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Astrophysical p-process

Proposed experiment:

Elastic α scattering in inverse kinematics  
on exotic 108,110Sn, and stable 112Sn 

Motivation:

Uncertainties related to α nuclear potentials

Innovative use of thin helium targets

Results of the Test Experiment at INFN/LNS
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Sensitivity studies of p-process nucleosynthesis point 
out the strong dependence of the α-nuclear potential 

in the production of heavy p-nuclei

W. J. Rapp et al., Astrophys. J 653, 474 (2006) 

the reaction flux is dominated by (!,n) reactions, which drive the
initial seed abundance distribution toward the neutron-deficient
side of the line of stability. After the shock front passed, the pro-
duced radioactive isotopes decay back to the line of stability. Only
minor changes are anticipated for the overall abundance distribu-
tion in this mass range. Aside from the (!,n) reactions a few (!,")
reactions can be observed processing neutron-deficient isotopes in
the Hf to Pt range toward lower masses. At these temperatures the
production of 162Er and 184Os (Fig. 10) is limited to the (!,n) re-
actions along the Z ¼ 68 and 76 isotope chains, respectively. In
the case of 164Er, no feeding through 168Yb(!,")164Er seems to be
taking place. The p-contribution to 152Gd depends on the (!,n)
reactions along the Z ¼ 64 isotope chain but is further depleted

through 152Gd(!,")148Sm. The N ¼ 82 closed-shell isotope
144Sm is mainly fed by 148Gd(!,")144Sm reactions.

In this mass layer the time-integrated flux between theN ¼ 82
and Z ¼ 50 closed shells is again dominated by (!,n) reactions
subsequently balanced by inverse (n,!) neutron-capture reac-
tions as shown in Figure 9. Therefore, the abundance distribution
changes only along the isotopic chain. Both (!,p) and (!,")
reactions are negligible. The p-nuclei in this mass range are not
affected by the reaction fluxwith two exceptions, 138La and 138Ce.
This pattern continues also toward lower masses down to theN ¼
50 neutron closed shell. The (!,n) reactionflux associatedwith the
92,94Mo and 96,98Ru nuclei is negligible because of the high neu-
tron binding energies. These results suggest that the p-process

Fig. 5.—Integrated reaction flux during the first second of a Type II SN explosion in the Ne/O layer with a maximal temperature of T9 ¼ 2:96. The reaction flux
is indicated by the line thickness (thick solid line: >10"10; solid line: >10"11’ dashed line: >10"12).

SENSITIVITY OF NUCLEOSYNTHESIS TO REACTION RATES 479No. 1, 2006

N

Z
(ɣ,α) reactions involved 

in the path

<σ𝝼>(ɣ,α) depend on the 
α-nuclear potential
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ELASTIC α SCATTERING ON 112Sn AND 124Sn AT ASTROPHYSICALLY . . . PHYSICAL REVIEW C 71, 065802 (2005)
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FIG. 3. (Color online) Ratio of the measured scattering cross
sections of 112Sn(α,α)112Sn at 14.4 MeV (lower diagram) and
19.5 MeV (middle) and 124Sn(α, α)124Sn at 19.5 MeV (upper) to the
Rutherford cross section. The predictions from the global α-nucleus
potentials from [22] (short dashed line), potential I from [23] (short
dash-dotted line), [24] (long dashed line), and [25] (long dash-dotted
line) are also shown. The overlap of the lines, mainly at forward
angles, complicates their distinction. Note the logarithmic scale for
the upper and middle diagrams (Eα = 19.5 MeV) and the linear scale
for the lower diagram (Eα = 14.4 MeV).

III. OPTICAL MODEL ANALYSIS

A. Angular distributions: comparison to theory

The theoretical analysis of the angular distributions is per-
formed within the OM framework. The elastic scattering cross
section can be calculated from the Schrödinger equation with
the complex nuclear potential U (r) given by the following:

U (r) = VC(r) + V (r) + iW (r), (1)

with the Coulomb potential VC(r), the real part V (r), and the
imaginary part W (r) of the nuclear potential.

