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Recent astronomical observations indicate that additional nucleosynthesis pathways are required
to understand some atypical elemental abundance patterns revealed by new observations. One such
process that can help to explain these observations is the intermediate neutron-capture process (i
process). The nuclear properties of isotopes involved in this nucleosynthesis pathway are experimen-
tally well constrained with the exception of the neutron-capture reaction rates, which are provided
almost entirely by theory. In this paper, the first experimentally constrained reaction rate on the
87Kr(n,γ)88Kr reaction is provided by employing the β-Oslo method. The impact of this reaction
on the abundance of rubidium within the i process is investigated.

I. INTRODUCTION

The distribution of observed elemental abundances
across the universe provides insight into the various nu-
cleosynthesis pathways taken since the inception of the
Big Bang. One of the most critical open scientific ques-
tions is how nucleosynthesis of elements heavier than iron
takes place. Since the ground-breaking work from Bur-
bidge et al. [1] and Cameron et al. [2], it was shown that
heavy elements are produced through three processes:
the slow (s) [3] and rapid (r) [4–6] neutron-capture pro-
cesses, which occur through a combination of neutron
captures and β decays, and the p process [7–9], which
is dominated by photo-disintegration reactions in the
neutron-deficient region of the valley of stability.

Although this was considered to be the complete pic-
ture to explain the observed abundances of elements in
various stars, recent observations from Carbon-Enhanced
Metal-Poor (CEMP) stars [10, 11], and some post
Asymptotic Giant Branch (AGB) stars such as Sakurai’s
object [12], have shown that abundance patterns cannot
be replicated by using the s and r processes alone or by
the combination of the two processes [13, 14]. Hence, this
requires additional nucleosynthesis pathways to explain
how heavier elements are produced. One such process,
proposed by Cowan and Rose [15], is the intermediate (i)

neutron-capture process, which occurs at neutron densi-
ties between Nn = 1013−16 n/cm3, between the s pro-
cess (Nn < 1012 n/cm3) and the r process (Nn > 1020

n/cm3). The nuclei involved are 2-8 mass units away
from the valley of stability and are mostly accessible by
current radioactive beam facilities.

The exact site where the i process occurs is still de-
bated, requiring collaborative research at the intersection
of experimental nuclear physics, modeling and observa-
tional astronomy [16]. This process requires a neutron
source that produces intermediate neutron densities from
Nn = 1013−16 n/cm3, for which the presence of hydro-
gen and helium-burning shells is required. This condition
allows for an interplay of reactions to occur within the
same convective helium-burning zone due to proton in-
gestion. To produce such neutron intensities, a two-step
process is undertaken. The first step involves the re-
plenishment of 13C production through the proton cap-
ture of 12C via the 12C(p,γ)13N reaction. This occurs
during a helium flash where 12C mixes with the outer-
most hydrogen shell. After the subsequent β decay of
13N, neutrons are produced in the helium layer through
the 13C(α,n)16O reaction, increasing the neutron density
through convective mixing. Possible sites where this pro-
cess can occur are in thermally pulsing AGB, post-AGB
and super-AGB stars [12, 17–23], rapidly accreting white
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dwarf stars (RAWDs) [24–28], core-He flash in stars with
low masses [29–31], or in massive stars in their last stages
of life [32, 33].

To understand the production of heavier nuclei
through the i process, models that incorporate details
of the astrophysical conditions with the relevant nuclear
properties are required [34]. For nuclei involved along
the i process pathway, nuclear properties such as β-decay
half-lives and masses are relatively well constrained. The
main inputs with limited experimental constraints are
the neutron-capture reaction rates, which are provided
almost entirely by theoretical calculations, typically with
unknown systematic uncertainties. Due to the short half-
lives of the nuclei involved, the direct measurements of
neutron-capture reaction rates of i-process nuclei are par-
ticularly challenging.

