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Proton-γ coincidences from (d,p) reactions between a 66Ni beam and a deuterated polyethylene
target have been analyzed with the inverse-Oslo method to find the nuclear level density (NLD) and
γ-ray strength function (γSF) of 67Ni. The 66Ni(n, γ) capture cross section has been calculated using
the Hauser-Feshbach model in TALYS using the measured NLD and γSF as constraints. The results
confirm that the 66Ni(n, γ) reaction acts as a bottleneck when relying on one-zone nucleosynthesis
calculations. However, the impact of this reaction is strongly dampened in multi-zone models of
low-metallicity AGB stars experiencing i-process nucleosynthesis.

I. INTRODUCTION

The origin and production mechanism of the heavy
elements has been under investigation for a long time.
The first direct observations of nucleosynthesis of heavy
elements was reported by P. Merrill in 1952 [1]. Soon
after, the mechanism behind the production of heavy el-
ements through neutron capture was outlined in the fa-
mous B2FH paper in 1957 [2].
Nucleosynthesis beyond the Fe/Ni mass region is due

to the slow neutron capture (s-process), rapid neutron
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capture (r-process), photo-disintegration processes, and
more recent results call for an intermediate neutron cap-
ture process (i-process) [3, 4]. These processes are sensi-
tive to nuclear properties such as the nuclear level den-
sities (NLD) and γ-ray strength functions (γSF). The
availability and uncertainties in nuclear data affect the
ability to reliably calculate reaction rates, in particular
for the r- and i-processes as they involve neutron-rich
nuclei for which data is non-existing or at the very least
sparse. This can have significant impact on the neutron
capture rates and on the final abundance distribution of
elements and their isotopes predicted by models. Cur-
rently, the vast majority of nuclei for which NLDs and
γSFs have been measured lie at, or very near, the line of
stability [5]. Experimentally measured NLD and γSF can
provide significant constraints on calculated neutron cap-
ture rates which are relevant for nucleosynthesis models
[6, 7].

Away from stability, directly measured (n, γ) cross sec-
tions are not available and NLDs and γSFs can provide
the necessary constraints. The Oslo method is partic-
ularly suitable as it extracts NLD and γSF simultane-
ously [8, 9]. These quantities, together with the optical
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model potentials, are the main ingredients of the Hauser-
Feshbach theory [10] to calculate neutron capture cross-
sections and reaction rates. The Oslo Method has been
extended to include total absorption spectroscopy follow-
ing β-decay leading to the β-Oslo method [11] and has
demonstrated the versatility of the Oslo method and its
applicability even for nuclei far from stability [11–15].
The β-Oslo method requires specific β-Q value condi-
tions for the mother-daughter pair placing a limit on the
nuclei which can be measured with this technique.

Another approach is to use inverse kinematics with ra-
dioactive beams. Here, the beam intensity is the main
limiting factor. Applying the Oslo method to experi-
mental data from an inverse kinematics experiment was
first demonstrated in Ref. [16] extracting the NLD and
γSF of 87Kr following a d(86Kr,p)87Kr pick-up reaction.
In this paper, we have applied this inverse-Oslo method
to data from a radioactive ion beam experiment to ex-
tract the NLD and γSF of 67Ni. Based on these results,
the neutron capture rate of 66Ni was constrained using
the Hauser-Feshbach theory, which is of particular impor-
tance for our understanding of the weak i-process. In the
weak i-process the neutron density is large (∼ 1015), but
exposure is low due to a quick and abrupt termination
of the neutron production. In such a case only the first
n-capture peak elements are produced significantly [17].
This was studied in Ref. [17], where it was found that
the 66Ni(n, γ) reaction have a major impact on the overall
production rate of heavier elements, essentially acting as
a bottleneck for the entire weak i-process. Constraining
the 66Ni(n, γ) reaction could improve our understanding
of the i-process nucleosynthesis.

II. EXPERIMENT AND ANALYSIS

The experiment was performed using the HIE-ISOLDE
facility at CERN [18], where 1.4 GeV proton beam from
the PSBooster bombarded a uranium carbide target in-
ducing fission. The evaporated fission products were ion-
ized by the resonance ionization laser ion source (RILIS)
[19] and the 66Ni ions were separated by the General
Purpose Separator (GPS) to be collected and cooled by
a penning trap (REXTRAP) [20]. The ions were then
charge bread to a 16+ charge state by an electron-beam
ion source (REXEBIS) [21, 22]. The highly ionized 66Ni
ions were re-accelerated by the HIE-ISOLDE linear ac-
celerator to an energy of 4.47(1) MeV/u. The ≈ 3.5×106

pps intense 66Ni beam impinged on a ≈ 670 µg/cm2 thick
secondary deuterated polyethylene target (99% enrich-
ment in deuterium) [23] placed at the Miniball experi-
mental station and produced the desired d(66Ni,p)67Ni
reactions. The total time of beam on target was approx-
imately 140 hours. The same reaction has previously
been measured at ISOLDE by Ref. [24], but at a much
lower beam energy of 2.5 MeV/u. That data-set was not
considered as it only reached excitation energies up to
3.5 MeV, much less than what is required for the Oslo

TABLE I. Positioning of the γ-ray detectors in the experi-
mental setup.

Detector ϕ θ Target distance
[deg] [deg] [cm]

LaBr3:Ce 1 136 147 25
LaBr3:Ce 2 184 147 25
LaBr3:Ce 3 210 147 25
LaBr3:Ce 4 32 64 25
LaBr3:Ce 5 358 64 25
LaBr3:Ce 6 330 64 25
Miniball 1 148 64 12
Miniball 2 228 64 12
Miniball 3 188 101 12
Miniball 4 358 101 12
Miniball 5 312 56 12
Miniball 6 32 56 12

Method.
Protons from the reaction were measured with the C-

REX particle detector array [25, 26], while coincident
γ-rays were measured using the Miniball detector array
[27, 28]. Only the downstream particle array was consid-
ered due to low yields in the upstream array. The particle
detectors considered covered angles between 25◦ and 49◦

in the laboratory frame (CM angles 40◦ to 76◦). Two of
the eight Miniball high-purity germanium (HPGe) clus-
ters [28] were replaced by six large-volume (3.5× 8 inch)
LaBr3:Ce detectors to increase the high γ-ray energy ef-
ficiency of the array. The placement of each detector is
given in table I. Signals from the C-REX detectors were
processed by an analog data acquisition system (DAQ)
which fed four 32-channel analogue-to-digital converter
(ADC) modules from Mesytec. The signals from the γ-
ray detectors were processed by a digital DAQ consisting
of XIA Digital Gamma Finders (DGF-4C). The two sys-
tems were synchronized, read out simultaneously, and the
data written to disk.
Prompt particle-γ coincidences were selected from the

data by applying time gates on the time difference be-
tween the detected γ-rays and particles, while the (d,p)
reaction was selected by applying the appropriate energy
cut on the ∆E − E matrix. Background events were se-
lected in a similar fashion by placing time gates of half
the size as the prompt gate on either sides of the prompt
peak. This resulted in a total of 3.2× 105 and 1.1× 106

background subtracted proton-γ coincidences with the
LaBr3:Ce detectors and the Miniball clusters, respec-
tively. The low number of proton-γ coincidences with the
LaBr3:Ce compared to those with the Miniball detectors
is due to the lower geometric efficiency of the LaBr3:Ce
detectors which were located considerably further from
the target. Despite having only a quarter of the Miniball
coincidences, the more efficient LaBr3:Ce detectors mea-
sured the majority of high-energy γ-ray transitions. For
this reason, the results presented here are based on the
analysis of proton-γ coincident events from the LaBr3:Ce
detectors only.
Due to the considerable residual kinetic energy of 67Ni
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FIG. 1. (a) Unprocessed excitation-γ coincidence and (b) unfolded matrices with 80 keV/bin on both axes. The first-generation
matrix (c) was re-binned from 80 to 250 keV/bin to reduce fluctuations. The dashed lines in (c) indicate the region for which
the NLD and γSF are extracted.

