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Nuclear reactions where an exotic nucleus captures a neutron are critical for a wide variety of
applications; from energy production and national security, to astrophysical processes and nucle-
osynthesis. Neutron capture rates are well constrained near stable isotopes where experimental
data are available, however, moving far from the valley of stability, uncertainties grow by orders of
magnitude. This is due to the complete lack of experimental constraints, as the direct measurement
of a neutron-capture reaction on a short-lived nucleus is extremely challenging. Here, we report
on the first experimental extraction of a neutron capture reaction rate on °’Ni, a nucleus that is
five neutrons away from the last stable isotope of Ni. The implications of this measurement on
nucleosynthesis around mass 70 are discussed, and the impact of similar future measurements on
the understanding of the origin of the heavy elements in the cosmos is presented.

Neutron capture is the fundamental process by which
nearly all of the elements heavier than iron are formed.
The abundance pattern of heavy elements from our so-
lar system shows contributions from two distinct types
of neutron capture processes. The slow neutron capture
process (s-process) builds up heavy nuclei slowly, over
millions of years, in a sequence of neutron captures that
never strays far from stability. The nuclear properties of
these mostly stable nuclei, including their neutron cap-
ture rates, can typically be measured directly, and as a
result, the s-process has been modeled with precision,
although some open questions still remain [1]. The r-
process, on the other hand, involves the rapid capture
of neutrons over timescales of the order of seconds or
less. Despite decades of speculation, the astrophysical
site where the r-process occurs remains one of the major
open questions in science [2]. Many astrophysical envi-
ronments have been proposed as sites for the r-process;
two of the most favored are supernovae and neutron star
mergers but none seem to explain all of the available data.
Further, an increasing body of evidence shows the light
(weak, A ~ 80-120) r-process elements are synthesized
separately from the heaviest (main, A > 120), thus two
or more sites may be involved [2]. In order to tease out
the different contributions from these two mechanisms
in the abundance pattern, significant improvements to r-
process model inputs are required. The main and weak
r-process are sensitive to nuclear masses, f-decay half-
lives, and neutron capture rates. In the main r-process

recent sensitivity studies have demonstrated that these
three quantities contribute equally to the uncertainty of
the final predicted abundances [3]. While the same type
of sensitivity studies have not yet been performed for the
weak r-process, most of the masses and §-decay half-lives
are known for the nuclei involved leaving neutron capture
rates as the last remaining nuclear physics uncertainty.
These neutron capture rates are completely based on the-
oretical extrapolations from lighter mass systems which
introduce large systematic uncertainties.

So far, no experimental pathway exists to determine
these neutron capture rates directly on very unstable rare
isotopes, as both neutrons and the heavy nuclei of inter-
est are short-lived and thus unsuitable to form a target
for accelerator-based experiments. In place of experi-
mental measurements, theoretical calculations are per-
formed within a statistical framework which relies pri-
marily on three separate quantities: the nuclear level den-
sity (NLD), ~-ray strength function (ySF), and neutron-
nucleus optical model potential. The NLD and ~SF are
the two nuclear properties whose uncertainties have the
largest impact on calculated neutron capture rates. The
NLD describes the total number of states accessible in
a given nucleus at a specific excitation energy. Vari-
ous methods have been employed to calculate the nuclear
level density that range from a simple Fermi gas model of
non-interacting Fermi-particles in a common potential to
more complex microscopic descriptions [4]. Nuclear level
densities have typically been determined for nuclei near
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FIG. 1. (Color online) Ratio of highest to lowest neutron cap-
ture rates at 1.5 GK for the isotopes from Mn (Z = 25) to
Ga (Z = 31). The neutron capture rates were calculated with
TALYS [9] using the Koning and Delaroche optical model po-
tential [11] and varying the NLD and vSF. The stable isotopes
are shown as dark gray squares and all have neutron capture
ratios below five.

