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Photoneutron cross sections for Ni isotopes: Toward understanding (n, γ ) cross sections
relevant to weak s-process nucleosynthesis
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Photoneutron cross sections were measured for 58Ni, 60Ni, 61Ni, and 64Ni at energies between the one-neutron
and two-neutron thresholds using quasimonochromatic γ -ray beams produced in laser Compton scattering at
the NewSUBARU synchrotron radiation facility. These photoneutron data are used to extract the γ -ray strength
function above the neutron threshold, complementing the information obtained by the Oslo method below the
threshold. We discuss radiative neutron-capture cross sections and the Maxwellian-averaged cross sections for
Ni isotopes including 63Ni, a branching point nucleus along the weak s-process path. The cross sections are
calculated with the experimentally constrained γ -ray strength functions from the Hartree-Fock-Bogolyubov
plus quasiparticle–random-phase approximation based on the Gogny D1M interaction for both E1 and M1
components and supplemented with the M1 upbend.
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I. INTRODUCTION

Nucleosynthesis of elements heavier than iron, referred to
as the slow neutron-capture process, or s process, is driven
by repeated radiative neutron capture and β decay. For the
quest of understanding the s-process nucleosynthesis, radia-
tive neutron-capture cross sections are required as nuclear
inputs to stellar models of such astrophysical sites, in par-
ticular the helium-shell burning of asymptotic giant branch
stars for the main s-process component as well as the core
helium-burning and carbon-burning phases in massive stars
for the weak component [1]. Although (n, γ ) data are rather
well documented for stable nuclei [2], those for radioactive
nuclei at the s-process branching points remain an important
research objective.

In the Hauser-Feshbach model of radiative neutron capture,
the transmission of a γ -ray of energy εγ from a neutron-
capture state at energy Ex to state ρ(E)dE is governed
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by the γ -ray strength function fXλ(εγ ). Here ρ(E) is the
nuclear level density at E = Ex − εγ ; X is either electric
(E) or magnetic (M); and λ is the radiation multipolarity. In
general, dipole radiation dominates over radiation of higher
multipolarity for a given εγ ; so does electric over magnetic
radiation for a given multipolarity.

The radiative neutron-capture (n, γ ) and photoneutron
(γ, n) cross sections are interconnected by the γ -strength
function (γ SF) through the Brink hypothesis [3,4]. Here we
refer to the equality of upward and downward electromagnetic
transitions as the Brink hypothesis [3–5], apart from the
hypothesis for photoabsorption from the ground state and an
excited state in the standard Lorentzian model [3]. The (n, γ )
reaction is governed by the downward γ SF

←−
fXλ(εγ ) at εγ

< Sn, the one-neutron separation energy, while the (γ, n) is
governed by the upward γ SF

−→
fXλ(εγ ) at εγ > Sn. The Brink

hypothesis assumes the approximate equality of
←−
fXλ and

−→
fXλ.

The (γ, n) cross section vanishes at Sn because the neutron
transmission is inhibited at the threshold. At energies ex-
cluding those immediately above Sn, the (γ, n) cross section
provides

←−
fXλ(εγ ) relevant to the radiative neutron capture with
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FIG. 1. An excerpt of the chart of nuclei depicting Ni isotopes of
the present research objectives in relation to the weak s-process path.

an absolute normalization. This function of the (γ, n) cross
section is particularly useful for an absolute normalization of←−
fXλ(εγ ) [6] deduced with the Oslo method [7–10], which is
briefly summarized in Sec. IV.

The γ -ray strength function method [11] (γ SF method) has
been devised to investigate systematically (γ, n) and (n, γ )
cross sections over an isotopic chain. Model γ -ray strength
functions constrained by the (γ, n) cross section are further
tested against existing (n, γ ) cross sections. This method
effectively allows us to deduce the (n, γ ) cross section for
radioactive nuclei involved in the isotopic chain as a result of
the unified and comprehensive approach [12–16].