the γ-ray energies were Doppler corrected. The maxi-
mum deflection of the residual 67Ni was less than 1.5◦

and the maximum spread in velocity was less than 4.2%.
The correction was performed using a constant factor
based only on the γ-detector angle relative to the beam
axis.

For each proton-γ event the excitation energy was cal-
culated from the kinematic reconstruction of the two-
body reaction. The proton-γ coincidences were collected
in an excitation-γ energy matrix shown in Fig. 1(a). Due
to the Lorentz boost associated with inverse-kinematics
there were no well-resolved levels in the particle spectra
suitable for an in-beam calibration and the FWHM of
the excitation energy was ≈ 1.1 MeV.

The first step to obtain NLDs and γSFs from
excitation-γ matrices is to correct for the detector re-
sponse using the unfolding method [29] by using a de-
tector response deduced from a Geant4 [30] simulation
of the experimental setup [31]. This resulted in the un-
folded matrix shown in Fig. 1(b).

Next, an iterative subtraction method [32] is applied to
the unfolded matrix in order to deduce the distribution
of primary γ-rays emitted from each excitation bin, re-
sulting in the first generation matrix shown in Fig. 1(c).
The first-generation matrix is proportional to the γ-

ray transmission coefficients T (Eγ) and the NLD ρ(Ef =
Ex −Eγ) at the final excitation energy Ef following the
first γ decay of the cascade [8]

Γ(Ex, Eγ) ∝ T (Eγ)ρ(Ef = Ex − Eγ). (1)

The NLD and transmission coefficients are extracted by
normalizing the first-generation γ-ray spectra for each

excitation bin and by fitting the experimental matrix
(Γ(Eγ , Ex)) with a theoretical matrix [8]

Γth(Ex, Eγ) =
T (Eγ)ρ(Ex − Eγ)

Ex∑
Eγ=Emin

γ

T (Eγ)ρ(Ex − Eγ)

(2)

by minimizing

χ2 =
∑

Ex,Eγ

(
Γ(Eγ , Ex)− Γth(Eγ , Ex)

∆Γ(Eγ , Ex)

)2

, (3)

where T (Eγ) and ρ(Ef = Ex − Eγ) are treated as free
parameters for each γ-ray energy Eγ and final energy
Ef , respectively. The denominator, ∆Γ(Eγ , Ex), repre-
sents the experimental uncertainty in the first-generation
matrix. Considering the experimental resolution and to
ensure that only primary transitions, originating in the
quasi-continuum, are considered a minimum γ-ray energy
of 1.5 MeV was selected. Similarly, only excitation en-
ergy bins between 3.5 and 5.6 MeV were included in the
fit. These Eγ and Ex energy regions have been chosen
based on the guidelines of Ref. [33].

The resulting γ-ray transmission coefficients are con-
verted to γSF by

f(Eγ) =
T (Eγ)

2πE3
γ

under the assumption that the transmission coefficients
are dominated by dipole transitions.
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The theoretical first-generation matrix, (2), is invari-
ant under transformation of NLD and γSF [8]

ρ̃(Ef ) = Aρ(Ef )e
αEf

f̃(Eγ) = Bf(Eγ)e
αEγ ,

(4)

where A, B and α are transformation parameters. This
means that the extracted NLD and γSF do not represent
the physical NLD and γSF, but contain information on
the functional shape. To deduce the absolute values of
the NLD and γSF the extracted NLD and γSF will have
to be normalized to auxiliary data.

III. NORMALIZATION OF NLD AND γSF

Many nuclei along the island of stability have auxiliary
data available with which the normalization of the NLDs
and γSFs is achieved. Typical data used for this purpose
are the level density from resolved discrete states, the
level density at the neutron separation energy (Sn = 5.8
MeV) from s- and/or p-wave neutron resonance spacing
data, and the average radiative widths of s-wave neutron
resonances. When applying the Oslo method, NLDs do
not extend to Sn as the method probes the NLD at the fi-
nal excitation energy Ef = Emax

x −Eγ , the maximum en-
ergy possible to be considered in the first-generation ma-
trix is Emax

x , and is typically the neutron separation en-
ergy (depending on reaction kinematics) [33], but in this
case slightly below at 5.6 MeV, which corresponds to a fi-
nal and highest excitation energy of 4.1 MeV. Hence, the
measured NLDs are typically interpolated to the NLDs
from resonance data at Sn.
The impact on the uncertainty of NLDs and γSF on

the availability of neutron resonance data has recently
been demonstrated [34]. In the absence of neutron reso-
nance data, the resonance spacing or radiative widths of
neutron resonances are generally estimated from system-
atics of neighboring nuclei, see for instance Refs.[35–37].
Similarly, for β-Oslo measurements various combinations
of solutions have been used ranging from systematic in-
formation of nearby nuclei [11, 38], model calculations
[14, 38, 39], or the Shape method [38–41]. Neither for
67Ni nor for surrounding nuclei are neutron resonance
data available. The situation is further aggravated by
an incomplete level scheme at low excitation energies
resulting in an unreliable level density of resolved dis-
crete states which, together with the low experimental
resolution, makes the application of the Shape method
not ideal. With the absence of any reliable normaliza-
tion points the only practical solution for normalizing
the NLD and γSF is the reliance on model estimates.

A. Bayesian analysis

Despite the lack of auxiliary data for normalization it
is still possible to constrain the experimental NLD and

γSF as the true values are expected to fall within the
range of commonly accepted models. For example, the
NLD in statistical nuclei grows exponentially and are
often well reproduced by large shell model calculations
[12, 42] at low energies and the constant temperature
[43], Back-shifted Fermi Gas [44] or microscopic Hartree-
Fock [45] calculations at high energies. Similarly, the
γSF is expected to follow the tail of the GDR and typ-
ically features resonances such as the upbend and/or a
PDR. This is typically well described by the phenomeno-
logical Simple Modified Lorentzian model (SMLO) or the
microscopic mean field plus quasi-particle random phase
approximation both of which being the recommended
global models to describe the PSF [5]. By assuming a
combination of NLD and γSF models one can constrain
the possible values for the normalization parameters, A,
B and α in Eq. (4).