stability. In exotic nuclei, such information is completely
unknown, and the variation of the nuclear level density as
a function of neutron and proton number is uncertain [5].
The vSF defines the average nuclear response to absorb-
ing or emitting a vy ray with a given energy. Together with
the NLD, the vSF defines the probability for a nucleus to
decay through photon emission after capturing a neutron.
The shape of the vSF in exotic nuclei is extrapolated
from data for stable nuclei. However, modifications of
traditional expectations have been observed even in sta-
ble nuclei, as well as some exotic ones. Examples include
enhancements in the vSF found close to the neutron sep-
aration energy [6] and at very low transition energies [7],
which may have a dramatic effect on predicted neutron
capture rates [8]. The lack of experimental constraints on
the NLD or vSF in exotic isotopes leads to diverging neu-
tron capture rate predictions depending on the choice of
NLD or vSF. As a demonstration of this effect, the neu-
tron capture rates for a range of elements from Mn to
Ga were calculated using the Hauser-Feshbach statisti-
cal reaction code TALYS [9]. The NLD and 4SF models
given in Table I were varied systematically within the
code and the ratio between the largest and smallest neu-
tron capture rate is plotted in Fig. 1. The variations
due to differences in the Jekeune-Lejenne-Mahaux [10]
Koning-Delaroche [11] optical models was on average 6%
for all isotopes considered with the maximum deviation
still under 30%. It is clearly observed in the figure that
in moving away from the valley of stability, the variation
in the predicted neutron capture rate rapidly increases,
with values that reach factors of 20 or more only a few
neutrons from the last stable isotope.

To provide experimental constraints on neutron cap-
ture rates far from stability, different indirect techniques
have been proposed, such as the surrogate reaction tech-
nique [28, 29] and the y-ray strength function (ySF)
technique [30]. Recently, a new technique was proposed
that provides an indirect measurement of neutron cap-
ture rates [31] that can be directly applied to short-lived

isotopes. The technique is called the §-Oslo method
and relies on the measurement of basic nuclear prop-
erties (NLD and ~SF) that are used as input in (n,y)
reaction calculations. The (-Oslo technique was intro-
duced in Ref. [31] to constrain the neutron capture rate
of ™Ge, one neutron less than the stable %Ge. In the
present work, we present the first experimentally con-
strained (n,7y) reaction rate far from stability in the mass
70 region, namely the %Ni(n,y)""Ni reaction, and its im-
pact on astrophysical abundance predictions compared
to observational data.

The isotope studied in this work, 5°Ni, has five more
neutrons than the heaviest stable Ni isotope and has a
short half-life (11.4 s), making it unsuitable for direct
measurement. The neutron capture on %°Ni into "°Ni
was identified in sensitivity studies [32] as influencing the
abundances of nuclei produced in weak r-process scenar-
ios. The S decay of °Co to "°Ni was measured at the
National Superconducting Cyclotron Laboratory (NSCL)
to infer the neutron capture cross section of %°Ni. A pri-
mary beam of 8Kr at 140 MeV /nucleon was reacted with
a ?Be target. The resulting fragmentation reaction prod-
ucts were separated in flight using the A1900 fragment
separator [33] and delivered to the experimental detec-
tor system. The ions were deposited into a 1-mm thick
segmented double-sided silicon detector (DSSD) which
registered the location and time of arrival of the incom-
ing ion. Each side of the detector had a total of sixteen,
1.2-mm wide strips. Subsequent [-decays were also de-
tected and correlated with implanted ions based on time
and position information [34]. The correlation technique
between ion and 8 decay was sufficient to remove the
contribution of the daughter decay based on the differ-
ences in decay half-lives, 105 milliseconds for "°Co and 6
seconds for "°Ni. The silicon detector was located inside
the 45-mm borehole of the Summing Nal (SulN) detector
[35]. SuN is a 16 inch by 16 inch right cylinder of Nal
scintillator that is optically segmented into eight separate
segments to sum the y-ray decay energy. SuN has an ef-
ficiency of 85% for the 661-keV ~-ray transition from a
137Cs source.