In this paper, we report results obtained in the application
of the γ -ray strength function method to the Ni isotopic chain,
where (γ, n) cross sections for 58Ni, 60Ni, 61Ni, and 64Ni are
combined with

←−
fXλ(εγ ) for 59Ni, 60Ni, 64Ni, and 65Ni deduced

with the Oslo method. Figure 1 shows an excerpt of the
chart of nuclei depicting Ni isotopes of the present research
objectives in relation to the weak s-process path. We discuss
(n, γ ) cross sections for 60Ni, 63Ni with the half-life (T1/2)
of 101 yr, and 64Ni of direct relevance to the weak s-process
nucleosynthesis. We also discuss (n, γ ) cross sections for 59Ni
(T1/2 = 7.6 × 104 yr) in the context of the γ SF method.

II. EXPERIMENTAL PROCEDURE

Quasimonochromatic γ -ray beams were produced by
laser-Compton scattering (LCS) at the NewSUBARU syn-
chrotron radiation facility. Electrons at 974 MeV were in-
jected from the electron linear accelerator into the NewSUB-
ARU storage ring and stored with up to 300 mA at 500 MHz
in the top-up operation. The Inazuma (Nd:YVO4, 1064 nm)
laser was operated in the Q-switch mode at the frequency
20 kHz. After the injection, the electron beam energy was
decelerated, in steps, from 974 down to 663 MeV to produce
LCS γ -ray beams in the range of 16.93–8.00 MeV. The
beam was accelerated, in steps, from 974 up to 1113 MeV to
produce LCS γ -ray beams in the range of 16.93–22.02 MeV.
The quoted electron energy is the nominal energy which
has been calibrated with the accuracy of the order of 10−5

[17]. The quoted γ energy is the maximum energy of the
quasimonochromatic γ -ray beam.

TABLE I. Nickel targets used in the present measurement.

Isotope Abundance Enrichment Thickness Sn S2n

[%] [%] [g/cm2] [MeV] [MeV]

58Ni 68.08 99.80 1.550 12.22 22.47
60Ni 26.22 99.5 ± 0.1 1.041 11.39 20.39
61Ni 1.14 91.14 ± 0.05 0.608 7.82 19.21
64Ni 0.93 95.4 ± 0.3 1.023 9.66 16.50

An external transistor-transistor logic (TTL) gate with 80-
ms pulse width was applied to switch on the Inazuma laser
at 10 Hz frequency, producing a macro time structure of
beam-on for 80 ms followed by beam-off for 20 ms. The LCS
γ -ray beam produced in collisions with electron bunches at
500 MHz has the same micro (20 kHz) and macro (80/20 ms)
time structure as the laser.

Enriched samples of 58Ni, 60Ni, 61Ni, and 64Ni were shaped
into disks with diameters 7.8–10.0 mm and mounted in
windowless cylindrical holders made of aluminum. The Ni
sample was placed at the center of the high-efficiency neutron
detector, consisting of three concentric rings of 4, 8, and 8
3He-filled proportional counters embedded in a polyethylene
moderator [15] and irradiated with the LCS γ -ray beam
at energies between the one- and two-neutron thresholds.
The Ni samples used are listed in Table I along with the
neutron threshold energies. Reaction plus background neu-
trons were measured for every 80 ms of LCS γ beam-
on, while background neutrons were measured during every
20 ms of beam-off. The detection efficiency of the triple-ring
neutron detector was recently remeasured using a calibrated
252Cf source with an emission rate of 2.27 × 104 s−1 with
2.2% uncertainty at the National Meteorology Institute of
Japan [16]. Details of the neutron detection can be found in
Ref. [15].

For the γ -ray flux determination, the pulsed LCS γ -
ray beam was measured with a large-volume (8 × 12 in.)
NaI(Tl) detector. The number of γ rays, Nγ , was determined
from multiphoton spectra based on the Poisson-fitting method
[18,19] or the so-called pile-up method [20]. Recently, the
accuracy of the experimental formula [20] used for the γ -flux
determination was thoroughly investigated with the Poisson-
fitting method, showing that the inherent uncertainty of the
method is less than 0.1% [21] provided that multiphoton
spectra are free from quenching at the photomultiplier tube
of the NaI(Tl) detector.