This can be taken a step further by considering several
models for NLD and γSF to get a range of acceptable
normalization parameters. To perform such an analy-
sis we apply Bayesian statistics. Analyzing Oslo method
data within a Bayesian statistics framework has previ-
ously been demonstrated by Midtbø et al. [9] and our
analysis is based on the framework presented therein.
The starting point of the normalization analysis is Bayes’
theorem

P (θ|{ρi}, {fi}) =
L({ρi}, {fi}|θ)P (θ)

P ({ρi}, {fi})
, (5)

where P (θ|{ρi}, {fi}) is the posterior probability of
a set of normalization and model parameters θ =
(A,B, α,θNLD,θγSF), given a set of non-normalized mea-
sured NLD points {ρi} and γSF points {fi}. The likeli-
hood L({ρi}, {fi}|θ) is the probability of measuring non-
normalized NLD and γSF given the set of parameters θ.
P (θ) is the prior probability of a set of normalization
and model parameters. The prior will be further dis-
cussed in section III C, while the physical models and
their parameters are presented in section III B and sum-
marized in table II. The evidence P ({ρi}, {fi}) is the
probability of measuring the non-normalized NLD and
γSF, and can be treated as a normalization factor. With
the assumption of Gaussian distributed uncertainties of
the measured non-normalized NLD and γSF leads to the
likelihood

L(θ) =
∏
i

Li(θ), (6)
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with Li(θ) corresponding to

lnLdiscrete =
∑
j

ln
1√

2πσρj ,Oslo(θ)

− 1

2

∑
j

(
ρj,discrete − ρj,Oslo(θ)

σρj ,Oslo(θ)

)2

,

(7)

lnLNLD =
∑
j

ln
1√

2πσρj ,Oslo(θ)

− 1

2

∑
j

(
ρj,model(θ)− ρj,Oslo(θ)

σρj ,Oslo(θ)

)2

,

(8)

lnLγSF =
∑
j

ln
1√

2πσfj ,Oslo(θ)

− 1

2

∑
j

(
fj,model(θ)− fj,Oslo(θ)

σfj ,Oslo(θ)

)2

,

(9)

lnL68Ni =
∑
j

ln
1√

2πσj,68Ni

(10)

− 1

2

∑
j

(
fj,model(θ)− fj,68Ni(θ)

σj,68Ni

)2

. (11)

Here, Ldiscrete represents the likelihood of measuring a set
of NLDs given the known level density from discrete lev-
els ρj,discrete, LNLD is the likelihood given a specific NLD
model and LγSF is the likelihood given a γSF model.
The NLD between excitation energies between 1.0 and
2.4 MeV are considered in Eq. (7) while NLD between
2.6 and 3.8 MeV are considered in Eq. (8). All measured
γSF energies are included in Eq. (9). The L68Ni likeli-
hood is included to further constrain the γSF using the
measured γSF in 68Ni as the γSF above the neutron sepa-
ration energy are typically very similar in neighboring nu-
clei. ρj,Oslo(θ), (fj,Oslo(θ)) and σρj ,Oslo((θ) (σfj ,Oslo(θ))
are the normalized NLD (γSF) and standard deviation,
given a set of normalization parameters A,B, α ∈ θ, re-
spectively (see Eq. 4).

Instead of NLDs from resolved discrete states we have
considered level densities based on the counting of levels
from large-scale shell model (SM) calculations utilizing
the ca48mh1g interaction, see Refs.[12, 46] for details.

To perform the actual Bayesian analysis, model
and normalization parameters were sampled using the
Bayesian nested sampling algorithm MultiNest [47–49]
in the PyMultiNest package [50] to obtain a posterior
probability distributions of the normalization and model
parameters θ, given as samples θi.

B. Models

A total of three NLD models and four γSF models
have been considered, making the total number of in-
ferred posteriors twelve. In this section we will describe
the models considered.

NLD

For energies above the point where the model space
of the shell model calculation is exhausted the NLD has
been modeled with three different models. These include
the Back-Shifted Fermi Gas (BSFG) model [51, 52]

ρBSFG(Ex) =

√
π

12σ

exp(2
√
a(Ex − δ))

a1/4(Ex − δ)5/4
, (12)

where a is the level density parameter, δ is the energy
shift and σ is the spin-cutoff parameter. The Constant
Temperature (CT) model [53]

ρCT(Ex) =
1

T
e

Ex−δ
T , (13)

where T is the nuclear temperature and δ is an en-
ergy shift parameter. Lastly, tabulated Hartree-Fock-
Bogoliubov (HFB) calculations [54] were also considered,
and allowed to be re-normalized through

ρHFB(Ex) = ρ̂HFB(Ex − δ)ec
√
Ex−δ, (14)

where again δ is used to denote an energy shift, c is a
slope parameter and ρ̂HFB are the tabulated NLDs. It
should be noted that δ in eqs. (12), (13), and (14) are not
the same parameters and will be sub-scripted whenever
there is ambiguity which parameter is being referenced.
The spin distribution for the BSFG and CT models was
given by the Bethe/Ericson distribution [51, 53]

g(Ex, J) = exp

(
− J2

2σ2(Ex)

)
−exp

(
− (J + 1)2

2σ2(Ex)

)
, (15)

with the spin-cutoff parameterized by [55, 56]

σ2(Ex) =

{
σ2
d E < Ed

σ2
d +

E−Ed

Sn−Ed
(σ2(Sn)− σ2

d) E ≥ Ed,

(16)
where σd is the discrete spin-cutoff parameter, obtained
from shell-model result as discussed in section III C, with
a constant spin distribution at energies below Ed = 2.0
MeV.

γSF

For the γSF we have considered the Simplified ver-
sion of the Modified Lorentzian model (SMLO) [57] and
the microscopic Gogny-HFB plus quasi-particle random
phase approximation (Gogny-HFB+QRPA) with phe-
nomenological corrections [58], which are the recom-
mended global models for the γSF [5]. The SMLO model
describes the E1 γSF with the giant dipole resonance
(GDR) for photo-emission strength and is given by

fGDR(Eγ) =
1

3π2ℏ2c2
σTRK

1− exp (−Eγ/T )

× 2

π

EγΓ(Eγ , T )

(E2
γ − E2

GDR)
2 + E2

γΓ
2(Eγ , T )

,

(17)
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where EGDR is the centroid of the GDR, σTRK = 60NZ
A

is the Thomas-Reiche-Kuhn sum rule [57] and T is the
temperature at the final excitation energy. The width,

Γ(Eγ , T ) =
ΓGDR

EGDR

(
Eγ +

(2πT )2

EGDR

)
, (18)

depends on the final temperature and the ΓGDR which is
the width found in the photo-absorption strength func-
tion. Within the SMLO model the M1 strength is pa-
rameterized as two standard Lorentzians (SLO)

fSLO(Eγ) =
1

3π2ℏ2c2
EγΓ

2

(E2
γ − E2

r )
2 + (EγΓ)2

(19)

for the scissors and the spin-flip resonances. The low-
energy upbend is modeled as a simple exponential [54].
From the shape of the non-normalized γSF there are no
obvious signs of a scissors resonance which is consistent
with the relatively low estimated axial deformation of
β2 = 0.05 [59] and has been omitted from further con-
sideration in the model for the γSF. The assumed M1
strength contributions are thus

fM1(Eγ) = fSLO(Eγ , Esf,Γsf, σsf) +C exp (−ηEγ) , (20)

where Esf is the mean energy, Γsf is the width and σsf the
cross-section of the spin-flip resonance. The parameters
of the upbend, η and C have no physical interpretation
and are treated as free parameters chosen to best describe
the shape of the upbend. The assumption for the M1
multipolarity of the upbend is based on results from shell
model calculations [42, 60–62] and from a measurement
albeit not conclusively [63].