Theoretical estimates of the reaction rates and
cross sections are typically obtained using the Hauser-
Feshbach statistical model [35], where the nuclear level
density (NLD), γ strength function (γSF) and the opti-
cal model potential (OMP) are essential input parame-
ters. The NLD describes the number of levels within an
excitation bin as a function of excitation energy, while
the γSF details the probability of emission of a γ ray
with a particular energy and multipolarity from the nu-
cleus. The OMP describes the interaction between the
nucleus and the neutron. In this work, the NLD and
γSF were the two key input parameters that were con-
strained. Different theoretical models are used to predict
these two properties. These models are well constrained
along the valley of stability. However, the calculations of
the neutron-capture reaction rates vary up to a few orders
of magnitude when moving away from stability [36, 37].
In order to constrain and inform the neutron-capture re-
action rates for exotic neutron-rich isotopes, a variety of
different indirect techniques can be applied [38]. Such ex-
amples include the surrogate reaction technique [39, 40],
the γSF technique [41], the Oslo method [42–44], and the
Shape method [45, 46]. A variation of the Oslo method,
namely the β-Oslo method [36, 47], is employed in this
work to extract the NLD and γSF for short-lived isotopes.

In recent sensitivity studies from Martinet et al. and
Denissenkov et al. [48, 49], the 87Kr(n,γ)88Kr reaction
rate was identified as having significant influence on the
production of Rb isotopes. There are challenges in ob-
serving spectral lines for Rb abundances. However, some
observations do exist (e.g. Ref. [12]), and astrophysical
model calculations aim to reproduce stellar observations.
For this reason, it is paramount to have a good constraint
of the nuclear physics input.

In the present work, the 87Kr(n,γ)88Kr reaction rate
was constrained by using the β decay of 88Br to popu-
late the compound nucleus 88Kr and to experimentally
constrain the NLD, and hence its γSF. Previous work
from Mücher et al. [46] successfully extracted the NLD
of the 88Kr nucleus through the Shape method [45]. Here,
we combine the two results to provide an experimentally
constrained reaction rate, and also present i-process cal-

culations using our new reaction rate.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the CARIBU facility
at Argonne National Laboratory. A 88Br beam was uti-
lized and delivered to the center of the Summing NaI(Tl)
(SuN) detector [50, 51], a γ-ray total absorption spec-
trometer that was developed by Michigan State Univer-
sity. The beam was implanted into the SuN Transport
system for Active Nuclei (SuNTAN) attached at the cen-
ter of SuN [52]. The subsequent γ rays following the de-
cay of 88Br to 88Kr, were detected in SuN in coincidence
with detected β particles using a plastic scintillator barrel
(SuNSPOT) surrounding the implantation area located
at the center of SuN [52]. The light produced by the
plastic scintillator barrel was collected by 32 wavelength-
shifting fiber optics that were connected to the scintilla-
tor. The collected light output was transported to two
photomultiplier tubes located outside SuN.
Typically, beams provided by the CARIBU facility

include isobaric contamination. In the present work,
the contaminants were the β decay products from 88Se
(T1/2 = 1.53 s) and 88Kr (T1/2 = 169.5 min). The half life

of the isotope of interest, 88Br, is 16.3 s. For this reason,
two different tape cycle settings were used in SuNTAN:
(1) beam on for 5 seconds, beam off for 1 second, and (2)
beam on for 120 seconds, beam off for 1 second. The for-
mer tape cycle setting was chosen to enhance the decay
of 88Se to 88Br. The latter setting includes contributions
from the decays of 88Se and 88Br. Since the half-lives of
the contaminants are notably different, the two settings
for the tape cycles were chosen to distinguish the differ-
ent components, allowing for the 88Se component from
setting (1) to be subtracted from setting (2) to isolate
the decay of 88Br to 88Kr. In this case, SuN was count-
ing events during the beam-on portion of the tape cycle
as the half life of 88Kr is long lived. Therefore, the longer
beam-off tape cycles were not needed.
SuN is a cylindrical detector that has dimensions of

16 inches in diameter and length with a 1.8 inch diam-
eter borehole along the beam axis [50]. The detector is
separated into 8 optically isolated segments, allowing for
the extraction of individual γ-ray energies (Eγ) emitted
by the compound nucleus of interest, being 88Kr in this
case. Summing the deposited energy across all of the seg-
ments on an event-by-event basis provides information of
the excitation energies in the nucleus (Ex) through total
absorption spectroscopy (TAS). Fig. 1 shows the contri-
butions of the contaminants using the different tape set-
tings detailed above in coincidence with SuN. The TAS
obtained from the decay of 88Se using the short tape cy-
cle setting is shown by the black line in Fig. 1, where the
strong presence of the peak at Ex=1903 keV is observed
for this decay. The TAS spectrum for the longer tape cy-
cle, consisting of decays of 88Se and 88Br contaminants,
is denoted by the red line. Through the subtraction pro-
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FIG. 1. The measured total absorption spectra (TAS) for the
two settings used for the tape cycles. The black line shows
the measured Ex for the 5 second beam on, 1 second beam-
off setting, where the contribution from the decay of 88Se was
enhanced. The red line represents the Ex for the 120 second
beam on, 1 second beam-off setting, where this setting con-
sisted of 88Se and 88Br components. The blue line represents
the Ex obtained when the 88Se component (black) was sub-
tracted from the second tape setting (red) to isolate the 88Kr
contribution.