The energy distribution of the LCS γ -ray beam was
determined by best reproducing response functions of a
3.5 × 4.0 in. LaBr3(Ce) detector to LCS γ -ray beams
with a GEANT4 code [22] that incorporated the kine-
matics of collisions between laser photons and elec-
trons and γ -ray beam-transport through collimators to the
detector.

The incident energy distribution was used to determine the
cross section, σ (εγ ), as a function of incident photon energy,
εγ . More specifically, the incoming photon-beam spectra were
used to determine DEmax , the energy distribution of the beam
normalized to unity,

∫ Emax

Sn
DEmaxdεγ = 1. The measured σEmax

exp
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for each electron beam energy can be expressed as

σEmax
exp =

∫ Emax

Sn

DEmax (εγ )σ (εγ )dεγ = Nn

NtNγ ξεng
. (1)

Here, Nt gives the number of target nuclei per unit area,
εn represents the neutron detection efficiency, and ξ = (1 −
e−μt )/(μt ) gives a correction factor for the self-attenuation
effect in a thick-target measurement where μ is the linear
attenuation coefficient. Finally, the factor g represents the
fraction of the γ flux above Sn.

III. UNFOLDING PHOTONEUTRON CROSS SECTIONS

The measured σEmax
exp is, as shown in Eq. (1), convoluted

by the energy distribution of the beam. We want to extract
the deconvoluted, εγ -dependent, photoneutron cross section,
σ (εγ ), from the integral of Eq. (1). We approximated the
integral in Eq. (1) with a sum for each γ -beam profile, thus
enabling us to express the problem as a set of linear equations

σf = Dσ, (2)

where σf is the cross section folded with the beam profile D.
The indexes i and j of the matrix element Di,j correspond to
Emax and εγ , respectively. The set of equations is given by

⎛
⎜⎜⎝

σ1

σ2
...

σN

⎞
⎟⎟⎠

f

=

⎛
⎜⎜⎝

D11 D12 · · · · · · D1M

D21 D22 · · · · · · D2M

...
...

...
...

...
DN1 DN2 · · · · · · DNM

⎞
⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎝

σ1

σ2
...
...

σM

⎞
⎟⎟⎟⎟⎟⎟⎠

, (3)

where each row of D corresponds to the simulated γ beam
profile corresponding to Emax.

As the system of linear equations in Eq. (3) is underdeter-
mined, the σ vector cannot be found by matrix inversion. We
determine σ through an iterative folding method that can be
summarized as follows:

(1) As our starting point, we choose for the zeroth itera-
tion, a constant trial function σ 0. This initial vector is
multiplied with D, and we get the zeroth folded vector
σ 0

f = Dσ 0.
(2) The next trial input function, σ 1, is established by

adding the difference of the experimentally measured
spectrum, σexp, and the folded spectrum, σ 0

f , to σ 0. In
order to be able to add the folded and the input vector
together, we first perform a spline interpolation on the
folded vector, then interpolate so that the two vectors
have equal dimensions. Our new input vector is

σ 1 = σ 0 + (
σexp − σ 0

f

)
. (4)

(3) The steps 1 and 2 are iterated i times, giving

σ i
f = Dσ i, (5)

σ i+1 = σ i + (
σexp − σ i

f

)
, (6)

until convergence is achieved. This means that σ i+1
f ≈

σexp within the statistical errors. In order to quantita-

tively check convergence, we calculate the reduced χ2

of σ i+1
f and σexp after each iteration.

We stopped when the reduced χ2 was close to unity. Five
iterations were found to be sufficient for the four data sets
included in this work. To avoid spurious fluctuations, we
applied a segmented sliding-average smoothing, where the
smoothing width was varied from 200 keV for the lowest
photon energies to 400 keV for the highest.