In the Gogny-HFB+QRPA model, the photo-emission
E1 strength is given by

fE1(Eγ) = cE1f
QRPA
E1 (Eγ − δE1)

+
f0U

1 + exp (Eγ − ϵ0)
,

(21)

where fQRPA
E1 (Eγ) is the strength found in Gogny-

HFB+QRPA calculations. The phenomenological pa-
rameters f0, ϵ0 are free parameters and U is the exci-
tation energy of the initial level. The strength is allowed
to be scaled and shifted through the free parameters cE1

and δE1, respectively. The M1 strength was estimated
within the SMLO model, Eq. (20).

Data points from a Coulomb dissociation measurement
of 68Ni are also considered [64]. This features a strong
narrow Pygmy dipole resonance (PDR) at Ex ≈ 9.5 MeV
which has been accounted for by including a SLO in the
E1 strength. Since the extracted γSF in 67Ni only ex-
tends to 5.5 MeV we cannot determine if such a PDR
also exists in 67Ni. In order to account for either possi-
bility, we have repeated the analysis both with and with-
out including the PDR, observed in 68Ni, in the 67Ni
strength. In the latter case, the two experimental points
at Eγ = 8.4 MeV and Eγ = 9.5 MeV of 68Ni were ex-
cluded and removed from consideration in Eq. (11). A
list of all model combinations and their parameters are
listed in table II.

TABLE II. List of all NLD and γSF models considered to-
gether with their parameters. The E1 strength for the γSF
is model by either by SMLO (E1) or HFB-QRPA (E1), while
the M1 strength parameters are referred to as M1. The PDR
feature seen in 68Ni was modeled as E1 with the parameters
denoted as PDR.

Model Parameters

θNLD

CT T , δCT, σd, σ(Sn)
BSFG a, δBSFG, σd, σ(Sn)
HFB c, δHFB

θγSF

SMLO (E1) EGDR, ΓGDR, σGDR

HFB-QRPA (E1) cE1, δE1, f0, ϵ0, U
PDR (E1) EPDR, ΓPDR, σPDR

M1 Esf, Γsf, σsf, C, η

C. Parameter priors

For all model parameters, the probability distribu-
tion were assumed to be Gaussian or truncated Gaussian
probability density functions (PDF). The latter used for
parameters where there are physical justifications for why
the values cannot have certain values (e.g. no negative
temperature).

The normalization parameters required to transform
the NLD and γSF to the physical solution are arbitrary
and we have no a priori knowledge other than that A
and B has to be positive. Ideally, flat prior probability
distributions should be used for A, B and α, with the
former two truncated to positive values. However, this is
computationally expensive. Instead truncated Gaussian
distributions were used for A and B and a Gaussian prob-
ability distribution for α. To maintain an un-informed
prior the standard deviation of the probability distribu-
tion for A and B were set to 10 times the centroid, while
the standard deviation of the prior probability distribu-
tion of α was set to 1 1/MeV. The latter was chosen due
to the high sensitivity of the likelihood to this parameter.
The centroid of the prior probability distributions were
selected to be the A, B and α values that maximized the
likelihood Eq. (6). Numerical values for the centroids of
A, B and α PDFs are listed in Appendix A.

For the NLD models fairly weak informed priors were
used. In the case of the BSFG model the level density
parameter a mean value of µ = 8.2 MeV was selected
as the approximate mean of the systematics from Refs.
[52, 65], Refs. [66, 67] and Ref. [67] with width σ = µ.
The shift parameter δBSFG is a Gaussian with µ = 0 MeV
and σ = 10 MeV. Similarly the CT model priors were se-
lected from the systematics of Ref. [67] with widths of
σ = 2 MeV for the temperature and σ = 10 MeV for
the shift parameter δCT. The slope and shift param-
eters c and δHFB for the HFB was centered around 0
MeV−1/2 and 0 MeV with widths of 1 MeV−1/2 and 1
MeV, respectively. The discrete spin-cutoff parameter
from eq. 16 was found to be σd = 2.50(25) by examining
the tabulated shell model levels while the spin-cutoff at
the neutron separation energy is σ(Sn) = 3.80(38) from
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TABLE III. Model parameter priors used for the extrapo-
lation of the NLD between the experimental points and the
neutron separation energy. The last column indicates whether
a Gaussian (N ) or truncated Gaussian (Nt) PDF are used as
the prior probability distribution.

Parameter µ σ PDF
a 8.2 MeV 8.2 MeV Nt

δ (BSFG) 0 MeV 10 MeV N
T 0.958 MeV 2 MeV Nt

δ (CT) −0.359 MeV 10 MeV N
c (HFB) 0 MeV−1/2 1 MeV−1/2 N
δ (HFB) 0 MeV 1 MeV N

σd 2.5 0.25 Nt

σ(Sn) 3.8 0.38 Nt

TABLE IV. Model parameter priors used for the γSF models
extrapolated to the extracted γSF of 67Ni. The last column
indicates whether a Gaussian (N ) or truncated Gaussian (Nt)
PDF are used as the prior probability distribution.

Parameter µ σ PDF
EGDR 17.68 MeV 0.19 MeV Nt

ΓGDR 6.0 MeV 2.8 MeV Nt

σGDR 978 mb 98 mb Nt

cE1 1 0.5 Nt

δE1 0 MeV 0.5 MeV N
f0 2.5× 10−10 MeV−4 2.5× 10−10 MeV−4 Nt

ϵ0 4 MeV 1 MeV N
U 4.45 MeV 1.1 MeV Nt

EPDR 9.55 MeV 0.17 MeV Nt

ΓPDR 1.02 0.26 MeV Nt

σPDR 27.4 mb 5.6 mb Nt

Esf 8.93 MeV 0.90 MeV Nt

Γsf 4.0 MeV 0.4 MeV Nt

σsf 1.0 mb 0.1 mb Nt

C 3.5× 10−8 MeV−3 3.5× 10−8 MeV−3 Nt

η 0.8 1/MeV 0.08 1/MeV N

an average of spin-cut off models in [52, 54, 66]. In both
cases an uncertainty of 10% was assumed. The priors for
all NLD model parameters are listed in Table III.