cess between the two settings, the decay of 88Br to 88Kr
becomes optimized, as shown by the blue line in Fig. 1,
where it can be observed that the 1903 keV peak from
the 88Se contaminant is fully removed.

Following this optimization procedure, the combina-
tion of the measured Eγ and Ex into a two-dimensional
matrix allows for the NLD and γSF of 88Kr to be ex-
tracted from the experimental data using the β-Oslo
method [47]. The raw matrix, following the subtraction
of the contaminants resulting from the β decay of 88Se
and 88Kr, is shown in Fig. 2(a), consisting of ∼ 2 million
counts.

III. RESULTS

A. β-Oslo Analysis

The β-Oslo method implements the traditional Oslo
method [42–44] in cases where the nucleus of interest is
produced via β decay. Highly excited states in the nu-
cleus of interest are populated in the β decay, which de-
excite through the emission of γ rays. An advantage of
this approach is that it can be applied to nuclei far away
from stability at lower implantation rates of ∼1-10 pps.

There are four main steps that are taken to extract
the experimental NLD and γSF from the raw two-
dimensional Ex vs Eγ matrix: (1) unfolding the γ-ray
spectrum for each corresponding initial excitation energy

by taking into account the detector response [43], (2) iso-
lating the primary γ-rays by applying an iterative sub-
traction process to obtain the distribution of the first γ
rays emitted from each cascade for each initial excita-
tion energy [44], (3) extraction of the functional form of
the NLD and γ-ray transmission coefficient since the pri-
mary γ-ray matrix is proportional to the product of the
NLD and γSF [42], and (4) applying external normaliza-
tions to determine the amplitude of the NLD and γSF,
where the combination of these two statistical quantities
are used to give the constrained neutron-capture reaction
rate [43, 53].
The extraction of the NLD for 88Kr has previously

been performed by Mücher et al. using the Shape method
as detailed in Ref. [46]. The main focus of the present
work was to extract the γSF of 88Kr, using the β-Oslo
technique, and to combine the two experimental results
to infer the 87Kr(n,γ)88Kr reaction rate.
The raw, unfolded, and primary γ-ray matrices for

88Kr are plotted in Fig. 2(a), Fig. 2(b), and Fig. 2(c),
respectively, with Ex as a function of Eγ . For the first
step in the analysis, the unfolding procedure of the raw
88Kr(Eγ ,Ex) matrix takes into account the detector re-
sponse of SuN as shown in Fig. 2(b). An iterative sub-
traction process, as detailed in Ref. [44], was used to
produce the primary γ-ray matrix. This corresponds to
the distribution of the first γ ray emitted from each Ex

as shown in Fig. 2(c).
The distribution of the first γ ray observed from each

Ex describes the probability of obtaining a γ ray of a
given energy from its corresponding excitation energy, as
shown by [42]:

P (Ex, Eγ) ∼ ρ(Ex − Eγ) · T (Eγ), (1)

where ρ(Ex−Eγ) is the NLD at the excitation energy af-
ter γ-ray emission of energy Eγ , and T(Eγ) is the γ-ray
transmission coefficient. The γ-ray transmission coeffi-
cient is related to the γSF, while assuming dipole transi-
tions, by:

f(Eγ) =
T (Eγ)

2πE3
γ

. (2)

While the NLD has been previously extracted by
Mücher et al. [46], this analysis focuses on the extrac-
tion of the experimental γSF, where bin widths, Eγ and
Ex limits were considered from the primary γ-ray matrix.
The corresponding region utilized to obtain the experi-
mental γSF for 88Kr is shown by the black solid lines in
Fig. 2(c), where limits of Ex=5.5-6.5 MeV and Eγ=1.8
MeV were applied. These limits were applied to avoid
contributions from discrete levels.