In order to give an estimate of the uncertainty in the
unfolded cross sections, we have defined upper and lower
limits of the monochromatic cross sections by adding or sub-
tracting the errors to the measured cross-section values. The
upper and lower limits are unfolded separately to obtain error
bars that take into account the propagation of errors through
the folding method. In the error propagation, uncertainties
of the neutron detection efficiency (2.2%) and γ flux (1%)
were propagated as well as the neutron counting statistics.
Note that we took into account 1% uncertainty for the γ
flux associated with subtraction of background γ rays though
the inherent uncertainty of the Poisson-fitting method [21] is
negligible (less than 0.1%). Thus, the systematic uncertainty
in the absolute efficiency calibration of the neutron detector is
included in the error bar of the (γ, n) cross section.

Figure 2 shows the deconvoluted cross sections of
58,60,61,64Ni in comparison with the existing photoneutron data
on 58Ni and 60Ni [23,24]. We provide the first data of (γ, n)
cross sections for two rare isotopes, 61Ni and 64Ni. The 58Ni
and 60Ni data with improved accuracy near neutron threshold
are rather close to the data of Fultz et al. [23], while especially
the 60Ni data show discrepancies from the bremsstrahlung
data [24]. The present measurement has confirmed structures
around the top of the giant dipole resonance (GDR) previously
seen in 58Ni and 60Ni [23]. We remark that the (γ, p) channel
contributes substantially to the decay of the GDR in 58Ni, re-
sulting in a much reduced (γ, n) cross section for this isotope.

IV. γ -RAY STRENGTH BELOW Sn

The isotopes 59,60,64,65Ni have been studied in charged
particle experiments at the Oslo Cyclotron Laboratory (OCL).
The experimental setup at OCL consisted of the SiRi Particle-
Telescope System for light-ion-induced nuclear reactions and
the NaI(Tl) scintillator array CACTUS for γ ray detection
[25]. SiRi has eight trapezoidal modules that are mounted
at 5 cm from the target, covering eight forward angles.
The thin front δE detectors (130 μm) are segmented into
eight pads, determining the reaction angle for the outgoing
charged ejectile. The reaction ejectiles were identified by
the δE − E technique, thanks to the thick back E detectors
(1550 μm). In coincidence with the ejectiles that provide
information on the excitation energy, γ rays were measured
with CACTUS, totaling 28 5 × 5 in. collimated NaI(Tl) scin-
tillator detectors. Four reactions were used: 60Ni(3He, αγ )
and 60Ni(3He, 3He

′
γ ) with 38-MeV 3He beam, 64Ni(p, p′γ )

with 16-MeV protons, and finally 64Ni(d, p′γ ) with 12.5-
MeV deuterons. The targets were self-supporting enriched
foils with thickness ≈2.0 mg/cm2.
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FIG. 2. (a,b) the (γ, n) cross sections for 58,60Ni in comparison
with the preceding data [23,24]. (c,d) the (γ, n) cross sections for
61,64Ni measured for the first time. The error bars include both
systematic and statistical uncertainties.

The γ -ray strength function and nuclear level density of
these isotopes were extracted simultaneously from particle-γ
coincidence data through the application of the Oslo method
[7–10]. These γ -ray strength function results are combined
with the γ -ray strength function extracted above Sn from
the (γ, n) cross sections. The Oslo method is based upon an
iterative technique for extracting the shape of the primary
γ -ray spectra from unfolded excitation energy (correcting for
the detector response), Ex-tagged γ -ray spectra. The primary
γ -rays are the first γ s emitted in cascades and this set of Ex-
tagged spectra results in a so-called first-generation matrix,
P (Ex, εγ ). In the analysis, we assume that all available spins
are populated and that γ -ray decay can be assumed to be of
dipole character.

