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This paper reports on the results of (n,n’'y) and (p, p'y) cross section measurements on nickel performed
at the Geel Electron Linear Accelerator of the European Commission, Joint Research Centre (Geel) and
at the 9-MV Tandem Accelerator of Horia Hulubei National Institute for Physics and Nuclear Engineering
(Bucharest-Magurele), respectively. The main goal was to reliably measure with small uncertainty the most
intense transitions arising from the inelastic channel. Comparisons are performed between the extracted results,
nuclear reaction model calculations using default parameter values, and previously reported measurements, if
available. The broader goal of this paper is related to our study on the possibility of inferring neutron inelastic
cross sections from the proton-induced ones, in this case for **Ni. We show that—by making use of the Lane
consistency of the nucleon optical model potential and of the constraints offered by the proton data—one can
extract a neutron-target potential that better describes the experimental data, as compared to the calculation with
default neutron parameters. We also discuss relevant issues and still open questions of our calculations along

with future plans for mitigation.
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I. INTRODUCTION

Fossil-fuels-based energy production poses long term
important ecological threats. Hence, for a sustainable develop-
ment of our society, we need to progressively replace this type
of energy production with improved, ideally far less polluting,
technologies. Nuclear energy represents one such option if the
current nuclear facilities are upgraded in terms of safety, eco-
nomic efficiency/costs, availability of the nuclear fuel, danger
of proliferation, etc. Within this context, there is an ongoing
effort to develop new types of nuclear facilities: small modular
reactors, generation IV fast reactors, accelerator driven sys-
tems (ADS), and others [1-8]. Such facilities will be able to
burn much more abundant nuclear fuels (such as 2*U) while
recycling part of the minor actinides resulting from neutron
capture and/or decay of the primary fission products. From a
practical point of view, measuring the neutron inelastic chan-
nel is motivated by the request of very precise and reliable
cross section data for the development of these facilities. The
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precision required by the nuclear applications, typically under
5%, poses serious experimental difficulties. On the other hand,
such precisely measured reaction observables can also be used
for placing important constraints on both the nuclear reaction
and structure models, leading to their improvement.

Inelastic scattering is the main neutron slowing down
mechanism inside a reactor contributing to its reactivity. Con-
sequently, this reaction plays an important role in reactor
criticality, neutron transport, shielding, and other issues. It
is therefore important to provide good quality inelastic cross
sections in a large incident energy range (from the threshold
up to around 20 MeV) for all the target nuclei of interest
for the scientific community. This paper studies the nucleon
inelastic channel on nickel, which is one of the components
of heat- and corrosion-resistant Fe-Cr-Ni steel, a frequently
used structural material in all nuclear facilities including the
sodium-cooled fast reactors and the ADS facilities [1-8].
Natural nickel has five stable isotopes with **Ni [68.077(6)%]
being the most abundant followed by ®°Ni [26.223(5)%], ®*Ni
[3.634(1)%], ®'Ni [1.139(4)%], and **Ni [0.926(6)%] [9].

Our primary goal was to measure the y-production cross
sections of the most intense transitions. The extracted results
are compared with previous experimental values, taken from
the EXFOR (Exchange Format) database [10] and summarized
in Table I, for the neutron experiment. For the neutron-induced
transitions reported in the present paper, only the authors of
Refs. [15,19] measured cross sections in an extended incident
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TABLE I. Previously reported neutron-induced inelastic y-production cross sections on nickel isotopes.

Reference Year Sample E, range Detectors EXFOR entry
(MeV)

Bazavov et al. [11] 1971 BNi 1.9-3.0 GelLi 40736
Broder et al. [12] 1964 38.60Nj 1.3-4.1 Nal 40139
Konobeevskii et al. [13] 1972 38,60Nj 1.3-1.6 GeLi 40096
Tessler and Glickstein [14] 1975 ONj 3.4-5.4 GeLi 10439
Voss et al. [15] 1978 860N 1.3-13.5 GeLi 20744
Nishimura et al. [16] 1965 38,60.64Nj 0.3-2.6 Nal

Traiforos et al. [17] 1979 38,60.62,64 N7 1.5-4 GelLi

Breunlich et al. [18] 1971 38.60N;j 14.4 GeLi 21286
Fotiades et al. [19] 1979 ONj 1-250 GEANIE spectrometer 14359

energy range. Hence, we will mainly focus on the compar-
ison between our results and those of Voss et al. [15] and
Fotiades et al. [19]. For the proton experiment, there are no
angle-integrated y-production cross section data in an ex-
tended incident energy range on **Ni reported in the literature
[10]. In the present paper we measured proton-induced cross
sections for the first transition from 4 to 17 MeV with very
small incident energy steps (25 keV). This allowed us to map
out the CN resonances in >°Cu. For the secondary transi-
tions we report cross section points, with 1-MeV steps, up to
17 MeV (see Sec. IV).

Apart from measuring reliable and precise nucleon-
induced inelastic cross sections, this paper also has a
secondary, more exploratory, goal: to concomitantly investi-
gate the neutron and the proton inelastic cross sections on the
same nucleus with the purpose of finding a procedure able to
relate the two quantities. The present investigation, dedicated
to %Ni, is a direct continuation of our previous studies on
160 and 28Si [20-22]. The first study, dedicated to 28Si [20],
involved exploring an idea inspired by the surrogate-reactions
method [23]. More precisely, Ref. [20] studied the possibil-
ity of inferring the neutron-induced inelastic y-production
cross sections on 28Si from those extracted measuring the
BMg(er, n) 2Si reaction. The two reactions proceed through
the same CN and have identical exit channels. Hence, in
a naive interpretation of the Bohr hypothesis for the CN
reactions [24], one could expect similar inelastic cross sec-
tions in the two cases. The main conclusion of Ref. [20]
was however that, even though the two cross sections have
proportional values at relatively high incident energies where
the Coulomb-barrier effects are small, a direct comparison
yields differences as large as 80%. This can be understood
considering the relatively big differences between the opti-
cal model potentials (OMPs) describing the (n, 23Si) versus
(ar, Mg) projectile-target combinations, such as no Coulomb
term for the incident neutron, different projectile and ground
state spins of the two targets, and, hence, relatively large
differences between the total angular momentum populated
in the CN.

Numerous studies were performed within the surrogate
approach [23,25-31] yielding encouraging results in a few
particular cases: neutron capture, fission, and, recently, also
the (n, p) channel [32]. The surrogate method generates the
nucleus of interest that undergoes fission or y decay through

a direct reaction induced by a high-energy charged particle.
Even though our approach is different than the surrogate
method, the broader goal of the present paper is somewhat
similar: to find a general procedure able to infer the neutron in-
elastic cross sections of interest from charged particle-induced
reactions.