The parameters for the SMLO model were taken from
the systematics in [57]. Unless an uncertainty was pro-
vided it was assumed to be 10%. The scale cE1 and shift
δE1 for the Gogny-HFB+QRPA was assumed to be cen-
tered around 1 and 0 MeV, respectively, with a width of
0.5 MeV for both. The phenomenological parameters f0
and ϵ0 are taken from [58], while the probability distri-
bution of the initial excitation energy U was modeled as
a truncated Gaussian at the excitation range used to ex-
tract the NLD and γSF (3.5 and 5.6 MeV) with a mean of
4.5 MeV and a standard deviation of 1.1 MeV. The spin-
flip and upbend parameters were taken from [57] assum-
ing 10% uncertainty, except for C, where the width was
assumed to be the same as the mean. Lastly, the PDR
parameters were taken from [64]. All priors parameters
related to the γSF models are listed in Table IV.
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FIG. 2. The measured nuclear level density of 67Ni is shown
by the black circles while the black line shows the NLD from
large scale SM calculations [46]. The black dash-dotted line
shows the NLD from known discrete levels [68, 69]. The red,
blue and green lines show the average for the CT, BSFG and
HFB models, respectively. The red shaded area indicates the
±1σ, ±2σ and ±3σ credibility intervals. The black open dia-
mond represents the extrapolated NLD at the neutron separa-
tion energy. The gray shaded areas indicate the fitting regions
to the discrete levels (lower energy) and to the extrapolated
models normalized to the measured NLD (higher energy).

D. Hauser-Feshbach calculations and results

For each sample θi the normalized NLD and γSF are
calculated and the marginal posterior probability distri-
bution for each NLD and γSF point is obtained for each
combination of NLD and γSF models. Weighting each
combination of models equally, the average normalized
NLD and γSF are shown in Fig. 2 and 3, respectively.
The 68, 95 and 99.7% credibility intervals (1, 2 and 3
standard deviations) of the model predictions are found
by calculating the NLD and γSF for each sample θi and
weighting each combination of models equally. The pos-
terior mean values for all model and normalization pa-
rameters are listed in Appendix A. The impact of includ-
ing the PDR structure in the models for the γSF reported
by [64] is shown in Fig. 4 to be negligible for the normal-
ization of the γSF. The NLD at the neutron separation
energy is found to be 1.22(51)×103 MeV−1 by averaging
the NLD models.

The measured NLD and γSF in 67Ni were used in
Hauser-Feshbach calculations to constrain the neutron
capture cross section of 66Ni. From each posterior sam-
ple θi of normalization and model parameters tabulated
NLD and γSF values were generated from linear inter-
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FIG. 3. The measured γ-ray strength function of 67Ni is
shown by the black circles while the black line shows the M1-
strength found in large scale SM calculations from [46]. The
red and blue shaded area indicates the ±1σ, ±2σ and ±3σ
credibility intervals for the models including the PDR and
the models excluding the PDR, respectively. The black open
diamonds are the γSF data of 68Ni measured by Rossi et al.
[64].

polation and used as input to the TALYS1 reaction code
[70]. Since the level scheme of 67Ni is far from com-
plete only the first two discrete levels were included in
the Hauser-Feshbach calculations, while above those the
provided tabulated NLD was used. Each realization of
the capture cross section and reaction rate is weighted
equally to obtain a mean cross section and reaction rate
and the credibility bands shown in Figs. 5 and 6. The
impact of the optical model potential (OMP) has been
tested by performing calculations with the phenomeno-
logical OMP of Ref. [71] and the microscopic OMP of
Ref. [72] and found to have a negligible contribution to
the uncertainty.

In the sensitivity study of Ref. [17] the 66Ni(n, γ) re-
action rates were taken from the JINA REACLIB v1.1
library [76], indicated by the red dashed line in Fig. 6.
The maximum and minimum reaction rates considered
by Ref. [17] are based on the models listed in Table 1 of
Ref. [78], and these results have been reproduced as in-
dicated by the red band in Fig. 5 and 6. For comparison,
the capture cross section and rate with the default selec-
tion of NLD (CT+Fermi-Gas), γSF (SMLO [57]+LEE)
models, and optical model potential (local phenomeno-
logical OMP) in TALYS version 1.96 are shown by the
black dashed lines in Figs. 5 and 6.

1 Version 1.96
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FIG. 4. Comparison of the various γSF normalizations in-
cluding and excluding the PDR. The black circles show the
average normalized γSF.

10−3 10−2 10−1 100 101
10−2

10−1

100

101

102

Neutron energy [MeV]

C
ro
ss

se
ct
io
n
(n
,γ

)
[m

b
]

TALYS max/min Mean

TALYS default JEFF-3.3

TENDL ±1σ

±2σ ±3σ

FIG. 5. The mean calculated capture cross section from the
sampled NLD and γSF are given by the black line. The gray
shaded area shows the ±1σ, ±2σ and ±3σ credibility inter-
vals. The black dashed line represents the capture cross sec-
tion with TALYS default models (CT/Fermi-Gas+SMLO).
The red shaded area shows the maximum and minimum lim-
its based on calculations using the same NLD and γSF model
combinations as Ref. [17]. The red and blue dashed lines
shows the JEFF-3.3 library [73] and the TENDL library [74],
respectively, the former including a set of unobserved reso-
nance added ad-hoc as explained in Ref. [75].
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FIG. 6. The mean calculated capture rate from the sampled
NLD and γSF are given by the black line. The gray filled
area shows the ±1σ, ±2σ and ±3σ credibility intervals. The
black dashed line is the capture rate with TALYS default
(CT/Fermi-Gas+SMLO). The red and blue dashed lines are
the reaction rates from JINA REACLIB v1.1 [76] and BRUS-
LIB [77], respectively. The red shaded area shows the max-
imum and minimum limits based on calculations using the
same NLD and γSF model combinations as Ref. [17].

IV. DISCUSSION

The Oslo method relies on external nuclear data for
the normalization. In the absence of those, additional
uncertainties may be induced and model dependencies
may become significant. This is apparent through the
relatively large uncertainties toward Sn on the measured
NLD for 67Ni.

The challenge specific to inverse kinematic reactions
is the Lorentz boost which causes a strong angular de-
pendence in the kinematic reconstruction of the residual
excitation energy. This leads to an excitation-energy res-
olution which is limited by the angular opening of the
particle telescope’s active areas. The consequences are
most apparent in the NLD where very little structures
are visible.

In contrast, the measured γSF still retains noticeable
features and clearly exhibits a well established enhance-
ment for Ex < 4 MeV similar to those found in other
Ni isotopes [12, 34, 44, 79–81]. Its observation indicates
that the upbend is a structure which exists also away
from stability. The upbend in 67Ni is predicted to be
due to M1 strength, based on large-scale shell model cal-
culations [46], and shown by the black solid line in Fig.
3. The significant strength in the enhancement and the
simultaneous absence of a measurable scissors resonance
may be supportive of the suggested connection of the
two structures [61, 82], although results on the γSF in

40 60 80 100 120 140 160 180 200
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10 14
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X

ONE ZONE MODEL

ini. abundances
weak i-pro (2e-5)
strong i-pro (3e-4)

FIG. 7. Final nuclei mass fractions (after decays) as a function
of mass number after a weak (black) and a strong (red) i-
process using the one-zone model. The initial proton mass
fraction is indicated in parenthesis (see text for details). The
grey pattern shows the initial abundances.