TABLE II. The experimental information (the spin cutoff pa-
rameter, level density, and average radiative width) used for the
normalization of the γ -ray strength function.

Isotope Sn [MeV] σ (Sn) ρ(Sn) MeV−1 〈�γ,0〉 [meV]

59Ni 6.128 4.0 2536(520) 2030(800)
60Ni 8.598 4.3 5349(2031) 2200(700)
64Ni 9.657 3.5 2620

4.1 3470
65Ni 6.098 3.5 1120(110) 1090 ± 550

The P (Ex, εγ ) matrix can be viewed as a decay probability
matrix and by making use of the assumption that the γ -ray
transmission coefficient only depends on εγ , in keeping with
the generalized Brink hypothesis [3,26], the following decom-
position can be carried out by a least-square fitting procedure:

P (εγ , Ex ) ∝ ρ(Ex − εγ )T (εγ ), (7)

where ρ(Ex − εγ ) is the nuclear level density at the excitation
energy of the nucleus after a γ -ray with energy εγ has been
emitted and T (εγ ) is the γ -ray transmission coefficient [9].
Only the excitation energy range that correspond to statistical
decay is included in the analysis.

Once one solution for ρ(Ex ) and T (εγ ) was obtained,
it has been shown in Ref. [9] that this solution can yield
infinitely many by the following transformations:

ρ̃(Ex − εγ ) = A exp[α(Ex − εγ )]ρ(Ex − εγ ), (8)

T̃ (εγ ) = B exp(αεγ )T (εγ ). (9)

This means that the functional form of ρ(Ex − εγ ) and T (εγ )
are determined in the above mentioned procedure. The com-
mon slope and the absolute scales of the nuclear level density
and γ -transmission coefficient, respectively, are found by
normalizing to auxiliary data. The level density, ρ̃(Ex − εγ ),
is normalized by a least square fit of the parameters α and
A to the level density found by counting discrete levels up
to the excitation energy where the level scheme is considered
complete and a data point at Sn given by the level density at Sn,
ρ(Sn). The latter is found by calculating ρ(Sn) from the aver-
age level spacing, D, using a model for the spin distribution of
states. For 59Ni, 60Ni, and 65Ni, experimental D0 values from
s-wave neutron resonances are available from the RIPL-3
database [5]. In the case of 64Ni, ρ(Sn) was estimated from
the systematics of the Ni isotopes and the normalization of the
γ -ray strength function was adjusted to be in agreement with
models for the GDR tail. To calculate the level density at the
neutron separation energy, ρ(Sn), from D, we need to make
use of a model describing the total spin distribution at Sn. The
standard spin distribution of Refs. [27,28] was adopted with
the spin cutoff values, σ (Sn), provided in Table II together
with the other values used for the normalization.

The transmission coefficient is normalized according to

〈�γ 〉 = 1

2πρ(Sn)

∑
If

∫ Sn

0
BT (εγ )ρ(Sn − εγ , If )dεγ , (10)
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FIG. 3. Comparison between the experimental 58Ni(γ, n)57Ni
cross section (red squares) and the TALYS predictions for both the
(γ, n) (solid red line) and (γ, p) (dotted blue line) cross sections.
Experimental data from Ref. [23] (black open squares) are also
included.

where If is the spin of the final state, 〈�γ 〉 is the average
radiative width, and ρ(Sn − εγ , If ) is the normalized level
density weighted by the spin distribution. Again, experimental
values of 〈�γ 〉 are available for 59Ni, 60Ni, and 65Ni and the
〈�γ 〉 of 64Ni was estimated from systematics. Finally, the
γ -ray strength function is determined by

f (εγ ) = T (εγ )

2πε3
γ

, (11)

making use of the dominance of dipole radiation in the con-
sidered Ex region [29,30]. Further details on the experiments
and analysis are provided in Refs. [31–33].

