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Influence of neutron-capture reactions on
the nucleosynthesis of strontium

M| Check for updates

Caley M. Harris'?, Artemis Spyrou® '

, Pavel Denissenkov ®3, Falk Herwig ® 3, Andrea L. Richard ® '*,

Sivahami Uthayakumaar ® !, Dennis Muecher®, Hannah C. Berg ® '?, Paul DeYoung ®°,

Alexander C. Dombos ®', Beau Greaves ® 7, Ann-Cecilie Larsen ®2, Sean N. Liddick ® '°,

Stephanie M. Lyons ® °, Gerald Owens-Fryar ® 2, Alicia Palmisano-Kyle'*'"", Georgios Perdikakis'?,
Daniel Santiago-Gonzalez ® %, Guy Savard ® '3, Sunniva Siem ® 8, Mallory K. Smith’,

William W. VonSeeger®'* & Mathis Wiedeking ® *°

The astrophysical intermediate neutron-capture process (i process) has been reinvoked in recent
years to describe stellar observations that cannot be explained by the traditional nucleosynthesis
processes. Despite its success, significant uncertainties still remain including the exact astrophysical
conditions and site, as well as the nuclear physics input. Available i-process models strongly
underproduce the abundance of strontium (Sr) compared to observational data, while successfully
describing neighboring elements, like yttrium (Y) and zirconium (Zr). This discrepancy has been
attributed to nuclear physics uncertainties, specifically to the unconstrained reaction rate of the
neutron-capture on the isotope krypton-88. Here we present an experimental investigation of this
reaction and show that our result provides a possible solution to the aforementioned Sr

underproduction in i-process models.

The stellar synthesis of elements heavier than iron has been at the forefront
of nuclear astrophysics since the 1950s'*. Three processes were established
as being responsible for heavy element nucleosynthesis: the slow (s)’ and
rapid (r) neutron-capture processes* and the p process which is dominated
by photodisintegration reactions™. Starting in the 1990s, however, new
astronomical observations have forced the scientific community to reeval-
uate this picture’"’ and propose new possible nucleosynthesis processes.
Among the proposed new processes, the intermediate (i) process has been
successful in, at least partly, reproducing observed abundance patterns'>"* .

The i process, as the name implies, corresponds to conditions that
lie between those of the s and r processes both in terms of neutron densities
(N, = 10" - 10" n/cm’) and in terms of time scales (of the order of minutes).
Such conditions can be achieved in stellar environments where hydrogen-
and helium-induced reactions can occur together, i.e. in a single convection
zone. This enhances neutron production via the C(a,n)'®O reaction
because it allows the replenishment of “C by the "“C(p,y)”N(e*v)”C

sequence. Different astrophysical sites have been investigated as possible
hosts for the i process, such as thermally-pulsing asymptotic giant branch
(AGB) and post-AGB stars, as well as in rapidly accreting white dwarfs
(RAWDs)"7, super-AGB stars™, the core-He flash in low-mass stars” and
in massive stars”’. Depending on the astrophysical assumptions and con-
ditions, elements all the way up to the lead region can be reached if the
relevant neutron densities are sustained long enough to achieve sufficiently
high neutron exposures™?’. The process could even possibly extend into the
actinide region under certain conditions, producing Th and U***.

In addition to uncertainties in describing the astrophysical environ-
ment, i-process calculations also have significant uncertainties in their
nuclear physics input'*”. The nuclei involved in i-process models are up to
ten neutrons away from the most neutron-rich stable isotope for each ele-
ment. While most of the nuclear properties, such as masses, half-lives, and
B-delayed neutron emission probabilities, are available experimentally,
neutron-capture reactions are almost completely unconstrained by
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experiments. Out of the hundreds of participating neutron-capture reac-
tions, sensitivity studies have identified a small number that affects the
abundance of each of the elements produced in the i process™ . These
studies are a strong guide for performing impactful experiments, to better
characterize i-process conditions and contributions to stellar
nucleosynthesis'**.

With the successes of i-process models in reproducing at least some of
the abundance distributions, we can now look more closely at particular
patterns where discrepancies appear and use them to better understand the
astrophysical conditions. Here we investigate a puzzle that has been
observed since the introduction of the i process when comparing models to
elemental abundances in carbon-enhanced metal-poor (CEMP) stars. The
amount of Sr in a large fraction of these CEMP star observations seems to be
strongly underproduced by the models, while the same models show
excellent agreement with the abundances of neighboring elements such as Y
and Zr'""*"**¥ In the present work, we investigate whether this dis-
crepancy can be resolved through more accurate nuclear physics input. Two
independent sensitivity studies by Denissenkov et al.”* and by Martinet
et al.” have shown that the main reaction impacting the production of Sr
within i-process models is the ¥*Kr(n,y)*’Kr reaction. Here, we focus on
experimentally constraining this reaction and exploring its impact on the
production of Sr within the i process.