The ground state of "°Co was assumed to have a spin
and parity of 6~ based on prior 8-decay studies [36] and
the allowed decays populate levels in °Ni leading to lev-
els with spins and parities of 57, 67, and 7~. "°Co has
a (-decaying isomer with a tentatively assigned spin and
parity of 37 and a half-life of 0.5 s [36]. This longer-lived
[B-decaying state strongly populates a known level at 1868
keV with a tentative 21 assignment [36-38]. There is no
observable peak in the total absorption spectrum at 1868
keV. Further, the time difference between the arrival of
a "°Co ion and a subsequent -decay electron was used
to generate the °Co f-decay curve. The curve was fit
with contributions from the exponential decay of "°Co
and the growth and decay of the daughter, "°Ni. The
half-life of the parent extracted from the fit was con-



TABLE I. List of models used to describe the NLD and vSF in the Hauser-Feshbach calculations of Fig. 1. Out of the six NLD
models available in TALYS, the temperature-dependent Hartree Fock-Bogolyubov level densities using the Gogny force based
on Hilaire’s combinatorial tables [12] where found during test calculations to produce unphysically strong odd-even effects on
the neutron capture reaction rates away from stability. This could be related to systematic disagreements with experimental
data mentioned by Hilaire et al. in [12] for odd-odd and odd-A nuclei. Furthermore, this model is often not able to reproduce
the almost exponential behavior observed experimentally for the level density (see [12—-14]. This possibly unphysical behaviors
warrant further investigation and hence the corresponding level density model was deemed not suitable for the sensitivity study
of this work. Out of the five available vSF parametrizations, the Brink-Axel single lorentzian formula [15, 16] is known to
exhibit a cut-off at lower v ray energies at the limit of E, — 0 that has been shown not to agree with experimental data for
neutron capture reactions (see e.g [17]). In general, this model is known to consistently overestimate average and total radiative
widths as well as experimental neutron-capture cross sections for stable nuclei (for example, [17, 18]). Therefore it was also
not used in this work.

Nuclear Level Density
Constant Temperature matched to the Fermi Gas model (CT+BSFG)[19]
Back-shifted Fermi Gas model (BSFG)[19],[20]
Generalized Super fluid model (GSM)[22], [23]

~ ray Strength Function
Kopecky-Uhl generalized Lorentzian (KU) [17]
Hartree-Fock BCS + QRPA (HF-BCS+QRPA) [21]
Hartree-Fock-Bogolyubov + QRPA (HFB+QRPA) [24]

Hartree Fock using Skyrme force (HFS) [25]

Modified Lorentzian (Gor-ML)[26]

Hartree-Fock-Bogoliubov (Skyrme force) + combinatorial method (HFBS-C) [27]

sistent with only the short-lived, high-spin, S-decaying
state. Allowing for one dipole transition (the primary
ray) following [S-decay, daughter levels with spins from 4
to 8 can be populated. The neutron separation energy,
Sn, of ™Ni is 7.3 MeV [39].

The B decay of °Co to "°Ni was measured and the
y-ray cascade following SB-decay into °Ni was analyzed
using the $-Oslo method [31] which was used to extract
the NLD and 7SF of ®Ni. The -Oslo method differs
from the traditional Oslo method only in the mechanism
for the population of highy-excitated states; S-decay in
the former and light particle reactions in the latter. The
NLD and ~SF were used to determine the $Ni(n,v)""Ni
reaction rate. The NLD and ySF extracted from a tradi-
tional Oslo method analysis has a demonstrated ability to
reproduce known neutron capture rates in heavier mass
nuclei [40].