V. THEORETICAL INTERPRETATION

The present photoneutron and Oslo data are now used
to test some specific nuclear models commonly applied for
systematic calculations in nuclear astrophysics applications,
namely the mean-field plus quasiparticle random-phase ap-
proximation (QRPA) calculations as well as the statistical
Hauser-Feshbach model of nuclear reactions. The γ SF de-
duced from the Oslo data is complemented by the one ex-
tracted from the photoneutron cross section, σ (εγ ), through
the expression

f (εγ ) = 1

3π2h̄2c2

σ (εγ )

εγ

. (12)

Note, however, that, in the vicinity of the neutron threshold,
such expression does not hold because of the competition
of the weak neutron channel. Similarly, if the photoproton
emission or other channels like (γ, 2n) compete with the
(γ, n) channel, the strength function cannot be extracted from
Eq. (12) and in these cases, the Hauser-Feshbach formal-
ism needs to be applied. This is in particular the case for
58Ni(γ, n)57Ni, for which the (γ, p) channel dominates the
photoemission up to ≈21 MeV, as shown in Fig. 3. In this

case, the cross section is highly sensitive to the adopted neu-
tron and proton optical potential (here we used the standard
Koning and Delaroche potential [34]) and the extraction of
the γ SF cannot be easily performed. Note that the TALYS code
is considered in this paper for estimating the photoneutron and
radiative neutron-capture cross sections and reaction rates of
astrophysical interest [35]. As detailed below, we will conse-
quently concentrate on the γ SF of the 59,60,61,64,65Ni isotopes
and on the available radiative neutron capture cross sections
in the keV region, providing information on the relevance
of nuclear properties such as the γ SF on cross sections of
astrophysical interest.

A. Photon strength functions

The present experimental results have been analyzed here
in light of the recent systematics of the γ SF obtained within
the mean field plus QRPA calculations based on the finite-
range Gogny D1M interaction [36–38]. When compared with
experimental data and considered for practical applications,
the mean field plus QRPA calculations need some phe-
nomenological corrections. These include a broadening of the
QRPA strength to take the neglected damping of collective
motions into account as well as a shift of the strength to lower
energies due to the contribution beyond the one-particle–
one-hole excitations and the interaction between the single-
particle and low-lying collective phonon degrees of freedom
(it should be noted that phonon coupling, in particular, may
not be reduced to a simple broadening or shift of the E1
strength, as shown in Ref. [39] for the Ni isotopes). Such phe-
nomenological corrections have been applied to the present
Ni isotopes, as described in Ref. [38] with an E1 damping
width of 4.5 MeV and M1 damping width of 2 MeV. Such an
E1 damping width is smaller than the systematics of �E1 =
7 − A/45 MeV deduced from photodata [38] due to the closed
proton shell in Ni isotope, leading to stiffer surface vibrations.
As a consequence, a factor of 2/3 on the overall E1 strength
is required to reproduce the present peak photoneutron cross
section in the GDR region.

However, it remains unclear if the origin of this correction
factor is specific to the closed-shell Ni region or also found
more systematically for light nuclei; more experimental pho-
todata on light nuclei could help understanding this aspect. A
similar factor is applied to all the Ni γ SF.

When considering the de-excitation, downward, strength
function,

←−
fXλ, deviations from the photoabsorption strength

can be expected, especially for γ -ray energies approaching
the zero limit. In particular, shell-model calculations predict
a constant E1 strength at energies typically below 5 MeV
[40] as well as an increase of the M1 strength at decreasing
energies approaching zero [40–43]. While the low-energy cor-
rection due to the E1 contribution has been shown to have a
rather negligible impact on the γ SF and related radiative neu-
tron capture cross section [38], the impact of the low-energy
enhancement of the M1 strength, the so-called M1 upbend, is
far from being insignificant and strongly depends on its zero
limit. The γ SF upbend is therefore of particular importance to
constrain nucleosynthesis reactions. In the present paper, we
will follow the same prescriptions as used in Ref. [38]; i.e.,
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the final E1 and M1 strengths (hereafter denoted as D1M +
QRPA + 0lim) include the QRPA as well as the zero-limit
contributions and are expressed as