In our previous studies [21,22] mentioned above, in order
to increase the similarities between the projectile OMPs, we
made use of the isospin symmetry in mirror nuclei by employ-
ing N = Z targets. More precisely, we measured neutron- and
proton-induced inelastic reactions on '°0Q and 28Si [21,22].
Isospin symmetry generates well-known structural similarities
between mirror nuclei. This fact, coupled with the great for-
mal and parametrization similarities between the neutron and
proton OMPs on the same target, generates comparable (or
even proportional) inelastic y-production cross sections [22].
Starting from the experimental proton-induced inelastic data
and following the procedure described in Ref. [22], we
showed that it is possible to relate (with around 10% pre-
cision) the neutron and proton inelastic channels on '°Q
and *Si.

In the present paper we use Lane-consistent neutron and
proton OMPs [33-35]. For the two nucleons, this type of
potential has a formally identical Lane term, which is pro-
portional to (N — Z)/A, but with a different sign [22,35]. This
term is zero in case of '°0 and 28Si. The present study on *Ni
has therefore a twofold purpose: to further improve on the
issues of the procedure described in Ref. [22] aiming to relate
the proton and neutron inelastic channels and to investigate
the effects on this procedure of a nonzero Lane term [33,34].
Because ®Ni has two extra neutrons as compared to protons,
the two compound nuclei *Ni and *Cu through which the
neutron- and proton-induced reactions proceed are not mir-
ror nuclei anymore. This fact could generate larger nuclear
structure-related differences between the neutron and proton
reactions. Section V discusses these and other issues in detail.

II. THE EXPERIMENTAL SETUPS USED IN THE
TWO EXPERIMENTS

A. The GELINA neutron source of EC-JRC and the
GAINS spectrometer

The neutron-induced data reported in this paper were mea-
sured at the Geel Electron Linear Accelerator (GELINA)
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neutron source [36]. The y rays of interest coming from the
inelastic channel were detected using the Gamma Array for
Inelastic Neutron Scattering (GAINS) spectrometer [37]. The
latter was read out by 420-MHz 12-bit ACQIRIS digitizers
[38]. GELINA is a high-resolution, pulsed neutron source.
The time-of-flight technique and a fission chamber (FC) [39]
are used to determine the incident energy and neutron flux,
respectively. Details on this facility and on the detection sys-
tem are given in Refs. [40,41]. For the present experiment
we made use of a 100-m flight path and a 2.661(21)-mg/cm?
natural nickel target with a diameter of 8.23(3) cm. It was irra-
diated for a total of ~ 15 days (after data selection) allowing
us to gain good statistics for the most intense transitions.

B. The 9-MV tandem accelerator of IFIN-HH and the HPGe
detection system

The proton-induced experiment was performed at the
9-MV Tandem facility of the Horia Hulubei National Institute
for Physics and Nuclear Engineering (IFIN-HH), Bucharest-
Magurele [42,43]. The incident protons had energies ranging
from 4 to 17 MeV and they were scattered by two **Ni en-
riched targets of 0.30(3) and 6.43(6) mg/cm?. We employed
either 25-keV (the thin target) or 1-MeV (the thick target)
incident energy steps to construct the excitation functions.
A Faraday cup with a length of 30 cm, with a diameter of
2 cm, and placed around 7 cm after the >*Ni target was used
to integrate the beam current. For y ray detection we used two
HPGe detectors with 100% relative efficiency placed at 150°
and 110° relative to the proton beam direction and at around
16 cm from the target. For data taking we used a digital acqui-
sition: FASTER cards with a 125-MHz sampling frequency and
14 bits for amplitude resolution [44]. The FPGA board of the
digitizer analyses the sampled signals online, hence avoiding
their transfer to the PC for the extraction of the time and
amplitude information. This feature allowed us to measure
even at relatively high counting rates. The latter, however,
generated dead time losses for which we corrected using the
method presented in Refs. [45,46].

II1. DATA ANALYSIS PROCEDURE

A. The neutron beam experiment

The data analysis procedure associated with our exper-
iments at the GELINA neutron source using the GAINS
spectrometer is described elsewhere [21,22,40,41,47,48]. For
each observed transition, we first determine the differential -
production cross section at 110° and 150° using the expression

d i 1 Y; En AS
ﬂ(91',En)=—>< i(En) x KD
dQ 4w Yre(E,)  gj(E)) ps Ay
E,
% oy (Ey) (1)
CMS(En)

where 6; is the detection angle, E, is the incident neutron
energy, £, is the y energy, Y; is the number of counts mea-
sured by the detector j for a given y line, Ygc is the fission
chamber yield, egc is the fission chamber efficiency, ¢;(E, )
is the photopeak efficiency of the detector j, oy (E,) is the

25U(n, fission) cross section [49], py is the areal density of
the uranium deposits from the FC, Ay and A; are the 23U and
sample atomic masses, p; is the areal density of the sample
corresponding to the isotope A; (we used a natural nickel
target), and cys is the neutron multiple scattering correction
factor.

The chosen detection angles allow us to precisely angularly
integrate the cross section by making use of the Gaussian
quadrature method [21,48,50]:

(El) = A4am 0 (110 El‘l) 50 (150 En)
o ’ 4 w o —— S + w > —— S

2

where 92(110°, E,) and 492(150°, E,) are the above dif-
ferential cross sections at 110° and 150°, respectively.
The normalization coefficients w;jo- = 0.652 14 and w;50- =
0.347 86 are calculated by solving the system of equations re-
sulting from a series expansion of the differential cross
section in the Legendre polynomials basis [21,48,50].

B. The proton beam experiment

For measuring the proton-induced inelastic cross sec-
tions we used similar y-spectroscopy techniques to the ones
associated with the neutron beam experiment. One important
difference is given by the fact that we extracted absolute cross
sections using a Faraday cup to integrate the proton beam
current. First, we constructed the amplitude spectra for each
detector and incident proton energy. The y peaks coming
from ®Ni were then identified and integrated. The differential
cross sections at 110° and 150° were determined using the
expression

Ny(giv Ep)As

— X (3
4 Ny(Ep)e;(E,)ps

@(9. E,) =

aQ "
where 6; is the detection angle, E, is the incident proton
energy, E, is the y energy, N, is the integrated number of
counts from a particular y peak, N, is the number of protons
incident on the target, ¢;(E, ) is the photopeak efficiency of
detector j, A is the atomic mass, p; is the target areal density,
and, finally, d is the dead time correction factor. The latter
was calculated using the method presented in Refs. [45,46],
as mentioned in the previous section.