142,144−151Nd seem to contradict this [83].
The calculated 66Ni(n, γ) capture cross section in Fig.

5 features an uncertainty of ≈ 40%, constraining the
cross section considerably. It is interesting to note that
our cross section, lies consistently higher than the recom-
mended values as provided in TALYS and TENDL but is
smaller than those of JEFF 3.3 for En > 100 keV. These
differences highlight the necessity for measurements of
NLDs and γSFs, especially for nuclei away from stabil-
ity.
Ref. [17] allows the capture rate to vary within the

red band as indicated in Fig. 6, with the nominal value
taken from the JINA REACLIB v1.1 database [76]. Our
results constrain the capture rate significantly and show
that this rate is found at the high end of the range used
by Ref. [17]. This suggests a short exposure time for
the weak i-process and could help pinpoint details in the
stellar environment responsible to produce neutrons.

V. ASTROPHYSICAL IMPLICATIONS

The 66Ni(n, γ) capture rate was suggested to be of key
importance for the overall production of heavy elements
during the i-process nucleosynthesis taking place in Saku-
rai’s object or rapidly accreting white dwarfs [17]. One
possible astrophysical site with similar i-process condi-
tions are low-metallicity low-mass stars during the early
thermally pulsating Asymptotic Giant Branch (AGB)
phase [84–88]. During this stage, protons can be en-
gulfed by the convective thermal pulse. As they are
transported downward by convection on a timescale of
about 1 hr, they are burnt rapidly by 12C(p, γ)13N. Af-
ter the decay of 13N to 13C in about 10 min, the reaction
13C(α, n) is activated at the bottom of the thermal pulse
and leads to neutron densities of up to ∼ 1015 cm−3.
Stellar modeling was performed with the stellar evolu-
tion code STAREVOL [89–91]. A 1 M⊙ AGB model at
a metallicity of [Fe/H] = −2.5 is considered. This model
is discussed in detail in Ref. [88].
We estimated the impact of the new 66Ni(n, γ) rate
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FIG. 8. Final nuclei mass fractions (after decays) as a function
of mass number after a weak (top panel) and a strong (bot-
tom) i-process using the one-zone model. The abundances
are normalized by the abundances of the case 1. The 8 cases
correspond to the 8 different combinations of rates indicated
in Table V (cases 1B, 1C, 2B and 2C are not shown in the
bottom panel for clarity).

on the i-process nucleosynthesis in these objects. The
effects are evaluated on both multi-zone stellar evolu-
tion models and in one-zone nucleosynthesis calculations.
We used a reaction network including 1160 nuclei, linked
through 2123 nuclear reactions (n-, p-, α-captures and
α-decays) and weak interactions (electron captures, β-
decays). Nuclear reaction rates were taken from BRUS-
LIB, the Nuclear Astrophysics Library of the Université
Libre de Bruxelles2 [77] and the updated experimental
and theoretical rates from the NETGEN interface [92].
Additional details can be found in Refs. [88, 93, 94]. In
our sensitivity analysis, eight cases were investigated. We
consider, for the 66Ni(n, γ) reaction, the recommended
Maxwellian-averaged cross section (MACS) from this
work (10.7± 5 mb at 30 keV) as well as the minimum (1
mb at 30 keV) and maximum (19 mb at 30 keV) rates

2 Available at http://www.astro.ulb.ac.be/bruslib/
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FIG. 9. Final surface abundances (after decays) for a full
AGB stellar model. Top: [X/Fe] ratios, defined as [X/Fe] =
log10(NX/NFe)⋆ − log10(NX/NFe)⊙ with NX the number den-
sity of an element X. The first and second log10 terms refer to
the abundances of the model and the Sun, respectively. Bot-
tom: same as Fig. 8. The 4 cases correspond to the 4 different
combinations of rates indicated in Table V.

TABLE V. The different cases considered for the rates of
65Ni(n, γ) and 66Ni(n, γ) for the one-zone and stellar model
calculations.

65Ni(n, γ) 66Ni(n, γ)
case 1 TALYS min nominal
case 1B TALYS min nominal − 5 mb
case 1C TALYS min nominal + 5 mb
case 2 TALYS max nominal
case 2B TALYS max nominal − 5 mb
case 2C TALYS max nominal + 5 mb
case 3 TALYS max TALYS min
case 4 TALYS max TALYS max

predicted by a global unconstrained TALYS calculation
(i.e. maximum and minimum reaction rates as prescribed
in Ref. [17]). Additionally, the rate of 65Ni(n, γ) was
also varied because 65Ni has a half-life of ∼ 2.5 hr (55
hr for 66Ni), which is fast enough to partially bypass the
neutron capture during the i-process. For 65Ni(n, γ), we
considered the minimum (10 mb at 30 keV) and max-
imum (70 mb at 30 keV) MACS predicted by TALYS
for different NLD and γSF models. We also considered
the uncertainties related to the nominal 66Ni(n, γ) MACS
evaluated in this study by varying it by ±5 mb at 30 keV
(cases 1B, 1C, 2B and 2C). The different cases considered
are reported in Table V.
The initial abundances of the one-zone model corre-

spond to the chemical composition in the thermal pulse
of the AGB stellar model, just before the start of the pro-
ton ingestion event. The temperature and density were

http://www.astro.ulb.ac.be/bruslib/
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fixed to 220 MK and 2500 g cm−3, respectively, which are
typical values in the pulse of low-metallicity AGB mod-
els. The nucleosynthesis was calculated over a total time
of 2× 105 s (∼ 2.3 days). To mimic the proton ingestion
episode in the one-zone model, an initial abundance of
protons was set to 2×10−5 and 3×10−4 leading to max-
imum neutron densities of Nn,max = 1.5×1014 cm−3 and
6.7 × 1014 cm−3, respectively. For a low initial proton
abundance, a weak i-process develops and elements up
to the first peak (A ≲ 90) are synthesized (Fig. 7, black
pattern). With more protons, a larger neutron density
is reached and elements of the third peak (Fig. 7, red
pattern) are produced. For this particular case, the final
chemical composition is found to be very similar to that
of the full multi-zone AGB model where densities up to
Nn = 2.1× 1015 cm−3 are reached.

As shown in Fig. 8, increasing the rate of 65Ni(n, γ)
(case 2) leads to a smaller production of 65Cu (as a re-
sult of 65Ni decay) by a factor of ∼ 3 in both weak and
strong i-process cases. Lowering 66Ni(n, γ) (case 3) has
the strongest impact since 66Ni now acts as a bottleneck.
In the weak i-process case (Fig. 8, top panel), it leads
to an overproduction of 66Zn by a factor of ∼ 10 to the
detriment of 70 < A < 90 isotopes (30 < Z < 40), which
are underproduced by a factor of ∼ 3 at maximum. For
a higher neutron density (Fig. 8, bottom panel), the pro-
duction of 66 < A < 135 isotopes (28 < Z < 54) is
enhanced by a factor of typically 2 − 4. The uncertain-
ties on the nominal 66Ni(n, γ) MACS obtained in this
work (±5 mb at 30 keV) induce a variation of about a
factor of 3 at A = 66 (dashed lines in Fig. 8, top panel).