←−
fE1(εγ ) = f

QRPA
E1 (εγ ) + f0U/[1 + e(εγ −ε0 )], (13)

←−
fM1(εγ ) = f

QRPA
M1 (εγ ) + C e−ηεγ , (14)

where f
QRPA
X1 is the D1M + QRPA strength at the photon

energy εγ , U (in MeV) is the excitation energy of the initial
de-exciting state, and f0 = 10−10 MeV−4, ε0 = 3 MeV, and
η = 0.8 MeV−1 [38]. The value of C 	 10−8–10−7 MeV−3 is
considered as a free parameter that is adjusted to the present
data. An M1 zero limit C = 10−8 MeV−3 derived from shell-
model calculations [38], together with Eqs. (13) and (14),
was found to provide a rather good systematic description of
available photoneutron data, average resonance capture data,
Oslo γ SF, as well as averaged radiative widths. Different
shell-model interactions may provide, however, different pre-
dictions, and for medium-A nuclei in the Fe region, larger
values could be envisioned from previous Oslo measurements
[32,44]. For this reason, two different values are adopted in the
present analysis, namely C = 3 × 10−8 and 10−7 MeV−3. The
M1 zero limit C = 10−7 MeV−3 is rather large with respect
to shell-model predictions but is found in the present paper to
be an upper limit that cannot be excluded in view of the Ni
experimental data at low energies, as shown below.

We compare in Fig. 4 the Ni γ SF extracted from pho-
toneutron and Oslo measurements with the D1M + QRPA +
0lim dipole (E1 + M1) γ -ray strength obtained with both
values of C. It can be noticed that the predictions with C =
10−7 MeV−3 are compatible with the Oslo data at low energies
and tend to be close to the lower limits, while the lower
value of C = 3 × 10−8 MeV−3 in most cases underestimates
the extracted γ SF at energies below 3–4 MeV, except for
64Ni. As far as the GDR region is concerned, the D1M +
QRPA calculations are in relatively good agreement with the
photoneutron data, even in the 10-MeV region, where one can
see extra M1 strength on top of the E1 component, as seen
in 61Ni.

B. Radiative neutron capture cross sections

On the basis of the theoretical γ SF described in Sec. V A,
we now test the corresponding inputs in radiative neutron-
capture cross sections for nuclei for which cross sections have
been measured. In addition to the γ SF, the radiative neutron
capture is rather sensitive to the nuclear level densities. For
this reason, five different nuclear level density models have
been considered [45–48], all of them being adjusted on exper-
imental low-lying states as well as s-wave resonance spacings
whenever available experimentally [5]. The theoretical γ SF as
well as nuclear level densities used in TALYS also reproduce,
within their uncertainties, the average radiative width from
experiment or systematics, as discussed in Sec. V A.

TALYS predictions and experimental data are compared
in Fig. 5 for the radiative neutron capture cross sections
and in Fig. 6 for the Maxwellian-averaged cross sections
(MACS). While the γ SFs with C = 3 × 10−8 MeV−3 tend
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FIG. 4. [(a)–(e)] γ SF for the 59,60,61,64,65Ni isotopes. The red tri-
angles correspond to the upper and lower limits of the γ SF extracted
from the present Oslo data and the red open squares to the present
NewSUBARU photoneutron data. The dashed blue curve represents
the D1M + QRPA E1 strength and the black dotted (blue full) line
the D1M + QRPA + 0lim E1 + M1 dipole strength obtained with
C = 3 × 10−8 MeV−3 (C = 10−7 MeV−3). The γ SF of 64,65Ni are
taken from Refs. [32,33] (red triangles). The γ SF extracted from the
60Ni(γ, n) data of Fultz et al. [23] (black diamonds) is also shown in
panel (b).
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FIG. 5. Radiative neutron capture cross section for the (a) 58Ni,
(b) 60Ni, (c) 63Ni, and (d) 64Ni. The full (dotted) line corresponds to
the TALYS calculation obtained with the D1M + QRPA + 0lim dipole
strength obtained with C = 3 × 10−8 MeV−3 (C = 10−7 MeV−3).
Experimental data are taken from Refs. [49–54]. The hashed areas
correspond to the prediction uncertainties associated with different
nuclear level density models.