To angularly integrate these differential cross sections we
employed the same expression as for the neutron-induced
experiment [i.e., relation (2)] considering that the detection
angles are the same. For other details of the data analysis
procedure associated with our proton beam experiments at
IFIN-HH see Refs. [21,51].

IV. EXPERIMENTAL RESULTS

This section presents the results of the two experiments:
we will start with the neutron (Sec. IV A) followed by the
proton data (Sec. IV B). We were able to measure in total the
y-production cross section for 14 transitions associated with
several nickel isotopes. Section IV C discusses the sources of
uncertainty.
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FIG. 1. A partial level scheme of **Ni. In the present paper we were able to extract the neutron-induced cross section for the transitions

plotted with a continuous line. The level and y energies are given in keV.

The *Ni target nucleus has a 0" ground state followed
by a 2% first excited state (see Fig. 1). The 2% decays
through a relatively intense 1454.2-keV transition. The second
level, 4T, deexcites through a 1004.8-keV y ray [52]. These
two transitions take up most of the inelastic strength. The
1321.2- and 1448.2-keV transitions—coming from the third
and fourth excited levels, respectively—are important y rays
for which, unfortunately, we were not able to extract a clean
cross section in the neutron-induced experiment. This was due
to partial overlapping with close y lines coming from the
other nickel isotopes: the 1332.5- and 1454.2-keV peaks in
ONi and 3¥Ni, respectively. We were able however to measure
the production cross section for the 1321.2-keV transition in
the proton-induced experiment. It is reported in Sec. IV B 2.
The natural nickel target allowed us to observe transitions
coming also from the secondary isotopes: 1332.5, 2158.6, and
952.4 keV from *’Ni (see Fig. 2) and the main transition at
1345.7 keV from %Ni. Because the target contains only trace
amounts of *Ni (unstable but with a relatively long half-life
[52]), the *’Ni(n, 2ny ) *®Ni polluting contributions to the y-
production cross sections of the **Ni transitions are negligible.
However, this is not the case for the other stable isotopes of
nickel which have non-negligible (n, 2n) contributions.

We mention that, unfortunately, we were not able to con-
struct relevant level cross sections as we could not detect
and/or measure a clean cross section for the transitions feed-
ing the excited levels of interest. Therefore, we will not report
here level or total inelastic cross sections.

A. Neutron-induced y-production cross sections

This subsection presents the results extracted in the neutron
beam experiment performed at the GELINA neutron source.
We report here the y-production cross sections for several
transitions coming from the stable nickel isotopes compared
with theoretical calculations and other experimental data,
when available.

60Ni(26.2231%)
0+
952.4 2284_1.8 2284.8
2+
826.0 o 2158.5 2158.6
= S 8
] :
2+
1332.5 © 1332.5
o =
o H
— :
Y °
ot y 0.0

FIG. 2. A partial level scheme of °Ni. In the present paper we
were able to extract the neutron-induced cross section for the tran-
sitions plotted with a continuous line. The level and y energies are
given in keV.
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FIG. 3. The neutron-induced inelastic y-production cross section for the transitions in **Ni reported in the present paper along with other
experimental data, where available, and TALYS 1.9 default reaction calculations.

1. The main transition in 3Ni: 1454.2 keV

Figure 3(a) displays the inelastic y-production cross sec-
tion for the main transition in ®Ni. There are several
previously reported results, with the most extended data set
provided by Voss et al. [15]. The authors measured several
y rays coming from *®Ni with good incident energy resolu-
tion up to about 14 MeV. The agreement with the present

data is very good in terms of cross section trend but with
a difference of around 20-25% in absolute values. This is
also the case for the other **Ni and even ®Ni transitions (see
the next subsections). Interestingly, the same 20% difference
was also observed for two other experiments that reported
inelastic cross sections on 2Cr and 238U [15,47,48,53] (see
also Fig. 3 of Ref. [54]). Voss et al. [15] measured 2Cr using
the same setup and data analysis procedure as the ones for
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FIG. 4. The neutron-induced inelastic y-production cross section for the most intense transitions in Ni reported in the present paper along
with other experimental data, where available, and TALYS 1.9 default reaction calculations.

38Ni and °°Ni, while the Mihailescu et al. [47,48] and Kerveno
et al. [53] experiments were performed at GELINA using a
similar HPGe-based setup and data analysis procedure to the
ones employed in the present paper. The three data points
reported by Tessler and Glickstein [14] are very close to the
Voss et al. [15] values in the 4—6-MeV incident energy region
while the agreement between our data and the other available
experimental values shown in Fig. 3 is fairly good even though
Bazavov et al. [11], Konobeevskii et al. [13], Nishimura et al.
[16], Broder et al. [12], and Traiforos et al. [17] only re-
ported cross section points close to the threshold region, below
4 MeV.

We report the inelastic cross section for the production of
the most intense transition in **Ni with a total relative un-
certainty ranging from around 5% at 5 MeV, where the cross
section reaches its maximum value, to 10-12% at 18 MeV
where the statistical component of the uncertainty dominates
due to the low incident neutron flux and smaller cross sec-
tion values. The theoretical curve, produced using the TALYS
1.9 reaction code with the default settings [35], is able to
describe well our cross section values except for the 3—-8-MeV
region where the experimental data are underestimated, as
shown in Fig. 3. The same disagreement can also be observed
for the secondary transitions in **Ni, and even for ®*Ni (see
Figs. 3 and 4).

2. The secondary transitions in Ni: 1004.8, 1583.8, 3263.4,
3037.7, 961.0, and 1809.5 keV

Figures 3(b)-3(g) show the neutron-induced inelastic
y-production cross sections for the secondary transitions in
3Ni. We were able to extract a clean cross section for six y
rays: 1004.8, 1583.8, 3263.4, 3037.7, 961.0, and 1809.5 keV.

The 1004.8-keV y ray is much more intense than the others
with a maximum cross section reaching a plateau at 250 mb.
Unfortunately, this plateau region from 4 to 12 MeV is where
TALYS greatly underestimates our experimental values [see
Fig. 3(b)]. For the other transitions the theoretical calculation
underestimates also the high energy region. This difference is
too large to be explained solely by missing higher-lying feed-
ing associated with the excited levels which decay through
these y rays and thus it indicates in fact a poor neutron
OMP for *®Ni. This is also the case for ®°Ni, as discussed
below.