B. Extraction of the γSF

The previously extracted upper and lower limits of the
partial NLD for 88Kr by Mücher et al. [46] is represented
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FIG. 2. The experimental matrices showing (a) the raw Ex vs. Eγ matrix from the β decay of 88Br, with 8 keV/channel
binning. The β-decay Q-value of 88Br is 8.97 MeV. (b) shows the unfolded matrix with 8 keV/channel binning. In both (a)
and (b), the dashed purple line represents the neutron separation energy, Sn=7.053 MeV. (c) shows the primary γ-ray matrix
for 88Kr obtained from the β-γ coincidences following the 88Br decay. The bin width on both axes of the primary matrix is
128 keV/channel. The black trapezoid shown in (c) indicates the γ-ray and excitation energy limits applied to determine the
experimental γSF. The region defined by the dashed red lines shows an example of a region considered for the evaluation of
the systematic uncertainty.

by the yellow band in Fig. 3. The red points show the
NLD extracted from the present work compared to the
discrete levels as shown by the purple bars. The red
points presented in Fig. 3 were extracted to reproduce
the results obtained from Ref. [46]. In both cases, the
NLD includes a spin range that assumes allowed β-decay
transitions from the ground state of 88Br (1−), followed
by a dipole γ-ray emission. The discrepancy observed
between the extracted NLD from the present work and
the upper and lower limits from Ref. [46] below 2.4 MeV
is due to the nature of the theoretical models, which are
meant to predict the NLD in a statistical regime. Below
2.4 MeV, the NLD becomes dominated by discrete levels.
The more elaborate analysis by Mücher et al. [46], using
the same dataset, was used to constrain the cross section.

The primary goal of the present analysis was to obtain
the absolute γSF for 88Kr. The β-Oslo method alone can
extract the functional form of the NLD and T(Eγ), where
absolute quantities can be extracted by using external
normalizations from equations 3 and 4:

ρ′(Ex − Eγ) = Aeα
′(Ex−Eγ)ρ(Ex − Eγ) (3)

T ′(Eγ) = Beα
′(Eγ)T (Eγ) (4)

where A and B are scaling factors and α′ represents the
slope parameter. The A and α′ parameters are typically
determined from the following normalization data: (1)
discrete states at low excitation energies, and (2) the level
density at the neutron separation energy, ρ(Sn) found
by using average level spacing data for s-wave neutrons
(D0) at Sn, if available. The third parameter, B, rep-
resents the magnitude of the γSF, which is determined
using the average radiative width (⟨Γγ⟩) at Sn. Due to
the short half-lives of the exotic nuclei explored in this
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FIG. 3. The partial NLD extracted from present work (red
circles). The discrete levels are shown by the purple bars by
taking into account the states populated in 88Kr following
allowed β-decay and one dipole γ-ray transition. The upper
and lower limits of the NLD extracted from the Shape method
by Mücher et al. [46] are shown by the yellow band.

work, these normalization parameters were not available.
As detailed in Ref. [46], this issue was addressed by de-
termining the slope of the γSF, and consequently the
NLD, using the Shape method. Here, the slope of the
γSF from the β-Oslo method was fixed to that from the
Shape method [46].
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tracted from the present work is shown by the pink points.
The γSF was normalized to the γSF from Ingeberg et al. [54]
at Eγ=4.35 MeV. The pink band shows the systematic uncer-
tainty resulting from variations in matrix binning and choice
of limits applied for the statistical region. Experimental data
for 85Kr and 86Kr from Refs. [55, 56] are shown by the green
and orange points, respectively. Experimentally extracted up-
per and lower limits for the 88Kr γSF, shown by the black
dashed and solid lines, respectively, were normalized to data
from Ingeberg et al. [54], presented by the purple band. The
Skyrme-Hartree-Fock BCS model with QRPA [57] was ap-
plied in TALYS to fit the upper and lower limits of the ex-
tracted γSF.

The absolute experimental γSF extracted from the
current work, denoted by the pink points in Fig. 4,
was normalized to the data of Ingeberg et al. [54]
for the d(86Kr,pγ)87Kr reaction, shown by the purple
band. Photoabsorption data from the nearby 85Kr (green
points) and 86Kr isotopes (yellow points) [55, 56] were
also applied for comparison. The upper and lower limits
taken from the β-Oslo analysis were fit using the shape of
the Skyrme-Hartree-Fock BCS model [57], as shown by
the black dashed and solid lines in Fig. 4, respectively.

