof of concept to demonstrate the fact that the Li ions can
traverse the sample, and the energies of the dispersed Li, or
recoiled ions, are the ones predicted by kinematics. Never-
theless, the results presented here represent a novel approach
for the production of self-supported coatings as solid He targets
by magnetron sputtering. Further experiments with stable
beams are being proposed to improve the quality of the spectra,
and these preliminary studies serve as a verification test of our
self-supported samples for measurements with radioactive
beams.
a-Si:He Thin-Film Solid Target for Experiments of

Elastic Scattering with Stable Beams. The excitation
functions for the direct scattering process He(p,p)He between
110 and 165° are presented in Figure 9 (obtained values are
also presented in Table S1), as obtained from experiments with
our Au/a-Si:He/Si solid He target. Data are compared to the
reported results in the literature at similar angles, using He
targets of different nature.20,21,23−28 The scattering angles in the
cited works are slightly different from those measured in our
work; nevertheless, the data presented in Figure 9 are
compared with published graphs at a similar scattering angle.
In general, our cross-section curves agree well, both in shape

and in absolute values, with the data available in the literature.
As expected, the cross-section maxima are systematically lower
for smaller scattering angles.20

For 165, 150, and 135°, the curves increase swiftly from 0.6
until a broad maximum is reached around an energy of 2.2
MeV, and after this maximum, cross-sections decrease with
increasing energy. Attending to the value of the maximum
resonance, we observe that data at 165° differ by less than 2%
from the data presented by Lu21 at this angle, and by less than
5% in the absolute value between the values obtained by
Miller24 at 164° and the ones presented by Kraus25 at 163°.
The data obtained at 150° are 2% higher than the values
presented by Cai27 at 151° and 10% higher than those by
Kraus25 at 150°. At 135°, our values are 10% higher than the
data obtained by Barnard26 and Kraus25 at 135° but differ by
less than 2% from the values by Freier23 at 140°.
In the case of the data obtained at 110°, between 0.6 and 0.8

MeV, a decrease in the cross-section values is observed with the
increase in energy, followed by a similar behavior of the
previous curves for higher energies. At the cross-section
maxima, the difference is less than 1% compared to data
from Miller24 at 112°.
It is worth pointing out again the different nature of the

targets used, and that the differences found could be due to
instabilities inherent to the nature of the He target used in the
previous measurements as already reported by other authors.20

Even with differences up to 10%, these results point out that
our porous silicon coatings are good candidates to be used a
solid He targets.
Furthermore, it is important to notice the stability of samples

after irradiation. In Figure 10, we can see the spectra of the
sample before and after the experimental measurements
performed with the proton ion beams. The sample was
submitted to a total irradiation fluence of 5 × 1017 particles/
cm2, with a dose rate of 5 × 1012 particles/(cm2 s), and no
significant differences in the He content were observed,
demonstrating once again the high stability of the target
coatings.

■ EXPERIMENTAL SECTION
Preparation and Characterization of Helium-Charged

Silicon Coatings. In this work, the effect of helium deposition
pressure on the formation of closed porosity and He
incorporation was investigated. A 2 inch magnetron gun
(ION’X from Thin Film Consulting, Germany) equipped with
a pure Si target (99.999% purity; KurtJ Lesker), placed at 5 cm
from the sample holder, was used. The He deposition pressure
was changed from 2.7 to 9.0 Pa for a deposition power of 150
W in rf mode. Table 1 shows the deposition conditions
employed in the preparation and the labels of the coatings. The
coatings were deposited on silicon substrates (100) of 525 μm

Figure 7. p-EBS spectrum of the a-Si:He_MP(self-supp.) target.

Table 2. Comparison of He Incorporation vs Contaminants by Magnetron Sputtering (Sample a-Si:He_MP(Self-Supp.) in
Present Work) and He Implantation16,19,36

magnetron sputtering ion implantation

present work Vanderbist et al.19 Raabe et al.16 Ujic et al.32

metal (×1015 atoms/cm2) (Si) 9250 ± 463 (Al) 1100 (Al) 4200 (Al) 1200
He (×1015 atoms/cm2) 4060 ± 203 275 270 130
O (×1015 atoms/cm2) 700 ± 35 60 100 not mentioned
O/He 0.17 0.22 0.37 not mentioned
He/M 0.44 0.25 0.06 0.11
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These films can be used as targets in nuclear reaction experiments to 
measure elastic scattering and determine nuclear optical potentials. This 
provides a clear opportunity to study radioactive nuclei in inverse 
kinematics using state of the art charged particle detection systems, covering 
large solid angle while at the same time allowing precise determination of 
the entrance angle of the particles emerging from the reaction process. 