Voss et al. [15] also reported cross section values for the
1004.8- and 1583.8-keV transitions in **Ni, but their data dis-
play the same normalization issues as for the main transition
[see Figs. 3(b) and 3(c)]. The data of Broder et al. [12] were
measured in a very narrow incident energy range; therefore,
it is not conclusive for this comparison [see Fig. 3(b)]. For
the other higher-lying transitions no other experimental data
are available in the literature, so they are only compared with
default theoretical calculation [see Figs. 3(d)-3(g)]. We report
the cross section for the 1004.8-keV transition with compa-
rable total relative uncertainties to the ones associated with
the main transition whereas for the other higher-lying y rays
the uncertainties are considerably larger: 10-45% where the
statistics are rather poor.

3. The transitions in ®Ni: 1332.5, 826.1, 2158.6, and 952.4 keV

As mentioned in the previous sections, in the neutron
beam experiment we used a natural target. This allowed
us to extend the measurement to transitions coming from
other nickel isotopes. In the case of *Ni we were able
to extract clean production cross sections for three y rays:
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FIG. 5. The neutron-induced inelastic y-production cross sec-
tion for the main transition in ®Ni reported in the present paper
compared to TALYS 1.9 default reaction calculations.

1332.5, 2158.6, and 952.4 keV (see Fig. 4). The 826.1-keV
y ray is a relatively intense transition which displays sys-
tematically larger values than both the theoretical curve and
other experimental results (see the same figure). It, unfor-
tunately, was detected on top of a Germanium “triangle”
caused by the inelastic scattering of neutrons on >Ge. Our
background subtraction procedures may have been deficient in
this case.

The main transition, shown in Fig. 4(a), is very intense
with a maximum cross section value of 1500 mb. It com-
pares very well with the data reported by Fotiades et al.
[19] while the same normalization issue can be seen for
the Voss et al. [15] values. The latter authors only reported
values for the 1332.5- and 826.4-keV transitions. For the
main transition, Konobeevskii et al. [13] and Broder et al.
[12] are also in a very good agreement with the present
paper even though the latter display larger values in the
3-4-MeV region [see Fig. 4(a)]. For the secondary transi-
tions, shown in Figs. 4(c) and 4(d), the agreement between
our data and the ones of Fotiades er al. [19] remains very
good, with our data displaying slightly larger values at very
high incident energies. The typical total relative uncertain-
ties associated with the °*Ni transitions range between 7
and 40%.

Even though in this case TALYS describes the experimental
data better, as compared to 38Ni discussed above, the same
behavior is observed across transitions: good description of
the threshold region followed by a relatively large underesti-
mation at intermediate and high incident energies (see Fig. 4).
This suggests that the differences seen in Figs. 3 and 4 for >*Ni
and ®Ni are likely related to poor neutron OMPs for these two
isotopes. The code, however, is able to describe very well the
main transition in ®*Ni (see Fig. 5).

4. The main transition in *Ni: 1345.7 keV

Figure 5 shows the neutron-induced inelastic y-production
cross section for the main transition in ®*Ni. We compare our
results only with theoretical calculations because no other data
for angle-integrated inelastic y-production cross section for
the first transition exist. As already mentioned above, the
neutron-%Ni default optical potential implemented by TALYS
1.9 is able to model very well our experimental data in the

Thin target
600 Thick target
TALYS 1.9 default —
400
=
£
° *Ni(p.p)**Ni
E721454.2 keV
200
0 1 1 1 1 1 1
4 6 8 10 12 14 16 18
Ep (MeV)

FIG. 6. The proton-induced inelastic y-production cross sec-
tion for the main transition in *®Ni reported in the present paper
compared to TALYS 1.9 default reaction calculations. For this tran-
sition we report data measured with two targets: 0.30(3) and
6.43(6) mg/cm?. The cross section points associated with the thick
target were extracted with 1-MeV incident energy steps and we
measured the 6-, 7-, 8-, 9-, 10-, and 14-MeV incident energies several
times to obtain a more reasonable assessment of our uncertainty
spread (the plotted values for these incident energies were averaged).
The thin target measurement employed very small 25-keV steps to
map out the CN resonances.

entire incident energy range. Unfortunately, we did not de-
tect any other y rays coming from this nucleus as it would
have been very useful for comparison with the theoretical
calculations. Due to the relatively small natural abundance
of %Ni, we could not collect very good statistics for the
main transition. In consequence, the cross section points dis-
played in Fig. 5 have a total relative uncertainty ranging from
10 to 55%.

Moreover, we mention that, to cross-check the neutron-
induced data, we also measured the y-production cross
section for the first transition in 28Si, at 1778.9 keV. It com-
pares very well with a previous experiment of our group that
made use of a similar experimental setup, the same 28Si target
and an identical data analysis procedure [20]. This shows to
some extent the reliability of the cross sections measured by
our group at the GELINA neutron source.

B. Proton-induced y-production cross sections

In the proton beam experiment we only measured the in-
elastic channel on *®Ni using enriched targets, as compared
to the neutron-induced measurement where data on several
nickel isotopes could be extracted. This section presents
these results and discusses comparisons only with theoretical
calculations considering that, as already mentioned in the
Introduction, no other proton-induced experimental values for
angularly integrated inelastic y -production cross sections ex-
ist for this target nucleus.

024609-7



A. OLACEL et al.

PHYSICAL REVIEW C 106, 024609 (2022)

300
(@) S8Ni(p,py)*eNi Thick target ++
TALYS 1.9 default —
200 |
100 EY:1004'8 keV
o)
£
[
0 b T T T f T T
60 | (b)
40 | 1 Pod
i it
¥ 1
20 {
EY:1321'2 keV
0 Il 1 1 1 1 1 1
4 6 8 10 12 14 16 18
E, (MeV)

FIG. 7. The proton-induced inelastic y-production cross sec-
tions for the (a) 1004.8- and (b) 1321.2-keV transitions in >*Ni
reported in the present paper compared to TALYS 1.9 default reaction
calculations.

1. The main transition in Ni: 1454.2 keV

Figure 6 displays our results for the main transition in ¥Ni.
The reason for measuring using two targets with very different
thicknesses was twofold: to gain additional confidence in our
results (as the two measurements overlap) and to map out the
CN resonances in *Cu using the thin target data.

The energy loss of 5-MeV protons is around 80 and 4 keV
for the thick and thin targets, respectively. This energy loss
translates into incident energy uncertainty that is relatively
small and it was quantified by assuming a constant stopping
power over the thickness of the target as even the lowest
energy protons are far away from the Bragg total absorption
peak (we employed a uniform distribution for calculating
the average proton energy and its uncertainty after exiting
the target [22]). In terms of the cross section uncertainty,
it ranged from around 2 to 20% even though this intense
transition allowed us to gain very good statistics at all incident
energies. This relatively large uncertainty was caused—
for those runs that were measured at (very) high counting
rates—by the dead time correction factor, as explained in
more detail in Refs. [21,45,46]. The theoretical curve pro-
vided by TALYS is in good agreement with our experimental
points with a small contribution in the entire region above
7 MeV.

