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The due consideration of the proton OMP anomalies at sub-Coulomb energies for medium weight
nuclei, particularly for nuclei off the stability line, is proved critical for analysis of 59 Cu(p, α)56 Ni
reaction. The cross–section uncertainty bands related to routine HF calculations, and particular
proton OMP parameters off the stability line, respectively, are quite distinct and well separated.
Validation of an α-particle OMP for proton–induced α-emission off the stability line, provided the
above assumption is fulfilled, did a completion of similar data account for Cu stable isotopes at once
with all α-induced reactions on Ni stable isotopes.
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Introduction. First direct measurement of 59 Cu(p, α)56 Ni
reaction cross section at a center-of-mass energy of 6 MeV
[1], of foremost importance to understand the Ni-Cu cycle in the cosmos, has also been essential to test the
validity of the Hauser–Feshbach (HF) statistical model
predictions. It was thus found that all recent alphaparticle optical model potentials (OMPs), beyond only
a marginal influence of the other HF parameters, overestimate the experimental result by a factor of ∼2. Thus,
the rather unique conditions of this measurement make
it a significant reaction modeling challenge on far better terms than ever before. So useful are in this respect
the lower α-emission threshold within compound nucleus
60
Zn compared to also low proton threshold but quite
large one of neutron emission, followed by a real competition of the only inelastic scattering and (p, α) reaction,
while the latter proceeds exclusively to the the ground
state (g.s.) of the double–magic residual nucleus 56 Ni.
On the other hand, an overestimation by more than
a factor of 2 was also found by using an OMP [2] that
has recently been proved able to describe the nucleon–
induced alpha emission in the mass range A∼60 including
(p, α) reaction on 63,65 Cu at similar incident energies [3].
Actually, this OMP was derived from analysis of either
elastic-scattering, which is ruled out below the Coulomb
barrier B, or α-induced reaction data to date. Moreover,
it was validated by the additional reaction data in the
meantime [4, 5] and especially 64 Zn(p, α)61 Cu reaction
cross sections [6] as well as all similar data for Cu stable isotopes [7]. Indeed, it has provided also discrepant
neutron–induced α-emission but concerning an underestimation, namely for Zr isotopes [8]. However, the similar
effect for A∼60 mass range has lately been accounted for
by a distinct mechanism in addition to HF [3].
Model Analysis. Because the OMP [2] was basically involved at once with consistent parameter sets already validated by analysis of other independent data which are

distinct from α-induced reaction or α–emission cross sections, we show hereafter the results of a similar analysis
for 59 Cu(p, α)56 Ni reaction cross section around centerof-mass energy of 6 MeV [1]. Actually the same parameter set already considered within the (p, α) reaction analysis on Cu stable isotopes too, with details given in Sec.
2 of [3] and results shown in related Fig. 13, is consequently used. It has thus been taken into account, in
advance of the HF analysis, the pre-equilibrium emission (PE) as well as the direct interaction (DI) collective
inelastic-scattering within the distorted-wave Born approximation (DWBA) method and deformation parameters of collective states for the odd-even nucleus 59 Co in
Sec. II.B and Table I of Ref. [9]. As expected, this additional DI+PE proton–emission competition triggers only
a minor decrease of the HF cross section of (p, α) reaction
(the upper limit of the higher cross–section uncertainty
band in Fig. 1), i.e. ∼3.7% and 4.5% due to the former
mechanism and both of them (dash-dot-dotted curve in
Fig. 1), respectively, at 6 MeV center-of-mass energy.
Similarly to the DI+PE consideration only for completion, the corresponding back-shifted Fermi gas (BSFG)
[13] nuclear level density (NLD) parameters are given in
Table I, in addition to those within Ref. [3]. A first
note should concern particularly the larger number of

TABLE I: Low-lying levels number Nd up to excitation Ed∗ [10]
used in HF calculations, and Ndf it (Ed∗ ) (with uncertainty in
units of last digit), fitted to obtain g.s. shift ∆, with average
[11] LD parameter a, and a spin cutoff factor for a variable
moment of inertia [12] between half and 75% of the rigid-body
value, from g.s. to S, and reduced radius r0 =1.25 fm.
Nucleus Nd
56

Ni
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59
Zn
60
Zn
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Ndf it
Ed∗
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(MeV)
(MeV) (MeV−1 )
5.353
3.758
1.397
3.972

9
38(2)
3
12(2)
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3.758
0.894
3.972

∆
(MeV)

5.5
2.34
6.3(5) -0.23(-/+32)
6.6
-0.75
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FIG. 1: (Color online) Comparison of 59 Cu(p, α)56 Ni reaction cross sections measured [1], TENDL evaluated [15] (⋆)
and TALYS default–calculated values [16] (dotted curve), as
well as results of using the α-particle OMP of Ref. [2] and proton OMP of (i) Koning and Delaroche [17] (dash-dot-dotted
curve), (ii) Saini et al. [18] (dash-dotted curve), (iii) also using
the (N − Z)/A dependence of the real–potential depth and
surface–imaginary potential diffuseness (dashed curve), and
(iv) the anomalous imaginary–potential depth either limits of
1–2 MeV [19] (lower cross-section uncertainty band) or (v)
the energy dependence W (E) of Ref. [20] for A=59 (solid
curve). Results of alternate use of the α-particle OMP [21]
(short-dotted curve curve) in the last case, and no DI+PE
consideration in the first case (upper limit of the uncertainty
band around the dash-dot-dotted curve) are also shown.