The B decay of "“Co populated high-energy excited
states in "°Ni. SuN provides a measure of both the to-
tal photon energy (E,) emitted following 8 decay and the
individual v-ray transitions (E,) in coincidence with a j3-
decay electron detected in the DSSD. The ~-ray cascades
following the decay of "°Co into "“Ni were analyzed with
the following four steps: (1) the unfolding of the detec-
tor response from the data for each excitation energy bin
[45], (2) retrieval of the primary ~-ray matrix [46] (the
spectrum of the first y-ray emitted from each excitation
energy bin), (3) extraction of the functional form of the ~-
ray transmission coefficient and nuclear level density [47]
and (4) normalization of the two functions [47, 48]. The
experimentally derived NLD and SF were normalized to
three anchor points [47]: the level density at low excita-
tion energies, the level density near the neutron separa-
tion energy, and the average radiative width of levels near
the neutron separation energy. The normalization points
are taken from available experimental data, systematics,

and theoretical calculations.

The NLD was normalized to the low-energy level den-
sity and the level density at S,,. The low-energy level
density was taken from the experimentally known levels
less than a few MeV in excitation energy [37] account-
ing for the fact that, based on comparisons with neigh-
boring %6:68Ni, it is likely that the discrete level density
is incomplete in the region starting around 3 MeV. The
combinatorial plus Hartree-Fock-Bogoliubov calculations
of Goriely et al. [4] were used to constrain the lower and
upper values of the level density at S,,. The lower limit
of the level density at S,, is 1.02:10°> MeV !, leading to
an average s-wave neutron resonance spacing, Dy, of 7.43
keV. The upper limit for the level density at S,, is 1.50-103
MeV ™!, resulting in a Dy of 4.43 keV. Fermi gas and
constant temperature models for the level density were
also performed using the phenomenological parameters
of von Egidy and Bucurescu [41] and resulted in similar
upper limits of p(S,,) between 1.3-10> MeV~! and 1.9-103
MeV~!. For the present analysis the microscopic calcu-
lations were chosen to carry out the normalization. The
smaller spin range populated by (-decay based on the
selection rules of allowed transitions results in reduced
lower and upper level-density limits of 5.7-102 MeV ™!
and 8.4-10%2 MeV !, respectively. The lower level density
was obtained by summing the number of levels with the
appropriate spin and parity to be reached by S decay
from the microscopic calculation and provided the slope
of the vSF. The phenomenological models give a similar
reduction factor of 47% between the full level density and
the level density restricted to states accessible through g
decay.

The +SF is normalized to recent Coulomb excitation
data on %8Ni [42]. The resulting strength function also
matches recent calculations of E1 photon strength in
neighboring %%72Ni [49] isotopes. The normalized NLD
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FIG. 2. (Color online) (a) Nuclear level density as a function of excitation energy compared to known levels given by the thin
black line. High and low experimental bounds using the HFB microscopic normalizations are shown by the blue band. An
upper limit from the phenomenological model [41] is provided by the open squares. (b) vSF as a function of y-ray energy.
Experimental data are shown by the black squares with the upper and lower bounds from the microscopic normalization given
by the blue band. The experimental data from Rossi et al. [42] at higher energies from Coulomb excitation are also shown.
The upper bound obtained from the phenomenological model is given by the open squares. Calculations for the E1 photon
strength of ®*Ni and “2Ni [49] are also provided. (c) ®*Ni(n,y)"°Ni reaction rate as a function of temperature. JINA REACLIB
[43] and BRUSLIB [44] reaction rate recommendations are shown by solid and dashed lines, respectively. The light blue shaded
band corresponds to a factor of 10 uncertainty in the ®*Ni(n,)"*Ni reaction rate. The experimental result is provided by the
dark blue shaded band. The upper limit using the alternative normalization from Ref. [41] is shown by the blue dot-dash line.

and SF are presented in Fig. 2(a,b).