Ref. [17] investigated the case of a weak i-process using
one-zone models with an initial metallicity of [Fe/H] =
−1.6 ([Fe/H] = −2.5 here) and different reaction rates
(most of (n, γ) rates coming from the JINA REACLIB
library [76]). Although the physical inputs are different,
in the case of a weak i-process the results are qualita-
tively similar to those of Ref. [17]: an underproduction
of the elements with 32 < Z < 42 when adopting a low
66Ni(n, γ) rate.

However, when considering a full multi-zone AGB cal-
culation, the impact of 66Ni(n, γ) is strongly dampened
(Fig. 9). The overproduction of 66Zn in case 3 is clearly
present but the enrichment is a factor of ∼ 3 lower. In
the stellar model, multiple zones with different temper-
atures, densities, chemical compositions and irradiations
are mixed together by convection leading to a dilute pro-
duction of the elements, an effect that cannot be captured
by one-zone calculations.

The impact of the 66Ni(n, γ) reaction appears to be
marginal in low-metallicity AGB stars experiencing i-
process nucleosynthesis. It shows that one-zone calcu-
lations are inherently approximate and cannot guarantee
to reproduce the accurate physics picture for a system.
We should also emphasize that only one i-process site was
investigated and we cannot exclude a different impact of
66Ni(n, γ) in other sites such as e.g. rapidly accreting
white dwarfs [95].

VI. SUMMARY

In this paper we have presented experimental NLD and
γSF of the unstable 67Ni nucleus. It is the first time the
Oslo method has been applied to an inverse kinematics
experiment with a radioactive beam. Due to the lack
of reliable nuclear data for 67Ni the NLD and γSF are
normalized to model predictions resulting in relatively
large uncertainties. Hauser-Feshbach calculations were
performed with the extracted NLD and γSF to find the
neutron capture cross section of 66Ni. The result of these
calculations showed a rather high capture rate compared
to the theoretical range, and can help improve our under-
standing of the i-process nucleosynthesis. In agreement
with Ref. [17], we find that the reaction 66Ni(n, γ) acts
as a bottleneck when using one-zone models. Neverthe-
less, the impact is strongly dampened in multi-zone low-
metallicity AGB stellar models experiencing i-process nu-
cleosynthesis. This reaction may however have a different
impact in other i-process sites.
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TABLE VI. Numerical values of the centroids of the nor-
malization parameter priors. The standard deviation was 10
times the centroids for A and B, 1 1/MeV for α.

Models A (MeV−1) B (MeV−3) α (MeV−1)
CT+SMLO+M1 1.863 0.538 -0.037

CT+SMLO+PDR+M1 1.745 0.484 -0.00453
CT+QRPA+M1 2.378 0.677 -0.141

CT+QRPA+PDR+M1 2.152 0.574 -0.111
BSFG+SMLO+M1 2.033 0.670 -0.0781

BSFG+SMLO+PDR+M1 1.826 0.520 -0.0177
BSFG+QRPA+M1 2.652 0.882 -0.120

BSFG+QRPA+PDR+M1 2.034 0.541 -0.0709
HFB+SMLO+M1 1.916 0.620 -0.0446

HFB+SMLO+PDR+M1 1.880 0.580 -0.0327
HFB+QRPA+M1 2.270 0.528 -0.122

HFB+QRPA+PDR+M1 2.169 0.557 -0.102

TABLE VII. Posterior mean value of the parameters for CT
NLD model and SMLO+M1 γSF model.

Parameter Value
A 1.95(20) MeV−1

B 0.60(15) MeV−3

α −0.048(48) MeV−1

T 0.843(97) MeV
δ −0.28(46) MeV
σD 2.51(23)

σ(Sn) 3.79(36)
EGDR 17.42(12) MeV
ΓGDR 7.32(60) MeV
σGDR 1121(44) mb
Esf 9.93(70) MeV
Γsf 3.88(37) MeV
σsf 0.993(93) mb
C 7.36(142) · 10−8 MeV−3

η 0.935(59) MeV−1

TABLE VIII. Posterior mean values of the parameters for CT
NLD model and SMLO+M1 γSF model.

Parameter Value
A 1.94(21) MeV−1

B 0.63(16) MeV−3

α −0.045(50) MeV−1

T 0.844(97) MeV
δ −0.28(46) MeV
σD 2.51(24)

σ(Sn) 3.79(35)
EGDR 17.42(13) MeV
ΓGDR 6.61(61) MeV
σGDR 1084(47) mb
EPDR 9.69(13) MeV
ΓPDR 0.93(18) MeV
σPDR 24.1(44) mb
Esf 9.79(69) MeV
Γsf 3.87(36) MeV
σsf 0.988(92) mb
C 7.6(15) · 10−8 MeV−3

η 0.934(56) MeV−1

TABLE IX. Posterior mean values of the parameters for CT
NLD model and QRPA+M1 γSF model.

Parameter Value
A 2.04(22) MeV−1

B 0.47(13) MeV−3

α −0.072(50) MeV−1

T 1.06(21) MeV
δ −1.3(11) MeV
σD 2.50(23)

σ(Sn) 3.77(34)
cE1 0.819(41)
δE1 −0.48(15) MeV
f0 1.4(11) · 10−10 MeV−4

ϵ0 3.55(93) MeV
U 4.44(52) MeV
Esf 10.22(63) MeV
Γsf 3.85(35) MeV
σsf 0.993(89) mb
C 5.8(11) · 10−8 MeV−3

η 0.923(48) MeV−1

TABLE X. Posterior mean values of the parameters for CT
NLD model and QRPA+PDR+M1 γSF model.

Parameter Value
A 2.01(23) MeV−1

B 0.52(15) MeV−3

α −0.063(52) MeV−1

T 1.05(22) MeV
δ −1.3(11) MeV
σD 2.51(21)

σ(Sn) 3.79(34)
cE1 0.796(42)
δE1 −0.55(15) MeV
f0 1.5(12) · 10−10 MeV−4

ϵ0 3.52(89) MeV
U 4.42(52) MeV

EPDR 9.67(13) MeV
ΓPDR 0.87(16) MeV
σPDR 23.5(40) mb
Esf 9.94(66) MeV
Γsf 3.84(36) MeV
σsf 0.979(86) mb
C 6.3(12) · 10−8 MeV−3

η 0.922(51) MeV−1
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TABLE XI. Posterior mean values of the parameters for
BSFG NLD model and SMLO+M1 γSF model.