In addition to uncertainties due to the normalization
process, systematic uncertainties due to the analysis were
also taken into account. The limits for statistical decay
in the primary γ-ray matrix were varied to determine
the γSF. An example of one of the statistical regions ex-
plored in this analysis is defined by the dashed red lines
in Fig. 2(c). The regions explored in this work were cho-
sen such that the strong contributions from the 775 keV
and 1577 keV γ rays along the Eγ axis were not included
in the analysis since these respective γ rays result from
the decays of the discrete 2+1 and 2+2 states. Based on

these criteria, the limit of Eγ=1.8 MeV was applied to
the defined statistical regions in Fig. 2(c). The excita-
tion energy limits were applied such that the absolute
γSF exclude possible contributions from discrete states,
contamination effects in the beam and neutron-induced
background within the region defined by the black lines
in Fig. 2(c).
By varying the bin widths and the limits of Ex in the

primary matrix, it was observed that the structural fea-
tures, such as the upbend [58–60] and the pygmy dipole
resonance (PDR) [61–64], and the overall shape of the ex-
tracted γSF were found to be consistent. This was found
to be true as long as the lower limit of Ex in the primary
matrix is placed within the statistical region, and that
the lower limit of Eγ was placed above the region where
γ-ray emission from discrete levels become prevalent.
The contribution of the systematic uncertainties for

the extracted experimental γSF is denoted by the pink
band in Fig. 4. This was calculated by determining the
square root of the sum of the residuals of the γSFs ob-
tained from the variation of the statistical limits applied
in the matrix in correspondence with the absolute exper-
imental values of γSF at each Eγ . This approach allows
for the systematic uncertainties to be folded into the sta-
tistical uncertainties, indicating the limits where the γSF
can vary within. The uncertainty band is quite narrow
in the region Eγ=4-5.5 MeV due to this being the Eγ

region corresponding to the center-of-mass for primary γ
spectra.

C. Determining the Constrained Reaction Rate

The corresponding upper and lower limits of the NLD
from Mücher et al. [46] and γSF were used as inputs to
TALYS [65] to calculate the experimentally constrained
reaction rate of the 87Kr(n,γ)88Kr reaction.
The black dashed line in Fig. 4 is the fit extracted

for the upper limit of the γSF. This fit includes a small
enhancement between 5-6.5 MeV to better reproduce the
data, and was considered to contribute to the uncertainty
in the extracted reaction rate. An exponential function,
known as the upbend [58–60], was also applied to the
upper and lower limits of the normalized experimental
γSF within the TALYS framework to account for the in-
crease in the γSF at low γ-ray energies. The black solid
line in Fig. 4 represents the fit to the lower limit of the
γSF, shown by the pink data points. The enhancement
seen at Eγ=5-6.5 MeV was not included in the fit of the
lower limit of the γSF to account for all sources of sys-
tematic uncertainties that could contribute to the overall
constrained reaction rate. For the lower limit, a shallow
upbend was applied to encapsulate the lower limit of the
uncertainties at Eγ < 4 MeV. In both cases, it is impor-
tant to note that the upper and lower fits of the extracted
absolute γSF is a generous estimate to account for the
maximum uncertainties resulting from systematic tests.
The reaction rate of the 87Kr(n,γ)88Kr reaction, cal-
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culated from the combination of the extracted upper and
lower limits of the NLD from Ref. [46] and the γSF (see
Fig. 4), is shown in Fig. 5. The lighter and wider blue
band shows the range of reaction rates taking into ac-
count all possible combinations of the NLD and γSF
models available in TALYS 1.96 [65]. For the NLD, all
six available models were utilized [66–71]. All nine mod-
els for the E1 component [57, 72–79] and two models for
the M1 component of the γSF [80] have been considered
to determine the maximum and minimum rates. The de-
fault model from Koning and Delaroche was applied [81]
for the optical model potential (OMP) for all the models
considered for the NLD and γSF.