The calculated differential cross sections for four different
global α-nucleus potentials are also presented in Fig. 3. The
four-parameter Woods-Saxon potential from McFadden and
Satchler [22] provides a rough description of the experimental
data, overestimating the cross section in all three cases for
backward angles. Potential I from Demetriou et al. [23]
presents a good reproduction of the measured angular dis-
tributions, with a slight overestimation of the scattering cross
sections at backward angles for the reaction 112Sn(α,α)112Sn
at Eα = 19.5 MeV. This potential, based on a double folding
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FIG. 4. (Color online) Ratio of the scattering cross sections
(σ/σRuth)112Sn/(σ/σRuth)124Sn at Eα = 19.5 MeV versus the angle in
the center-of-mass (c.m.) frame. The predictions of the considered
global α-nucleus potentials are also shown. Minor differences for the
c.m. angle (below 0.2◦) in the transformation to c.m. angles because
of the different masses of 112Sn and 124Sn are neglected.

parametrization in its real part and a volume Woods-Saxon
potential in its imaginary part, provides a good description of
previous (α,α), (α, n), and (α, γ ) cross section data.

The potential of Avrigeanu et al. [24], resulting from
the investigation of α scattering data at energies around the
Coulomb barrier for A ≈ 100 nuclei, is also compared to
the measured angular distributions. The potential is consistent
with the experimental data, although the corresponding cross
section presents a diffraction pattern at backward angles that
is not observed in the measured data. Finally, the potential
presented by Fröhlich and Rauscher [25] overestimates the
cross section in all cases. This potential is an expansion of
the McFadden and Satchler’s potential to include (α, n) and
(α, γ ) cross section data at energies close to the astrophysically
relevant region.

The depiction of the scattering cross section given by the
different global potentials (Fig. 3) makes very difficult to
state which potential provides the correct description of the
experimental data. A global α-nucleus potential must be able
to describe the scattering cross section data along an isotopic
chain to demonstrate its reliability when extrapolating to un-
stable nuclei of interest for astrophysical applications. Despite
the striking qualitative similarities, the elastic scattering cross
sections of 112Sn and 124Sn at Eα = 19.5 MeV differ by roughly
30% at very backward angles. In Fig. 4, which shows the ratio
of the two cross sections (divided by the Rutherford cross
section) as a function of angle, all global α-nucleus potentials
of [22–25] fail to reproduce either the strength or the oscillation
pattern for backward angles. Thus, the use of these potentials
in the extrapolation to more proton-rich species (of interest in
p process nucleosynthesis) should be questioned.

The following section studies the angular distributions,
extracting a local optical potential from the experimental data
available.

B. Angular distributions: present experiment

In the present analysis, the real part of the potential is
derived from a double-folding procedure with two adjustable

065802-3

Mass dependence in stable Sn isotopes

D. Galaviz et al., Phys. Rev. C 71, 065802 (2005) 
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Development of He solid targets for nuclear reaction experiments
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Motivation: Sensitivity of heavy p-nuclei production 
to α nuclear potentials

Goal: Determine α nuclear potentials on heavy  
unstable isotopes

Opportunity: Innovative use of new thin helium targets in 
scattering experiments in inverse kinematics

Proposal at ISOLDE: Measurement of α nuclear potentials 
for the first time on exotic nuclei  

at energies around the Coulomb barrier
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Developed in the framework of an stable beam experiment 
proposed at the CT2000 scattering chamber

Performed at INFN/LNS

58Ni
α 1 Photodiode

1PiPS

1 ΔE-E
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Developed in the framework of an stable beam experiment 
proposed at the CT2000 scattering chamber

Performed at INFN/LNS
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Measurement of the 4He(ASn,α)ASn elastic scattering 
cross section in inverse kinematics  

at energies close to the Coulomb barrier

D. Galaviz et al., Phys. Rev. C 71, 065802 (2005) 

Benchmark data with new approach Analyse mass dependence
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 Measurement of the 4He(ASn,α)ASn reaction same Ecm: 
mass dependance of α nuclear potentialsELASTIC α SCATTERING ON 112Sn AND 124Sn AT ASTROPHYSICALLY . . . PHYSICAL REVIEW C 71, 065802 (2005)
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FIG. 3. (Color online) Ratio of the measured scattering cross
sections of 112Sn(α,α)112Sn at 14.4 MeV (lower diagram) and
19.5 MeV (middle) and 124Sn(α, α)124Sn at 19.5 MeV (upper) to the
Rutherford cross section. The predictions from the global α-nucleus
potentials from [22] (short dashed line), potential I from [23] (short
dash-dotted line), [24] (long dashed line), and [25] (long dash-dotted
line) are also shown. The overlap of the lines, mainly at forward
angles, complicates their distinction. Note the logarithmic scale for
the upper and middle diagrams (Eα = 19.5 MeV) and the linear scale
for the lower diagram (Eα = 14.4 MeV).