Parameter Value
A 1.94(21) MeV−1

B 0.58(14) MeV−3

α −0.046(48) MeV−1

a 8.72(82) MeV
δ 0.24(32) MeV
σD 2.48(23)

σ(Sn) 3.85(35)
EGDR 17.44(12) MeV
ΓGDR 7.50(57) MeV
σGDR 1122(46) mb
Esf 9.96(69) MeV
Γsf 3.88(37) MeV
σsf 0.996(92) mb
C 7.2(14) · 10−8 MeV−3

η 0.931(55) MeV−1

TABLE XII. Posterior mean values of the parameters for
BSFG NLD model and SMLO+PDR+M1 γSF model.

Parameter Value
A 1.93(20) MeV−1

B 0.61(15) MeV−3

α −0.044(48) MeV−1

a 8.64(83) MeV
δ 0.21(34) MeV
σD 2.48(23)

σ(Sn) 3.84(35)
EGDR 17.41(13) MeV
ΓGDR 6.74(62) MeV
σGDR 1084(46) mb
EPDR 9.70(13) MeV
ΓPDR 0.93(18) MeV
σPDR 23.9(43) mb
Esf 9.81(70) MeV
Γsf 3.86(36) MeV
σsf 0.986(93) mb
C 7.5(14) · 10−8 MeV−3

η 0.934(57) MeV−1

TABLE XIII. Posterior mean values of the parameters for
BSFG NLD model and QRPA+M1 γSF model.

Parameter Value
A 1.97(24) MeV−1

B 0.43(13) MeV−3

α −0.052(56) MeV−1

a 7.88(93) MeV
δ −0.14(47) MeV
σD 2.50(23)

σ(Sn) 3.79(35)
cE1 0.822(45)
δE1 −0.49(16) MeV
f0 1.5(12) · 10−10 MeV−4

ϵ0 3.47(98) MeV
U 4.49(54) MeV
Esf 10.20(66) MeV
Γsf 3.86(36) MeV
σsf 0.998(93) mb
C 5.4(12) · 10−8 MeV−3

η 0.924(56) MeV−1

TABLE XIV. Posterior mean values of the parameters for
BSFG NLD model and QRPA+PDR+M1 γSF model.

Parameter Value
A 1.95(22) MeV−1

B 0.48(13) MeV−3

α −0.047(52) MeV−1

a 7.85(91) MeV
δ −0.16(47) MeV
σD 2.50(23)

σ(Sn) 3.79(35)
cE1 0.799(43)
δE1 −0.55(16) MeV
f0 1.4(12) · 10−10 MeV−4

ϵ0 3.47(95) MeV
U 4.43(53) MeV

EPDR 9.66(14) MeV
ΓPDR 0.87(16) MeV
σPDR 23.3(40) mb
Esf 9.92(68) MeV
Γsf 3.84(36) MeV
σsf 0.982(92) mb
C 6.0(12) · 10−8 MeV−3

η 0.922(54) MeV−1
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TABLE XV. Posterior mean values of the parameters for HFB
NLD model and SMLO+M1 γSF model.

Parameter Value
A 1.94(20) MeV−1

B 0.62(15) MeV−3

α −0.047(48) MeV−1

c 0.41(28) MeV−1/2

δ 0.23(37) MeV
EGDR 17.43(12) MeV
ΓGDR 7.25(56) MeV
σGDR 1121(44) mb
Esf 9.92(68) MeV
Γsf 3.89(35) MeV
σsf 0.991(92) mb
C 7.4(14) · 10−8 MeV−3

η 0.935(57) MeV−1

TABLE XVI. Posterior mean values of the parameters for
HFB NLD model and SMLO+PDR+M1 γSF model.

Parameter Value
A 1.93(19) MeV−1

B 0.64(15) MeV−3

α −0.045(45) MeV−1

c 0.38(27) MeV−1/2

δ 0.18(38) MeV
EGDR 17.42(12) MeV
ΓGDR 6.52(58) MeV
σGDR 1082(46) mb
EPDR 9.69(13) MeV
ΓPDR 0.93(18) MeV
σPDR 24.0(39) mb
Esf 9.77(69) MeV
Γsf 3.88(36) MeV
σsf 0.988(89) mb
C 7.6(14) · 10−8 MeV−3

η 0.930(56) MeV−1

TABLE XVII. Posterior mean values of the parameters for
HFB NLD model and QRPA+M1 γSF model.

Parameter Value
A 1.96(23) MeV−1

B 0.42(12) MeV−3

α −0.050(52) MeV−1

c 0.10(32) MeV−1/2

δ −0.23(50) MeV
cE1 0.820(46)
δE1 −0.49(16) MeV
f0 1.4(11) · 10−10 MeV−4

ϵ0 3.50(94) MeV
U 4.43(53) MeV
Esf 10.17(65) MeV
Γsf 3.85(37) MeV
σsf 0.993(92) mb
C 5.4(11) · 10−8 MeV−3

η 0.921(52) MeV−1

TABLE XVIII. Posterior median values of the parameters for
HFB NLD model and QRPA+PDR+M1 γSF model.

Parameter Value
A 1.94(20) MeV−1

B 0.48(12) MeV−3

α −0.047(47) MeV−1

c 0.10(30) MeV−1/2

δ −0.24(48) MeV
cE1 0.795(45)
δE1 −0.55(16) MeV
f0 1.4(12) · 10−10 MeV−4

ϵ0 3.51(93) MeV
U 4.47(53) MeV

EPDR 9.68(13) MeV
ΓPDR 0.87(16) MeV
σPDR 23.6(41) mb
Esf 9.92(67) MeV
Γsf 3.85(36) MeV
σsf 0.980(92) mb
C 5.9(11) · 10−8 MeV−3

η 0.919(55) MeV−1



15

[1] P. Merrill, Technetium in the stars, Science 115, 479
(1952).

[2] E. M. Burbidge, G. R. Burbidge, W. A. Fowler, and
F. Hoyle, Synthesis of the elements in stars, Reviews of
Modern Physics 29, 547 (1957).

[3] J. J. Cowan and W. K. Rose, Production of C-14 and
neutrons in red giants, The Astrophysical Journal 212,
149 (1977).

[4] I. U. Roederer, A. I. Karakas, M. Pignatari, and F. Her-
wig, The Diverse Origines of Neutron-capture Elements
in The Metal-poor Star HD 94028: Possible Detection of
Products of i-process Nucleosynthesis, The Astrophysical
Journal 821, 37 (2016).

[5] S. Goriely, P. Dimitriou, M. Wiedeking, T. Belgya,
R. Firestone, J. Kopecky, M. Krtička, V. Plujko,
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[25] S. Hellgartner, D. Mücher, K. Wimmer, V. Bildstein,
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H. Hess, A. M. Hurst, M. Huyse, O. Ivanov, J. Iwan-
icki, D. G. Jenkins, J. Jolie, N. Kesteloot, O. Kester,
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N. Leclaire, P. Leconte, Y. O. Lee, H. Leeb, O. Litaize,
M. Majerle, J. I. Márquez Damián, F. Michel-Sendis,
R. W. Mills, B. Morillon, G. Noguère, M. Pecchia,
S. Pelloni, P. Pereslavtsev, R. J. Perry, D. Rochman,
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