2. The secondary transitions in Ni: 1004.8 and 1321.2 keV

Figure 7 shows the results for the other two transitions in
38Ni: 1004.8 and 1321.2 keV. When compared to reaction cal-
culations using the default settings, the TALYS curve describes
well the experimental data associated with the first transition.
In the case of the 1321.2-keV y ray, the code’s output overes-

TABLE II. Sources of uncertainty and their associated values in
the present neutron-induced experiment.

Source Relative uncertainty (%)
Efficiency of the HPGe detectors 24
Efficiency of the fission chamber 2.1

Fission cross section of 2*U <1

Areal density of the sample 1

Thickness of the fission chamber deposits <1

Multiple scattering correction factor <1

timates the absolute values even though the shape of the cross
section is well reproduced. Due to reduced statistics, we could
not extract the cross section points for the 1321.3-keV y ray at
the 5- and 6-MeV incident energies as these points would have
been helpful to better characterize the near threshold region.
Overall, the proton optical model potential seems to provide a
better modeling of the inelastic y-production cross sections on
3Ni as compared to the neutron-induced case (see Sec. [V A).

C. Uncertainty discussion

We report high precision inelastic data; hence, it is relevant
to discuss in detail the uncertainties associated with the two
experiments.

In the neutron-induced measurement, the main sources of
uncertainty were the detected number of counts associated
with a given y line (4% for the main transition), the fission
chamber yield (3%), and its efficiency (2.1%). Because we
employed MCNP6 [55] simulations for extrapolating the effi-
ciency of the detectors to high y energies, the code provided
a very small statistical uncertainty (below 0.5%). However,
we know the activity of our '’>Eu calibration source within
a 1.5% relative uncertainty. Therefore, the MCNP6 relative
uncertainty was increased to 2%. This also accounts for any
potential geometrical effects in the calibration source-detector
position. The mass and area of the sample were measured
accurately (1% areal density uncertainty). The sample and
the 233U deposits of the fission chamber had diameters larger
than the neutron beam. In this way, any effects generated by
nonuniformities in the beam profile were avoided.

The uncertainty associated with the multiple scattering
coefficient and the self-attenuation of the y rays inside the
sample were quantified based only on Monte Carlo sim-
ulations, which yielded <1% values. We constructed the
simulated detection geometry as realistically as possible and
we validated it through comparisons to the '>>Eu experimental
efficiency points. This fact allowed us to reasonably keep
under control any potential systematic errors. Table II lists
an overview of the uncertainties associated with the neutron
beam experiment.

In the proton-induced experiment the relative uncertainty
of the "*Eu source was added to the statistical uncertainty
arising from the MCNP6 simulations [55], giving a total of 3%
for the detector efficiencies, €;. Given its geometrical charac-
teristics (see Sec. II B) and its high efficiency, any charge loss
from the Faraday cup is very small. Consequently, the uncer-
tainty resulting from the integration of the proton beam (the
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quantity N,) was set to 1%. As mentioned, Refs. [21,45,46]
explain how we quantify the uncertainty of the dead time
correction factor, d. Depending on the run/counting rate,
the latter had values ranging between 2 and 20%. We mea-
sured the target thickness using two independent methods: by
weighting the target and measuring its area using a DinoLite
Optic 2.0 laser device, and by « scattering using a 2*' Am cal-
ibration source. Both methods agreed within the uncertainty
bars with the o scattering resulting in larger uncertainties.
Consequently, we chose to use the values provided by the first
method which yielded a 1% uncertainty for the areal density,
ps. Other sources of uncertainty were given by the y peak
area, N,, (between 3 and 5%, depending on the available statis-
tics). We neglected the uncertainty coming from the atomic
mass, Ag.

V. COMPARISON OF THE NEUTRON VERSUS PROTON
REACTION DATA

This section continues our previous studies dedicated to
160 and 28Si [20-22]. As before, we focus on a nuclear reac-
tion which allows us to infer, employing also theoretical input,
the neutron-induced cross section data of interest by studying
a simpler-to-measure case.

One way to make the two compared reactions more sim-
ilar is to use identical CN so that the differences related
to the nuclear structure component would be smaller. Such
an investigation was performed in Ref. [20], but this type
of approach yields very limited results when applied to the
inelastic channel [21,22]. Another approach to this problem is
given below and it consists in maximizing the nuclear reaction
component similarities by using very similar optical potentials
in the two compared reactions. We chose a proton-induced re-
action on *®Ni and we used proton OMPs, suitably constrained
by proton-induced experimental cross sections, to infer the
corresponding neutron inelastic cross sections.

Figure 8 shows a comparison between the neutron- and
proton-induced inelastic y-production cross section for the
main three transitions in *Ni and TALYS 1.9 default calcula-
tions. The Coulomb barrier for incident protons induces much
smaller inelastic cross sections at low energies, as compared
to the neutron case. At high incident energies, the neutron and
proton cross sections become more similar (proportional). In
the following we discuss in more detail the reasons for the
observed similarities (and differences) between the neutron-
and proton-induced inelastic cross sections in the context of
our attempt to relate the two quantities.

A. General considerations: Nuclear structure and
reaction ingredients

The present paper investigates nucleon-induced reactions
on *®Ni. This nucleus has Z =28 and N = 30, with just
two extra neutrons outside of the proton-closed 1f7,, shell,
which translates into a (nearly) spherical ground state and a
typical example of a vibrational nucleus [56,57]. To model
reactions on **Ni we employed spherical neutron and proton
OMPs coupled with nuclear structure (collective) models to
describe the deformation of several excited states, as detailed
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FIG. 8. The comparison between the neutron- and proton-
induced inelastic y-production cross section for three **Ni transitions
and the corresponding TALYS 1.9 default calculations. For com-
pleteness, we display here also the Voss er al. data [15] for the
1321.2-keV transition as, unfortunately, we were able to extract clean
cross sections in both experiments only for the two main transitions:
1454.2 and 1004.8 keV (see Sec. IV for details). Because in the
same section of the paper we point out that the Voss et al. data are
consistently lower by 20-25% than our results, their values plotted
here—and in the next figures—were multiplied by 1.25.

in the TALYS 1.9 User Manual [35]. The code offers two
main options: the standard optical model, phenomenologi-
cal, and a semimicroscopical approach which employs the
so-called Jeukenne-Lejeune-Mahaux (JLM) optical potential.
The mathematical formulation and parametrization for these
potentials are extensively discussed in Refs. [33-35,58].