Using the experimentally normalized NLD and ~SF
as inputs, the neutron capture rate for %°Ni was calcu-
lated using TALYS [9]. The semi-microscopic Jeukenne-
Lejeune-Mahaux neutron optical potential was used [9]
in the calculations and resulted in the neutron capture
rate shown in Fig. 2(c). The reaction rate is compared
with the widely used reaction rate libraries BRUSLIB [44]
and JINA REACLIB [43]. The %Ni(n,y)"°Ni rate is key
in low entropy r-process scenarios that produce primarily
A~80 peak nuclei (weak r-process) for example, in the ac-
cretion disk outflows that accompany a neutron star [50]
or black hole-neutron star merger [51]. To model this
environment the weak r-process is parameterized with
wind conditions similar to previous work [50, 51] (entropy
s/k=10, timescale=0.1 s, and electron fraction Y,.=0.32).
Until the present work, this rate was unconstrained by
experiment and the impact of the new rate on this ex-
ample weak r-process calculation is shown in Fig. 3. A
change to this one rate produces a large local shift in
abundance from A=69 to 70 (left panel of Fig. 3), and
smaller global changes to the abundance pattern ranging
up to A ~ 130 (right panel of Fig. 3). The uncertainty
of the calculations improves dramatically with the new
experimental constraints on the ®*Ni(n,y)“Ni rate. The
variations in the abundance patterns are sharply reduced
below 20% everywhere (Fig. 3). Further, by constraining
the ®Ni(n,v)"Ni neutron capture rate, the uncertainty
of the predicted abundances of all mass-70 nuclei now
falls below the observation uncertainty for mass-70 nu-
clei.

The success of this first experimental investigation of a
neutron capture rate far from stability paves the path for
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FIG. 3. (Color online) (Left) Predicted abundance versus
mass number for the weak r-process compared to solar r-
process residuals (black dots) [2]. The abundance patterns
are compared using JINA REACLIB rates with a variation in
the ®*Ni(n,y)"Ni rate of an order of magnitude (blue) and
the experimentally constrained reaction rate from the present
experiment (red shaded region). (Right) Comparison of the
percent abundance change as a function of mass number using
old reaction rate uncertainties (blue line) versus the present
uncertainties (red). The present data reduce the uncertain-
ties in the abundance predications to less than 20% across the
mass range.

understanding these important reactions in regions inac-
cessible until now. The %°Ni(n,y)""Ni rate is the first of
many key neutron capture rates that can be studied for
the weak r-process [31]. The main r-process, responsi-
ble for the A>120 solar residuals, is sensitive to an even
larger set of neutron capture rates. The combined ef-
fect of all of the present uncertainties on main r-process
simulations is illustrated by the light green band in Fig.
4. The main r-process scenario is a neutron star merger
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FIG. 4. (Color online) Predicted abundances versus mass
number compared to solar r-process residuals (black dots) [2].
The shaded bands show the variances in the ensemble of abun-
dance patterns from 20,000 network calculation iterations. In
each iteration, a Monte-Carlo variation of all neutron capture
rates is applied [3]. The shaded bands correspond to neutron
capture rate uncertainties of a factor of 100 (light), 10 (mid-
dle), and 2 (dark). All but the largest abundance pattern
features are obscured by the rate uncertainties at a factor of
100. Only with uncertainties smaller than a factor of 10 can
fine features be observed.

trajectory from Bauswein et al. [52]. The darker green
bands in Fig. 4 represent the predicted abundance un-
certainties with increasingly tighter constraints on the
variation of the unknown neutron capture rates. The
finer details of the abundance features become clearly
distinguishable and can be directly compared to the solar
residuals only with the smallest level of uncertainty that
can be obtained through the application of the present
experimental technique on higher-mass nuclei. A system-
atic program of measurements using the 5-Oslo method
offers the best hope to reduce neutron capture rate uncer-
tainties to the low level required to differentiate between
potential astrophysical r-process scenarios and here we
have presented the first step in that direction.
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