III. OPTICAL MODEL ANALYSIS

A. Angular distributions: comparison to theory

The theoretical analysis of the angular distributions is per-
formed within the OM framework. The elastic scattering cross
section can be calculated from the Schrödinger equation with
the complex nuclear potential U (r) given by the following:

U (r) = VC(r) + V (r) + iW (r), (1)

with the Coulomb potential VC(r), the real part V (r), and the
imaginary part W (r) of the nuclear potential.

The calculated differential cross sections for four different
global α-nucleus potentials are also presented in Fig. 3. The
four-parameter Woods-Saxon potential from McFadden and
Satchler [22] provides a rough description of the experimental
data, overestimating the cross section in all three cases for
backward angles. Potential I from Demetriou et al. [23]
presents a good reproduction of the measured angular dis-
tributions, with a slight overestimation of the scattering cross
sections at backward angles for the reaction 112Sn(α,α)112Sn
at Eα = 19.5 MeV. This potential, based on a double folding
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FIG. 4. (Color online) Ratio of the scattering cross sections
(σ/σRuth)112Sn/(σ/σRuth)124Sn at Eα = 19.5 MeV versus the angle in
the center-of-mass (c.m.) frame. The predictions of the considered
global α-nucleus potentials are also shown. Minor differences for the
c.m. angle (below 0.2◦) in the transformation to c.m. angles because
of the different masses of 112Sn and 124Sn are neglected.

parametrization in its real part and a volume Woods-Saxon
potential in its imaginary part, provides a good description of
previous (α,α), (α, n), and (α, γ ) cross section data.

The potential of Avrigeanu et al. [24], resulting from
the investigation of α scattering data at energies around the
Coulomb barrier for A ≈ 100 nuclei, is also compared to
the measured angular distributions. The potential is consistent
with the experimental data, although the corresponding cross
section presents a diffraction pattern at backward angles that
is not observed in the measured data. Finally, the potential
presented by Fröhlich and Rauscher [25] overestimates the
cross section in all cases. This potential is an expansion of
the McFadden and Satchler’s potential to include (α, n) and
(α, γ ) cross section data at energies close to the astrophysically
relevant region.

The depiction of the scattering cross section given by the
different global potentials (Fig. 3) makes very difficult to
state which potential provides the correct description of the
experimental data. A global α-nucleus potential must be able
to describe the scattering cross section data along an isotopic
chain to demonstrate its reliability when extrapolating to un-
stable nuclei of interest for astrophysical applications. Despite
the striking qualitative similarities, the elastic scattering cross
sections of 112Sn and 124Sn at Eα = 19.5 MeV differ by roughly
30% at very backward angles. In Fig. 4, which shows the ratio
of the two cross sections (divided by the Rutherford cross
section) as a function of angle, all global α-nucleus potentials
of [22–25] fail to reproduce either the strength or the oscillation
pattern for backward angles. Thus, the use of these potentials
in the extrapolation to more proton-rich species (of interest in
p process nucleosynthesis) should be questioned.

The following section studies the angular distributions,
extracting a local optical potential from the experimental data
available.

B. Angular distributions: present experiment

In the present analysis, the real part of the potential is
derived from a double-folding procedure with two adjustable

065802-3

D. Galaviz et al., Phys. Rev. C 71, 
065802 (2005) 
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 Measurement of the 4He(ASn,α)ASn reaction same Ecm: 
mass dependance of α nuclear potentials
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SEC @ XT3
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Beam E(MeV/u) Intensity (pps) Shifts

112Sn 4.9 5 x 107 3

110Sn 4.9 5 x 107 5

108Sn 4.9 5 x 106 15

Calibration and electronics, beam 
changes 3

Total RIB: 20 Shifts
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 This proposal is part of a development series:

 Follow up:

Measurements on heavier unstable isotopes

Analyse the impact on p-process network calculations

Targets developed and characterized in SSF: CNA- Seville

Benchmark measurement at a LSF: LNS-Catania

Experiment using unstable isotopes in RIB: HIE-ISOLDE
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Thank you!
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ɲ-scattering on unstable proton-rich tin isotopes in inverse kinematics for the astrophysical p-process 
CDS# Proposal # IS # Setup Shifts Isotopes 

CERN-INTC-2021-031 INTC-P-602  SEC (XT03) 23 110Sn; 108sn 
Beam intensity/purity, 

targets-ion sources 
The discussed yields have been recently measured have been delivered on more than one occasion.   