the low–lying levels in an assumed complete scheme [14]
of the target nucleus 59 Cu contributes to changes below
0.2% of the calculated (p, α) reaction cross section at the
center-of-mass energy of 6 MeV, for the whole range of
NLD parameters of this nucleus. Similar changes are
corresponding to the whole range of NLD parameters for
compound nucleus 60 Zn, the related (p, γ) reaction cross
sections being by more than two orders of magnitude
smaller than the (p, α) reaction cross section. Lastly,
even the level scheme above the 2.701 MeV first excited
state of the residual double–magic nucleus 56 Ni does not
matter, the feeding of this state being only ∼4.4% of calculated (p, α) reaction cross section while the rest goes to
g.s., in close agreement with experimental evidence [1].
Within the above discussion the nucleon optical potential of Koning and Delaroche [17] was involved as a
first option of actual model analyses [1, 3, 4, 16]. The
consistent parameter set established using independently
measured data as proton reaction σR and (p, n) reaction
cross sections [4], and validated by analysis of (p, γ) and
even (p, α) reaction cross sections [3, 4] proved however
a local OMP of Saini et al. [18] as a better option for Cu

stable isotopes. Replacing the global Koning–Delaroche
global proton OMP by this local potential provides, for
the case of proton–reach 59 Cu target nucleus, a decrease
of the (p, α) reaction cross section of ∼6% at 6 MeV
center-of-mass energy. One may consider thus a cross–
section uncertainty band shown in Fig. 1 between the upper calculated results without DI+PE account and lower
ones corresponding to the local proton OMP [18], with
a width of ∼10% at 6 MeV center-of-mass energy. The
overestimation by more than a factor of 2, provided basically by the alpha-particle OMP [2], is thus only slightly
reduced and needs additional inquiry.
An increased attention should be given however to
the well–known anomalies of the proton OMP at subCoulomb energies for medium weight nuclei thoroughly
proved by Kailas et al. [19] within their global potential between 4 and 180 MeV. Actually this potential was
considered by Saini et al. as the starting point of the
local OMP established by fit of (p, n) reaction cross sections for the target nucleus 65 Cu up to an incident energy of ∼4 MeV. On the other hand, only the energy
dependence of the real–potential depth V [19] was kept
within this local potential while constant values were derived for the rest of OMP parameters. Therefore, in
order to apply this potential in data analysis for 59 Cu
nucleus off the stability line, we replace the parameters
V =55.5 − 0.85E MeV and surface–imaginary potential
diffuseness aD =0.57 fm with the usual dependences [19]:
V =49.7 + 27(N − Z)/A + 0.4Z/A1/3 − 0.85E MeV and
aD =0.495+0.7(N-Z)/A fm. Thus it results an additional
decrease of the (p, α) reaction cross section of ∼13% at 6
MeV center-of-mass energy (Fig. 1), which is larger than
the whole above–mentioned uncertainty band but still
not enough to approach the measured value.
Moreover, beyond the routine form of the isoscalar
and isovector real–potential components, there is also an
anomalous behavior of the surface–imaginary potential
depth as a function of A. There is thus a minimum at
A∼61 which is followed by a steep increase in just several
mass units (Fig. 2 of [19]). While the constant W =4.1
MeV of Ref. [18] is close to systematics in Fig. 2 of [19]
for A=65, values between 1–2 MeV are consequently suggested for A=59. The (p, α) reaction cross sections corresponding to these limits provide now a cross–section
uncertainty band in close agreement with experimental
value at 6 MeV center-of-mass energy (Fig. 1).
An alternate trial may consist in check of the
imaginary–potential depth energy dependence found earlier by usual analysis of (p, n) reaction cross sections for
the target nucleus 59 Co up to an incident energy of ∼5
MeV [20]. By using the same potential geometry, the
form W =3.5 − 0.3E MeV was found, which seems to be
in good agreement with the present measurement as well
(Fig. 1). An interesting comparison may concern the two
distinct cross–section uncertainty bands in Fig. 1, with
the upper one related to routine HF calculations, and
the lower for particular proton OMP parameters off the
stability line. It may provide a hint of consistent model–

3
parameters importance for nuclei off the stability line.
On the other hand, the replacement of the α-particle
OMP of Ref. [2] with an earlier one [21] provides results somehow in between the two uncertainty bands
(Fig. 1). Nonetheless one must note the much simpler
way in which this OMP was obtained indeed particularly
for α-emission, i.e. by extrapolation to low energies of an
OMP [22] well suited at higher energies and so without
the critical ambiguities. Therefore, it can not face the
recent OMP [2] provided that this is able to account also
for α-emission.
Conclusions. The outcome of this letter could be summarized as follows. (i) The due consideration of the proton OMP anomalies at sub-Coulomb energies for medium
weight nuclei, particularly for nuclei off the stability line,
is critical for analysis of 59 Cu(p, α)56 Ni reaction. (ii)

The cross–section uncertainty bands related to routine
HF calculations, and particular proton OMP parameters
off the stability line, respectively, are quite distinct and
well separated. (iii) Validation of the α-particle OMP [2]
for proton–induced α-emission off the stability line, provided the above assumption is fulfilled, did a completion
of similar data account for Cu stable isotopes [3] at once
with all α-induced reactions on Ni stable isotopes [4].
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