The JLM potential currently implemented in TALYS 1.9 is
explicitly constructed in a Lane-consistent manner, that is, the
parametrization and the energy dependence of the potential
depth normalization factors are identical in the neutron and
proton cases (see Sec. III.A of Ref. [58]). This is not the case
for the phenomenological (default) OMP used by this reaction
code even though the parametrizations for the two nucleons
and the Lane/asymmetry term are very similar (see Sec. 4.1.1
of the TALYS 1.9 User Manual [35]).

There are several factors driving the differences between
the neutron and proton reactions on “*Ni.

(1) Coulomb barrier-driven: this plays the dominant role
(see Figs. 9-11).

(2) At the same incident energy, the neutron always pop-
ulates CN excited states that are 5580.6 keV higher than the
corresponding proton reaction; this is due to the neutron and
proton separation energy difference in the two CN through
which the reactions proceed [52]—S,(*’Ni) — S ,,(59Cu) =
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FIG. 9. To illustrate the dominant role played by the electromagnetic interaction in generating the differences between the neutron and
proton reactions, we plot here the contribution of each reaction mechanism to the nonelastic/reaction cross section for a neutron, a proton, and
a proton with no Coulomb barrier projectile on a **Ni target. We employed the TALYS 1.9 default settings to extract the theoretical curves for the
first two projectiles. For the “proton (no Coulomb)” case we simply removed the Coulomb term from the proton->Ni OMP, hence switching
off the electromagnetic interaction in the incoming channel. The “total nonelastic” curve does not include the CN elastic contribution (i.e., it
is the reaction cross section minus the CN elastic contribution); hence, it is simply the sum of the CN, direct, and preequilibrium nonelastic

cross section values shown here.

8999.2 — 3418.6 = 5580.6 keV; the CN decay depends on
the available excitation energy, therefore the difference men-
tioned above is a typical concern within our paper; the neutron
and proton reactions populate however relatively high excita-
tion energies, in the continuum, where statistical approaches
are used to describe the CN formation and its decay; this,
in fact, diminishes the impact of the level scheme difference
between *Ni and ¥Cu.

(3) The fact that *®Ni has two extra neutrons as compared
to protons generates a different number of CN excitons that
can be created when describing the preequilibrium reactions;
this is probably the main reason for the difference seen in
Fig. 9 between the proton (no Coulomb) and neutron pre-
equilibrium contributions.

(4) Nucleon OMP-related: all Vi, Wy ... potential well
depths have a (E — Ey) energy dependence; this translates

into a different energy dependence of the OMP because the
Fermi energy, Ey, is different in the neutron (—10.61 MeV)
and proton (—5.79 MeV) cases [see relations (4.5) and (4.6)
from the TALYS 1.9 User Manual [35]].

(5) Nuclear structure-induced: the two CN through
which the neutron and proton reactions proceed are
different.

(6) Isospin-dependent terms in the optical potential: even
without the electromagnetic interaction, the neutron and pro-
ton are not identical.

In terms of their phenomenological OMPs mentioned
above, there are only two formal differences between the
neutron and proton cases: the additional Coulomb term V¢
for protons and the opposite sign of the Lane term [33-35].
These similarities were exploited in the present paper to re-
late the neutron and proton inelastic channels. The neutron
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FIG. 10. The CN transmission coefficients of the neutron and
proton fluxes at 5 (top panel) and 15 MeV (bottom panel) as a
function of the orbital angular momentum L for a *®Ni target, accord-
ing to TALYS 1.9. The additional proton (no Coulomb) calculation
was performed using an incident proton with no Coulomb barrier to
illustrate its impact on the observables populated in the compound
nucleus.
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FIG. 11. The total angular momentum and parity J” populated
in the CN by 5- (top panel) and 15-MeV (bottom panel) nucleons
incident on a *®Ni target, according to TALYS 1.9. The proton (no
Coulomb) calculation is the same as in Fig. 10. For all calcula-
tions, the code’s output consists of separate angular momenta values
for the negative and the positive parity states; hence, we simply added
the two to obtain the values plotted here.

optical potential extracted in this way, which in the follow-
ing we will call n-inferred, uses an identical parametrization
and Lane term to the proton ones but no Coulomb barrier.
Details regarding this point are given in Secs. VB and V C.
We emphasize however that the n-inferred optical potential,
and the subsequent inelastic cross sections calculated using
it, was determined in a manner independent of the neutron
experimental data (only proton data were used to tune the
parametrization).

The optical model calculation provides, among other quan-
tities, transmission coefficients and spin and parity population
in the CN. One relevant issue for the present paper is the
mismatch between the most important observables being pop-
ulated in the neutron and proton cases as the subsequent
statistical model calculation strongly depends on these ob-
servables.

Figure 9 shows the contribution of each reaction mecha-
nism as a function of incident energy for the neutron, proton,
and proton (no Coulomb) cases, according to TALYS 1.9.
The proton (no Coulomb) calculation shows to some degree
the magnitude of the residual difference between the neu-
tron and proton reactions if the electromagnetic interaction is
switched off in the incoming channel. It is remarkable how
similar the neutron and proton (no Coulomb) cases are: see,
for example, the direct contribution and the total nonelas-
tic cross section. There are, however, important differences
below 6 MeV. Even though the compound nonelastic and
pre-equilibrium contributions are very different in the two
cases, they add up (together with the almost identical direct
contributions) to a very similar nonelastic cross section. It is
not clear to us what is the cause for the different CN elastic
contributions below 3-MeV incident energy in the neutron and
proton (no Coulomb) cases but this difference seems to be
correlated with the CN nonelastic contributions in the same
region.

Figure 10 displays the transmission coefficients of the in-
cident neutron, proton, and proton (no Coulomb) fluxes inside
the CN. The neutron and proton (no Coulomb) transmission
coefficients have very similar values, which means that, if
one neglects the electromagnetic interaction, the absorbed
flux is practically the same in the neutron and proton cases.
The remaining difference progressively diminishes at higher
incident energies. Such electromagnetic effects are to be ex-
pected considering that the Coulomb term V¢ of the proton (no
Coulomb) optical potential is not rigorously set to zero within
our calculations. We simply increase by a factor 1000 the
reduced Coulomb radius rc which, in turn, reduces (almost)
to zero the V¢ contribution [see expression (4.4) of the TALYS
1.9 User Manual [35]].

Figure 11 displays the total angular momentum and parity
populated in the CN for the neutron, proton, and proton (no
Coulomb) cases, according to TALYS 1.9. At both incident
energies, the neutron and proton (no Coulomb) projectiles
populate almost identical values, proving important similari-
ties between the two cases (at least) at the optical model stage
of the calculation. The remaining difference might be gener-
ated by electromagnetic effects (as for the CN transmission
coefficients).
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B. Results for *Ni using phenomenological nucleon OMPs

We mention that all the results discussed in this
section were obtained using global neutron and proton OMPs
(even though TALYS 1.9 also offers the option of local nucleon
potentials for 3¥Ni [35]).