By utilizing the limits of the extracted experimental
NLD and γSF shown in Figs. 3 and 4, it can be seen
that the range of the predicted reaction rate uncertainty
is greatly reduced for the 87Kr(n,γ)88Kr reaction (shown
by the orange band in Fig. 5). The constrained reaction
rate was also compared to the default reaction rate from
JINA REACLIB v2.2 [82] (dashed black line), which is
used for astrophysical calculations.
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FIG. 5. The reaction rate of the 87Kr(n,γ)88Kr reaction. The
light blue band represents the range of the predicted reaction
rates from TALYS 1.96 [65] for all available models for the
NLD and γSF. The orange band shows the experimentally
constrained reaction rate obtained from the current analysis,
resulting from the corresponding upper and lower limits of
the NLD and γSF. The dashed black line represents the the-
oretical reaction rate taken from JINA REACLIB v2.2 [82].

IV. ASTROPHYSICAL CALCULATIONS

The experimentally constrained reaction rate was ap-
plied in astrophysical i-process calculations to under-
stand the impact of the 87Kr(n,γ)88Kr reaction on the
final Rb abundance patterns. The NuGrid sppn code in
its constant neutron density configuration as described
in Ref. [83] was utilized, with neutron density parame-
ters typical for the i process. To study the impact of

the deduced constrained reaction rate on the observed
Rb abundance patterns, the investigation of particular
neutron densities that are within the range of where the
i-process occurs is required. In this work, two constant
neutron densities were considered: Nn=3.16×1013 cm−3

and Nn=3.16×1014 cm−3, which are within the proposed
i-process range.
One-zone Monte-Carlo (MC) simulations, similar to

those done in Refs. [26, 49], but with random variations
of neutron-capture rates for all relevant unstable species
in the i-process pathway were run for these two neutron
densities. The MC simulations require estimates for max-
imum variation factors, vmax

i , and lower and upper limits
for random multiplication factors, fi, applied to selected
reaction rates. The choice of sets of vmax

i values used in
our work for MC simulations is based on a comparison
of maximum and minimum reaction rates computed with
20 different Hauser-Feshbach input model combinations,
as explained in Refs. [26, 49]. Possible rate correlations
were not taken into account. Compared to the vmax

i val-
ues proposed in Ref. [48], the differences between the fac-
tors utilized are not significant, where the identification
of impactful reactions is not affected.
The MC simulations produces sets of elemental and

isotopic abundances, Xk, predicted by a given astrophys-
ical nucleosynthesis model for the same number of differ-
ent sets of reaction rate multiplication factors, fi. A sta-
tistical analysis of these data can reveal reactions whose
rate variations have the strongest impact on the abun-
dance of a given species. Such reactions have simultane-
ously the largest (by absolute magnitude) correlation co-
efficients between Xk and fi and logarithmic slopes, si

1,
with Xk ∝ fsi

i . For Rb, such a reaction is 87Kr(n,γ)88Kr
with correlation coefficients and slopes equal to −0.77
and −0.36 for Nn=3.16×1013 cm−3 and −0.59 and −0.57
for Nn=3.16×1014 cm−3, indicating that such a reaction
would dominate the Rb distribution.
Uncertainties of predicted abundances are determined

by vmax
i values for reactions having the strongest impact

on these abundances. As estimated values of vmax
i de-

pend on the Hauser-Feshbach model setup, the absolute
abundance uncertainties still remain poorly constrained.
Therefore, the MC simulations can be used to identify the
most impactful reactions, where the application of exper-
imentally constrained rates of such reactions can reduce
variations in the predictions of elemental abundances.
Bifurcation plots in Fig. 6 present distributions of the

[Rb/Zr] abundance ratio, logarithmic and with respect
to the solar one, obtained in 4 sets of our 10,000 MC
runs. The split of the [Rb/Zr] distributions into two
peaks is caused by a bifurcation of the i-process path at
the 87Kr(n,γ)88Kr reaction. The blue and yellow peaks

1 The logarithmic slopes, si, are calculated with the NumPy’s
polyfit function using linear fits of elemental abundances Xk ob-
tained in Monte Carlo simulations as functions of reaction rate
multiplication factors fi
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Nn = 3.16 × 1013 cm-3