The images show existing experimental setups that could be used as a 
reference to perform these kind of studies. The preparation of first 
benchmark studies is in progress. 

The SHARC array at ISAC-II, TRIUMF MAGIsol detectors at the SEC 
experimental setup at HIE-ISOLDE

Proposed experiments



α-elastic scattering in inverse kinematics for 
the astrophysical p-process

The bulk of the heavy nuclei are produced via neutron capture reactions in 
the s- and the r-process [1, 2]. Additional neutron capture process like the 
i-process [3] also significantly contribute to the synthesis of nuclei heavier 
than iron.
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However, there is a small number of nuclei ranging from 74Se till 196Hg, 
which cannot be produced by these neutron capture processes due to the 
presence of stable isomer nuclei with lower atomic number. The 
production of the so-called p-nuclei is mostly thought to happen via the p-
process [4] (sometimes described as γ-process [5]) in the O/Ne layer of 
Supernovae Type II explosions reaching temperatures in the order of     T9 
= 1.5 - 3.5. 
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where m01 is the reduced mass of the projectile and target system, and k is the Boltzmann
constant. The reaction rates used in the study were compiled from two sources: the current
recommended Reaclib v.2 reaction set [23] that includes 81 644 reactions, the second was the
result of the Talys code [26].

The calculations were performed for three sets of reaction rates:

• ‘reaclib’: current recommended rates from the Reaclib data base [23] that includes NON-
SMOKER rates for the heavy nuclei,

• ‘test’: the rates above with all the rates for α-induced reactions (and their inverse)
calculated using the Talys code with inputs identical (or as close as possible) to those of
NON-SMOKER,

• ‘talys’: as above, but with the α optical-model potential replaced by the dispersive model
of Demetriou et al [46].

The difference between the rates from ‘reaclib’ and ‘talys’ sets, for a subset of nuclei, is
shown in figure 3. It should be noted, that at high temperatures (2.5–3.5 GK), where the
heaviest p-nuclei are produced, the reaction rates from the two sets can vary by up to two
orders of magnitude. A similar observation was made for (α,n) reactions on lighter nuclei for
the r-process [43]. Additionally, the shape of the rate function is significantly different
between the two data sets. Scaling the original rate, typical for sensitivity studies, does not
account for this difference in the dependence of the reaction rate as a function of temperature.

5. Network calculations

The calculations utilized the NucNet tools package [53] developed at Clemson University.
The post-processing calculations of the γ-process nucleosynthesis were performed for a 25

Figure 3. Comparison of sample reaction rates for α-capture from the two data sets
used in this study. Left panel: dashed lines indicate rates from the ‘reaclib’ set, solid
lines: rates from the ‘talys’ with a dispersive αOMP from [46]. Right panel: ratio of the
‘reaclib’ to ‘talys’ rates. In both panels, colors denote various target nuclei, the shaded
area indicates the Gamow window for the γ-process.
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To show the potential of the self-supported a-Si:He coatings
prepared by our methodology, as a target for experiments of
scattering of exotic beams, a preliminary measurement using a
similar forward geometry and a stable beam of 6Li was
performed. For the 6Li2+ forward scattering experiment, the
self-supported coating was placed on a holder, as shown in
Figure 6c, and bombarded with 6Li2+ ions at 6 MeV. The
experimental setup is schematized in Figure 8a, and the
scattering spectrum measured at 30° is presented in Figure 8b.
Even if the acquisition system and, consequently, the spectrum
can be improved, this preliminary experiment is used here as
proof of concept to demonstrate the fact that the Li ions can
traverse the sample, and the energies of the dispersed Li, or
recoiled ions, are the ones predicted by kinematics. Never-
theless, the results presented here represent a novel approach
for the production of self-supported coatings as solid He targets
by magnetron sputtering. Further experiments with stable
beams are being proposed to improve the quality of the spectra,
and these preliminary studies serve as a verification test of our
self-supported samples for measurements with radioactive
beams.
a-Si:He Thin-Film Solid Target for Experiments of

Elastic Scattering with Stable Beams. The excitation
functions for the direct scattering process He(p,p)He between
110 and 165° are presented in Figure 9 (obtained values are
also presented in Table S1), as obtained from experiments with
our Au/a-Si:He/Si solid He target. Data are compared to the
reported results in the literature at similar angles, using He
targets of different nature.20,21,23−28 The scattering angles in the
cited works are slightly different from those measured in our
work; nevertheless, the data presented in Figure 9 are
compared with published graphs at a similar scattering angle.
In general, our cross-section curves agree well, both in shape

and in absolute values, with the data available in the literature.
As expected, the cross-section maxima are systematically lower
for smaller scattering angles.20