In Ref. [22] we describe a procedure able to relate
with reasonable precision the neutron and proton inelastic
channels on '°0 and ?8Si. It consists mainly of three steps:
(i) measure the proton-induced inelastic cross sections, (ii)
tune the reaction calculations aiming to describe as precisely
as possible these cross sections, and (iii) infer a proton-based
neutron potential. For validation, the proton-based neutron
inelastic cross sections calculated using this potential are then
compared with the data measured at GELINA.

The study undertaken in Ref. [22] has however several
issues difficult to address—mostly electromagnetic effects
generated by the removal of the Coulomb term V¢ from the
proton OMP. Because of this fact, we explore here a different
approach to this problem. It consists in essence of fixing
the parametrization for the proton potential using the proton
data measured at the Tandem Accelerator of IFIN-HH and,
then, transferring the same parameters also to the n-inferred
calculation.

The Lane term of the optical potential was introduced to
take into account the (very small) difference generated by the
isospin asymmetry between the neutron and proton projectiles
[33,34]. With this in mind, we mention that the tuning of
the proton-default calculations was performed by modifying
only the asymmetry parameter 21(N — Z)/A corresponding
to the isospin-dependent term of the potential (see Table 4.2
from the TALYS 1.9 User Manual [35]). We performed the
parameter changes in a transition-by-transition basis ending
up with a 32%, 11%, and 12% decrease of the global (default)
value of this term for the 1454.2-, 1004.8- and 1321.2-keV
transitions, respectively. For the 1454.2- and 1004.8-keV y
rays, only such changes were needed to improve the agree-
ment with the measured proton data. For the 1321.2-keV
transition however this was not enough as the TALYS default
calculation greatly overestimates the experiment (see Figs. 7
and 8). Consequently, in this case we also had to decrease
by 55% the diffuseness ay of the real part of the global
(default) proton OMP [35]. The effect of this parameter tun-
ing can be seen in Fig. 12 for the main three transitions
in ®Ni.

The same figure also displays the results of our study aim-
ing to relate the neutron and proton inelastic channels (see the
n-inferred curves). We point out again that these curves were
obtained in a manner independent of the neutron data. We
used the experimental values for the proton-induced inelas-
tic channel to fix the parametrization of the nucleon optical
potential and we employed the same proton-based parameters
in a subsequent neutron 4+°% Ni calculation. One can see that
in all three cases the n-inferred curve is able to describe a
little better the neutron experimental data as compared to the
neutron-default calculation (particularly the low energy region
of the 1454.2- and 1321.2-keV transitions). Unfortunately, we
are still unable to reasonably describe the cross section plateau
clearly seen at intermediate energy on the neutron data for the

1454.2- and 1004.8-keV y rays. This shows the limitations
of the current nucleon->®Ni optical potential (as already com-
mented in Sec. IV).

C. Results for Ni using semimicroscopical nucleon OMPs

This section shows our results for the 1454.2-, 1004.8-, and
1321.2-keV transitions in *®Ni using the semimicroscopical
nucleon OMP of Bauge et al. [33-35,58]. Similarly to the
previous section, the tuned proton and n-inferred calculations
consisted of modifying proton default JLM parameters and
then using the same parameters also in the neutron calculation,
respectively. More precisely, to improve the agreement with
the experimental data, we modified the proton ly, Iy, and ly
potential normalization factors which are multiplied with the
nuclear matter asymmetry parameter o = (0, — 0,)/p in the
expression of the JLM potential [see relations (6) and (7) of
Ref. [58] and, also, the TALYS 1.9 User Manual [35]]. This
expression for the nuclear matter asymmetry parameter is a
microscopical form while an averaged form o« = (N — Z)/A
can also be used (see Sec. V.A of Ref. [58]). Therefore,
by tuning on the o = (o, — p,)/p form of the nuclear mat-
ter asymmetry, we are essentially mimicking what we did
in the previous section but at a more microscopical level.
Also in this case we performed the changes in a transition-
by-transition basis ending up with the following tuned
values.

(1) For the 1454-keV transition, /y was decreased by 46%.

(2 For the 1004-keV transition, ly; was decreased by 87%.

(3) For the 1321-keV transition, both Iy and [l were de-
creased by 87% and 16%, respectively.

The results of these parameter changes can be seen in
Fig. 13. We first note that the semimicroscopical “TALYS JLM
default (n, n')” calculation performs better in describing the
neutron data as compared to the “TALYS default (n, n')” curves
shown in Fig. 12 which employed standard OMP, except for
the 1454.2-keV y ray where it overestimates the experimental
values in the 7-11-MeV incident energy range. In general,
the n-inferred curves describe better the data measured at
GELINA as compared to the neutron JLM default calcula-
tion (see especially the case of the 1454.2-keV transition).
Unfortunately, this is not the case for the 1321.2-keV y ray
where the n-inferred curve overestimates the threshold region
even though it shows small improvements in the remaining
incident energy range. This is the only example where the
n-inferred calculation performs worse than the default case.
Comparisons for other *®Ni transitions would have been help-
ful but, as mentioned, in the proton-induced experiment we
were not able to extract clean cross sections for additional
y rays.

It is important to point out that the improved agreement
with the neutron data shown by the n-inferred calculation
happens only after the default proton optical model potential
is tuned on proton experimental data (this is also the case for
the results discussed in Sec. V B). This indicates both the level
of Lane consistency of the nucleon OMP implemented in reac-
tion codes like TALYS and also that the isospin symmetry can,
to some extent, be exploited to extract neutron inelastic cross
sections by performing only proton-induced experiments.
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FIG. 12. The results of the present paper for the main three transitions in *Ni using the standard neutron and proton OMPs. The Voss e al.
[15] data are the same as in Fig. 8. For the 1454.2- and 1004.8-keV transitions, the “TALYS tuned (p, p’)” calculation only involved changes
of the default value for the asymmetry parameter associated with the Lane term. This was not the case for the last transition, which required
additional modifications also of the diffuseness ay for a better description of the proton data. The curves associated with the “n-inferred”

calculation were obtained as explained in the main text.