HIE-ISOLDE  
The requested isotopes have all been delivered before. The energy of 4.9MeV/u is not problematic.  
 
The beams are quite high in intensity and may produce prompt radiation problems.  

General implantation and 
setup 

 

General Comments  
Safety ISIEC to be provided and Electrical inspection to be performed before start of the experiment. 

TAC recommendation The TAC does not see any serious issues with this proposal.  
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Detector Distance
(mm)

Δ𝟅lab (º) Strip Rate 

(counts/s)
Strip Rate 

(counts/pulse)
Prompt Strip Rate 

(counts/s)

A 70 15º - 55º 6.5 0.55 550

B 140 45º - 65º 5.6 0.46 465

C 140 60º - 80º 24.9 2.1 2.1 x 103

Imax (112Sn) = 5 x 107 pps 
Rate= 12 Hz rate 
Δtpulse =1 ms
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Stability if the targets

Ø Temperature

Ø Radiation

Ø Aging
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through (!,") reactions in the mass zones with lower peak
temperatures (Fig. 11).

We have focused so far on global changes of reaction rates.
In what follows we discuss the impact of reactions feeding or
depleting only the p-nuclei in order to determine how critical
these reactions are for the overall abundance predictions.

4.2. Impact of Rates for p-Nuclei Reactions

Similar to the previous discussion, the rates directly feeding or
depleting the p-nuclei were changed by factors of 3 to see if the

calculated p-process abundances are determined by the global
reaction flux or if they are associated with these specific reac-
tions. This will have consequences for the identification of re-
actions to be selected for further experimental studies.
Changing the neutron capture rates and the respective photo-

dissociation rates into the neutron channel by a factor of 3 pro-
duced only negligible changes in the resulting p-abundances
compared with the results of the global rate changes. In partic-
ular, the change of (n,!) rates on the p-nuclei showed almost no
influence while the change of the (!,n) reactions showed mainly
a slight sensitivity between 80 < A < 160. Since (!,n) photo-
disintegration processes provide the main feeding path for the
transformation of the initial seed nuclei toward neutron-deficient
isotopes, no specific outstanding reactions could be identified in
this analysis, because the p-process reactionflowproceeds through
neutron-deficient nuclei several mass units away from stabil-
ity. With increasing neutron separation energy the (!,n) reaction
rates decline rapidly, and the reaction flow is carried by (!,p) and
(!,") channels. It is important to identify these branching points
that determine the overall p-process reaction flow pattern to-
ward lowermasses. The branching points are clearly temperature
dependent and differ between the different burning zones. The
highest sensitivity appears to be correlated with (!,n) reactions

Fig. 10.—Ratio of p-abundances calculated with modified rates and the cur-
rently accepted HF rates for all (a) n-induced, (b) p-induced, and (c) "-induced
reactions and their inverse processes. Squares and crosses denote results obtained
with rates 3 times smaller and larger, respectively.

Fig. 11.—Overproduction factors for selected p-nuclei ( 96Ru, 98Ru, 112Sn,
138La, 144Sm, 162Er, and 184Os) as a function of temperature, indicating the pro-
duction efficiency in the different p-process zones.

Fig. 12.—Same as Fig. 10c, but with the (!,") rates modified by factors of
0.1 (solid line) and 10 (dashed line).
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Figure 4. Overproduction factors for 35 p-nuclei obtained from post-processing
calculations of 25M! SNII. Crosses indicate data extracted from Rapp et al, open
circles and full circles indicate results from NucNet tools code using the same
temperature and density trajectories and seed nuclei as Rapp et al, but with Reaclib
2.0 and Talys reaction rates, respectively (see text for details). Solid triangles are the
results of the test calculations.
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Figure 5. Ratios of the overproduction factors from various calculations are given
in the remaining panels. The dotted lines indicate a factor of three range, typically
assumed as an uncertainty in this type of calculations.

Page 12 of 18AUTHOR SUBMITTED MANUSCRIPT - JPhysG-101544.R3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Sensitivity studies of p-process nucleosynthesis point 
out the strong dependence of the α-nuclear potential 

in the production of heavy p-nuclei

W. J. Rapp et al., Astrophys. J 653, 474 (2006) A. Simon et al., J Phys. G: Nucl. Part. Phys. 44, 064006 (2017) 
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