For 165, 150, and 135°, the curves increase swiftly from 0.6
until a broad maximum is reached around an energy of 2.2
MeV, and after this maximum, cross-sections decrease with
increasing energy. Attending to the value of the maximum
resonance, we observe that data at 165° differ by less than 2%
from the data presented by Lu21 at this angle, and by less than
5% in the absolute value between the values obtained by
Miller24 at 164° and the ones presented by Kraus25 at 163°.
The data obtained at 150° are 2% higher than the values
presented by Cai27 at 151° and 10% higher than those by
Kraus25 at 150°. At 135°, our values are 10% higher than the
data obtained by Barnard26 and Kraus25 at 135° but differ by
less than 2% from the values by Freier23 at 140°.
In the case of the data obtained at 110°, between 0.6 and 0.8

MeV, a decrease in the cross-section values is observed with the
increase in energy, followed by a similar behavior of the
previous curves for higher energies. At the cross-section
maxima, the difference is less than 1% compared to data
from Miller24 at 112°.
It is worth pointing out again the different nature of the

targets used, and that the differences found could be due to
instabilities inherent to the nature of the He target used in the
previous measurements as already reported by other authors.20

Even with differences up to 10%, these results point out that
our porous silicon coatings are good candidates to be used a
solid He targets.
Furthermore, it is important to notice the stability of samples

after irradiation. In Figure 10, we can see the spectra of the
sample before and after the experimental measurements
performed with the proton ion beams. The sample was
submitted to a total irradiation fluence of 5 × 1017 particles/
cm2, with a dose rate of 5 × 1012 particles/(cm2 s), and no
significant differences in the He content were observed,
demonstrating once again the high stability of the target
coatings.

■ EXPERIMENTAL SECTION
Preparation and Characterization of Helium-Charged

Silicon Coatings. In this work, the effect of helium deposition
pressure on the formation of closed porosity and He
incorporation was investigated. A 2 inch magnetron gun
(ION’X from Thin Film Consulting, Germany) equipped with
a pure Si target (99.999% purity; KurtJ Lesker), placed at 5 cm
from the sample holder, was used. The He deposition pressure
was changed from 2.7 to 9.0 Pa for a deposition power of 150
W in rf mode. Table 1 shows the deposition conditions
employed in the preparation and the labels of the coatings. The
coatings were deposited on silicon substrates (100) of 525 μm

Figure 7. p-EBS spectrum of the a-Si:He_MP(self-supp.) target.

Table 2. Comparison of He Incorporation vs Contaminants by Magnetron Sputtering (Sample a-Si:He_MP(Self-Supp.) in
Present Work) and He Implantation16,19,36

magnetron sputtering ion implantation

present work Vanderbist et al.19 Raabe et al.16 Ujic et al.32

metal (×1015 atoms/cm2) (Si) 9250 ± 463 (Al) 1100 (Al) 4200 (Al) 1200
He (×1015 atoms/cm2) 4060 ± 203 275 270 130
O (×1015 atoms/cm2) 700 ± 35 60 100 not mentioned
O/He 0.17 0.22 0.37 not mentioned
He/M 0.44 0.25 0.06 0.11
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Several sensitivity studies [5, 6, 7, 8] have 
been performed in order to identify the 
uncertainties caused by the nuclear input in p-
process reaction networks. All studies 
indicated a strong dependence of the final 
abundance distribution of the heavy p-
isotopes on the α-nuclear potential.

The figure on the right (source [8]) shows the 
ratio of the reaction rate using two different 
reaction rate libraries, resulting in remarkable 
differences in the temperature range relevant 
for p-process nucleosynthesis.

The strong dependence is as 
well observed (left figure) in 
the ratio of the calculated α- 
elastic scattering cross 
section on the 144Sm and 
138Sm isotopes at energies 
around the Coulomb barrier 
for some global α-nuclear 
potentials [9,10,11,12]

These films can be used as targets in nuclear reaction experiments to 
measure elastic scattering and determine nuclear optical potentials. This 
provides a clear opportunity to study radioactive nuclei in inverse 
kinematics using state of the art charged particle detection systems, 
covering large solid angle while at the same time allowing precise 
determination of the entrance angle of the particles emerging from the 
reaction process. 

These targets have been used at the 3 MV Tandem accelerator Centro 
Nacional de Aceleradores (CNA) [15], to study the resonance structure in 
the p+4He reaction [14]. Measurements with 28Si and 12C beams on a He 
target have been recently performed at CNA, using a detector 
configuration similar to potential experiments of this kind.

Stoichiometry of the Si-He films and He-content compared to other 
implantation works (adapted from [14])

p-RBS spectrum of the Si-He films [14]

The images show existing experimental setups that could be used as a 
reference to perform these kind of studies. The preparation of first 
benchmark studies is in progress. 
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