to underestimate the low-energy Oslo data, they are seen to
reproduce rather well the neutron -capture cross sections,
except for 63Ni(n, γ )64Ni, which is clearly underestimated.
Despite the fact that the D1M + QRPA + 0lim strength with
C = 10−7 MeV−3 are rather lower limits of the measured γ SF
(Fig. 4) below the neutron separation energy, they give rise to
cross sections slightly larger than experimental values, except
again for 63Ni(n, γ )64Ni. Similar conclusions can be drawn
when looking at the comparison of MACS (Fig. 6), although,
in this case, the γ SFs with C = 10−7 MeV−3 clearly lead
to MACS in agreement with data, except for 58Ni neutron
capture.
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FIG. 6. Same as Fig. 5 for the radiative neutron MACS. Experi-
mental data are taken from [49,55–59].

Based on the above-described systematic study of the
experimentally constrained γ SF [Eqs. (13) and (14)], we can
now apply the γ SF method to the still unknown estimate
of the 59Ni(n, γ )60Ni cross section. The corresponding cross
section and MACS are shown in Fig. 7 where the shaded area
corresponds to the uncertainties associated with the unknown
value of the M1 upbend (i.e., the C value) and the nuclear
level density model. The theoretical MACS recommended
in Ref. [2] is seen in Fig. 7(b) to correspond to our lower
limit, while the Brussels library (BRUSLIB) prediction [60]
is closer to our upper limits.

These comparisons show that experimental data constrain-
ing the γ SF at low energies, either through the Oslo method
or photoneutron measurements, are of high importance for
a relevant determination of the reaction cross section. Many
uncertainties still affect the estimate of the low-energy tail
of the GDR, but the combination of relevant experimental
data (like those derived in the present paper) with theoretical
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FIG. 7. (a) Calculated 59Ni(n, γ )60Ni cross section. (b) Same for
the MACS (red solid lines). The open black squares correspond to the
theoretical calculation recommended in Ref. [2] and the blue dashed
line corresponds to the Brussels library (BRUSLIB) prediction [60].

model (like the QRPA approach or the shell model) is little by
little shedding light on the complex nuclear phenomena taking
place during nuclear reactions, which remain of particular
interest for astrophysical applications.

VI. CONCLUSIONS

We presented results of the (γ, n) cross-section measure-
ment for 58Ni, 60Ni, 61Ni, and 64Ni performed at the New-

SUBARU synchrotron radiation facility. We have discussed
radiative neutron-capture cross sections and the MACS for Ni
isotopes in terms of the D1M + QRPA dipole (E1 + M1)
γ -ray strength supplemented with the M1 upbend, which is
constrained by the present (γ, n) cross section and/or the
Oslo data. With two choices of the zero-limit value for the
M1 upbend (C = 3 × 10−8 MeV−3 and C = 10−7 MeV−3),
consistencies of the model γ -ray strength function with the
Oslo data for 59,60,64,65Ni and known (n, γ ) cross sections
and the MACS for 58,60,63,64Ni were discussed. In some cases,
it remains difficult to reconcile γ SF and cross-section data;
it would be of interest to confirm the experimental average
radiative width for such nuclei but also to refine the sys-
tematics for the Ni isotopes for which no measurement is
available. Research along the present systematic study of the
γ -ray strength function which describes the low-energy tail
of the GDR with (γ, n) cross sections, Oslo data, and others
as experimental constraints helps us to understand radiative
neutron-capture cross sections of direct relevance to the s-
process nucleosynthesis, in particular, for radioactive nuclei
at the s-process branching points.
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