D. Discussion

As described in the previous two sections, the nucleon
OMP parameter tuning reported in the present paper involved
indeed huge changes of the default values for both standard
and semimicroscopical/JLM potentials. However, such mod-
ifications are to be expected when considering the very small
strength of the isospin-dependent term in the OMP (after all
the nucleon isospin asymmetry is very small). This is espe-
cially true in those cases where the proton default calculation
is very far from the experimental data. The magnitude of the
required changes also points to the poor quality of the nucleon
OMP itself in this mass region and/or, most likely, to other
poorly known reaction ingredients that TALYS calls during the
calculation.

Unfortunately, despite the progress already made, a num-
ber of issues still have to be addressed when aiming to relate

the neutron and proton inelastic channels. As we showed,
at least at the OMP level of the reaction calculation and if
one removes the Coulomb interaction, the two reactions be-
have very similarly: practically all the observables given by
the initial OMP calculation have fairly close values. How-
ever, all of these are reaction-related ingredients and are
not structural. The differences induced by the latter start to
manifest when structure information is imported by TALYS
from the RIPL database [59]: nuclear masses, deformation
parameters, neutron and proton separation energies, etc. Con-
sequently, the two reactions imply the modeling of different,
nonmirror, compound nuclei (*’Ni versus °Cu) within the
Hauser-Feshbach and the exciton models for CN and pree-
quilibrium reactions, respectively, while starting from a
5580.6-keV difference between their associated excitation en-
ergy grids. Indeed, these facts play a role in the differences we
observe in Fig. 9 between the two reactions.
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FIG. 13. The results of the present paper for the main three transitions in **Ni using the semimicroscopical (JLM) nucleon OMP. The
Voss et al. [15] data are the same as in Fig. 8. The TALYS tuned (p, p’) calculation involved modifications of the Iy, Iy, and ly; JLM potential
normalization factors, which are multiplied with the nuclear matter asymmetry parameter « in the expression of this potential [35,58]. The
curves associated with the n-inferred calculation were obtained similarly to the corresponding ones from Fig. 12.

We note that within the present paper one fixes the
parametrization for the nucleon-target OMP using only the ex-
perimental constraints offered by the inelastic channel, while
then exploiting the Lane consistency of this potential to re-
late the neutron and proton cases. However, a more rigorous
approach would be to first maximize the Lane consistency
of the potential via tuning not only on inelastic data but
also on elastic and quasielastic [(p, n) reactions to Isobaric
Analogue States] data. Such an approach was undertaken in
Refs. [60,61] for the elastic channel in the case of several
nuclei, including **Ni. By exploiting the Lane consistency
of the nucleon-target potential, the authors inferred neutron
elastic angular distributions from proton ones making use
only of proton-induced data (elastic and quasielastic) and
reaction calculations, hence proving that the neutron and
proton elastic channels can be related with high precision.
Therefore, maximizing the Lane consistency of the nucleon

OMP by first reproducing the results of Refs. [60,61] for
the elastic channel would be indeed helpful in our own
investigation dedicated to a more complicated case study:
the inelastic channel. The inelastic is more complicated as
compared to elastic because, among other reasons, one also
needs to correctly model what happens to the absorbed in-
cident flux in the CN (Hauser-Feshbach, excitons, increased
nuclear structure sensitivity, etc). If we are to take such an
approach, it will require measuring, in addition to proton
inelastic data, also proton elastic and quasielastic angular
distributions.

However, making use of the elastic channel in this way
might not be a sufficiently stringent constraint for the nucleon
OMP. In this respect, Pruitt et al. [62] performed an extensive
optical model analysis for several nuclei, including '°Q, **Ni,
and “°Ca of interest for our group, and made some interesting
findings. They showed that tuning the neutron and proton

024609-14



NUCLEON-INDUCED INELASTIC CROSS SECTIONS ON ...

PHYSICAL REVIEW C 106, 024609 (2022)

elastic angular distributions was not a very stringent constraint
for all-important imaginary (absorptive) terms of the potential
and, in particular, for clarifying its nuclear asymmetry depen-
dence. For better results, a simultaneous analysis of several
types of neutron and proton data must be performed [62]. As
we hope to maximize the Lane consistency of the nucleon
optical potential via fitting on elastic data (and, in doing so, to
also describe more precisely the part of the incident flux being
absorbed in the CN), such findings are relevant to our investi-
gation. Pruitt et al. used a nonlocal, dispersive optical model
potential that extends both below and above the Fermi energy
and which has “Lane-like” dependencies for asymmetrical
nuclei [see expressions (A.15-A.18) of Ref. [62]]. This is not
the case for the nucleon OMP used in the present paper which
is a local, positive-energy-only potential [35]. The nonlocal
character allows for structural data, like charge densities and
binding energies, to constrain the potential above the Fermi
energy, and for elastic, reaction, and total cross section data
to constrain the potential below this energy (hence coupling
scattering data with nuclear structure quantities). Pruitt et al.
concluded that assuming a nonlocal dependence of the po-
tential was actually crucial in obtaining a quality fit of the
neutron and proton data. Because relating the neutron and
proton inelastic channels also depends on nuclear-structure-
induced differences, using such nonlocal potentials may be
more helpful in understanding these differences. However,
this type of issue deserves a future in-depth investigation.

We end this section with the observation that all the
changes discussed in this paper of the default neutron and
proton potentials will make them behave more similarly
and, consequently, these modifications should ideally im-
prove the agreement between the neutron and proton cross
sections across reaction channels, in particular, also for the
inelastic. We emphasize however that the similarities between
the two nucleons will stop at the level where the isospin
symmetry stops. A systematic study of several target isospins
might therefore reveal new aspects with regard to the nucleon-
target OMPs presently used to model these reactions and, in
particular, about the (possible) isospin-breaking terms of these
potentials.

VI. CONCLUSIONS

This paper reports measurements of neutron- and proton-
induced inelastic scattering cross sections on 360-04Nj

measured at the GELINA neutron source of EC-JRC-Geel
using the GAINS spectrometer and at the 9-MV Tan-
dem Accelerator of IFIN-HH-Bucharest. The angle-integrated
y-production inelastic cross sections for several transitions
are reported (with an uncertainty smaller than 4-6% for the
most intense y rays) and compared with other experimental
data and with TALYS 1.9 default calculations. This comparison
shows several limitations of the default nucleon-target OMP
for these nickel isotopes.

The last part of this paper presents a comparison of the
neutron and proton inelastic cross sections with the purpose
of studying to what extent the two reaction channels can be
related. We show that—using the constraints offered by proton
experimental data and exploiting the Lane consistency of the
nucleon OMPs—one can infer a neutron optical potential that
better describes the neutron data measured at GELINA, as
compared to the default calculation. These results are exten-
sively discussed in the last section of the paper, which also
presents the remaining issues of our approach together with
future plans for mitigation. We report encouraging results
suitable for further improvement.
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