(c)
Default rates

Nn = 3.16 × 1014 cm-3

(d)
87Kr(n,γ)88Kr exp. rate

(b)
87Kr(n,γ)88Kr exp. rate

(a)
Default rates

(c)
Default rates

FIG. 6. The bifurcation plots comparing the distributions of [Rb/Zr] abundance ratio when (a) the default reaction rates were
implemented to the Monte Carlo (MC) simulations, and (b) when the constrained 87Kr(n,γ)88Kr reaction rate was added,
respectively. For both plots, the neutron density of Nn=3.16×1013 cm−3 was utilized. Figure (c) shows the default bifurcation
plots, and (d) when the 87Kr(n,γ)88Kr reaction rate is included. For both plots, a neutron density of Nn=3.16×1014 cm−3 was
applied. The constrained results are shown by the thick black line in all plots and the vertical dashed lines show the results of
calculations in which default rates (fi = 1) were used for all other reactions. The single-peak distributions, shown by the blue
and yellow peaks, contain multiplication factors of fi >1 and fi <1 for all figures.

represent the [Rb/Zr] ratios obtained with the multipli-
cation factors fi > 1 and fi < 1 applied to the default
rate of this reaction, respectively. Fig. 6(a) shows the
bifurcation plot with the inclusion of the experimentally
constrained 90,92Sr(n,γ)91,93Sr reaction rates [83, 84] at
the neutron density (Nn) of 3.16×1013 cm−3. These re-
actions were included in the calculations to constrain the
abundances in Zr. Fig. 6(c) shows the bifurcation plot
with the experimentally constrained 90,92Sr(n,γ)91,93Sr
reaction rates at Nn=3.16×1014 cm−3. This reduces vari-
ations of the Zr abundance that correlate with these re-
action rates. In both cases, we highlight the use of the
90,92Sr(n,γ)91,93Sr reactions as these new measurements

have not been included in previous reaction networks.
Hence, these reactions were added to the default reaction
set to ensure the use of the most up-to-date experimen-
tal constraints. For comparison, it is important to note
that with the maximum variation factors estimated for
the TALYS set B Hauser-Feshbach model from Ref. [48],
the blue and yellow peaks in Fig. 6(c) would be located
between the values of [Rb/Zr]= −1 and [Rb/Zr]= −0.05.
The upper and lower limits of the experimentally con-

strained rate for the 87Kr(n,γ)88Kr reaction (see orange
band in Fig. 5) were used in the astrophysical i-process
calculations. These limits were applied to deduce the
impact of the reduced uncertainty of this reaction rate
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on the Rb abundances, seen in Figs. 6(b) and 6(d) for
Nn =3.16×1013 cm−3 and Nn =3.16×1014 cm−3, respec-
tively. It is important to note that the application of
this constrained reaction rate shows a significant relative
reduction in the resulting uncertainty shown by the nar-
rowing of the blue and yellow peaks.

From Figs. 6(b) and 6(d), the source of the remain-
ing separation seen between the two peaks is in ques-
tion. From the MC correlation plots in the sensitivity
study from Ref. [49], the 85Br(n,γ)86Br reaction also has
a negative correlation with the predicted abundance of
Rb, although with a reduced coefficient compared to the
87Kr(n,γ)88Kr reaction. Furthermore, additional reac-
tions that contribute to the Zr predicted abundances can
also play a role to reduce this uncertainty, where the cor-
relation coefficient of the currently studied reaction was
found to be strongly positive.

V. CONCLUSIONS

From the present work, the first experimental con-
straint of the 87Kr(n,γ)88Kr reaction rate has been de-
termined by utilizing previous results from the Shape
method by Mücher et al. [46] to extract the NLD, and
through the β-Oslo method in the current work to de-
termine the γSF. Both quantities were required to con-
strain the resulting experimental rate for this reaction.
The resulting rate has been applied in astrophysical i-
process calculations to explore the impact of this reaction
on the Rb abundance patterns, where it was found that
the scatter in the predicted [Rb/Zr] abundance ratio has
been greatly reduced. This emphasizes that even a sin-
gle experimentally constrained neutron-capture reaction
rate with a reduced uncertainty can have a large effect on
a comparison of theoretically predicted elemental abun-
dance patterns with those observed in stars containing
products of i-process nucleosynthesis. Furthermore, it is
highlighted that the uncertainty of an astronomical ob-
servable that involves Rb, such as the [Rb/Zr] abundance
ratio, is now well constrained experimentally. It can be
further noted that other neutron-capture reactions that
impact the [Rb/Zr] abundance ratio should also be ex-

plored, in particular the 85Br(n,γ)86Br reaction. We also
recommend that future stellar observations of Rb abun-
dances, possibly also in pre-solar grains, would benefit
our understanding of Rb production within the i process.
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