In the absence of experimental data, neutron-capture reaction rates for
the i process are calculated using the Hauser-Feshbach statistical model™.
Within this model the reaction cross section calculation is dominated by
three main quantities: the optical model potential (OMP) which describes
the interaction between the neutron and the nucleus, the nuclear level
density (NLD) which is a measure of the number of available levels per unit
energy at a given excitation energy, and the y-ray strength function (gSF)
which describes the y deexcitation of the nucleus as a function of y-ray
energy for a specific multipolarity and electromagnetic character. For
reactions relevant to the i process, the OMP is considered relatively well
constrained”, while different models of NLD and gSF can result in sig-
nificant variations in the reaction cross section, of the order of 10 or even
more. Therefore, when a direct neutron-capture measurement is not pos-
sible, indirect techniques often focus on measuring the NLD and gSF for the
compound nucleus of interest and in this way constraining the neutron-
capture reaction cross section'>*,

In the present work, we report, to the best of our knowledge, on the first
experimental constraint of the *Kr(n,y)*Kr reaction rate. Due to the short
half-life of **Kr (2.8 h), a direct measurement of this reaction is currently not
possible. Instead, we provide a strong experimental constraint by using
indirect techniques ™, where we populate the compound nucleus of
interest, K, from the B~ decay of *Br and extract its NLD and gSF. Prior to
our measurement, the variation in the theoretical reaction rate was pre-
sented in the work of Denissenkov et al.” to be roughly a factor of 8.0 using
the code TALYS 1.6". In our recent investigation of the neighboring
reaction, *Kr(n,y)*Kr, we showed that this factor is probably under-
estimated since it only includes the default predictions of various NLD
models and not the parameter variations within each NLD model*. The
goal of the present work was, therefore, to measure the NLD and gSF of the
¥Kr compound nucleus and to extract an experimentally-constrained
¥Kr(n,y)*Kr reaction rate, which can be used in i-process models.

Results and discussion

We performed an experiment to investigate the gSF and NLD in *Kr and
constrain the reaction rate of interest *Kr(n,y)*’Kr. The experimental details
are described in the Methods section. The resulting NLD and gSF were
extracted using the B-Oslo method** and were used as inputs in the cal-
culation of the ¥Kr(n,y)*’Kr reaction rate. The calculations were done using
the statistical model code TALYS 1.96* and the resulting reaction rate is
shown in Fig. 1 by the orange band. The light-blue band in the same figure
represents the range of theoretical predictions before our measurement,
combining the available NLD and gSF models in TALYS, using default
parameters. Including parameter variations would make the light-blue band
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Fig. 1 | Reaction rate of the **Kr(n,y)*Kr reaction. The broad light-blue band
corresponds to the theoretical calculation of the reaction rate using TALYS 1.96 and
combinations of the available NLD and gSF models using default parameters.
Including parameter variations would make the light-blue band even wider. The
orange band corresponds to the experimentally constrained rate of the present work.
The black dashed line represents the recommended rate from the JINA REACLIB
library™.

even wider™. It can be observed that the overall uncertainty in the reaction
cross section is reduced based on the experimental result. In addition, in
Fig. 1, the theoretical prediction adopted by the nuclear reaction library
REACLIB®, often used in astrophysical calculations, is shown in the dashed
line. The experimentally constrained cross section is systematically lower
than the default value, and its overall uncertainty is reduced to approxi-
mately a factor of three.

We investigated the impact of our measurement on the production of
Sr in i-process nucleosynthesis calculations using two types of models
commonly used in the literature, namely one-zone and multi-zone models.
Simple one-zone calculations are typically done with conditions that keep
the neutron-density constant’****. While the astrophysical conditions are
oversimplified in such models (and it is not clear whether such conditions
can be realized in multi-zone models), their value lies in isolating the impact
of the nuclear physics input for particular neutron densities and investi-
gating if they are viable candidates for the i process. One-zone models do not
provide reliable absolute abundances, however they are often used to study
ratios of neighboring elements or to investigate the impact of reaction rates.
Here we performed one-zone calculations following the prescription of
Denissenkov et al. *** using temperature and density values of T = 2 x 10°K
and p = 10*g/cm’, and a fixed neutron density of 3.16 x 1014 n/cm’, which
corresponds to conditions found in RAWD models®. In this model, 10,000
Monte Carlo (MC) calculations were done where the reaction rates of 1256
(n,y) reactions from “Co to **Pb were varied within their theoretical
uncertainty with a flat probability distribution™. The results of these cal-
culations for Sr production are shown in the top panel of Fig. 2. The
abundance is presented as the ratio of the resulting abundance from each of
the 10,000 MC calculations over the Sr abundance produced when using all
default reaction rates, Xefauic(St). The blue and yellow regions represent MC
calculations where the ®*Kr(n,y)*’Kr reaction rate was higher and lower than
the average rate, respectively. The significant bifurcation observed in this
plot is an indication that the Sr production strongly depends on the
Kr(n,y)¥Kr reaction rate. The bottom panel of Fig. 2 shows the same
calculation where the only change was the use of the experimental reaction
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Fig. 2 | Impact on Sr production. Bifurcation plots showing the impact of the
present measurement on the Sr abundance. The calculations were done with a fixed
neutron density of 3.16 x 1014 n/cm’ following the prescription of Denissenkov
etal.”. The top panel shows the Sr abundance, with respect to the default calculation,
using the theoretical range of the **Kr(n,y)*Kr reaction rate. The bottom plot shows
the same calculation when using the experimental reaction rate from the present
work. The blue/yellow colors represent the subset of runs where the *Kr(n,y)*Kr
reaction rate was above/below the default value.
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rate from the present work. It is clear that by using our results, the uncer-
tainty in the calculated Sr production is greatly reduced. The remaining tails
in the bottom panel are due to the impact of uncertainties in other nuclear
reactions.

We further used the one-zone calculations to explore the apparent
underproduction of Sr discussed in the introduction, via the [Sr/Y] and [Y/
Zr] ratios. These elements are available in observations for a large number of
stars and can be used as an important constraint to theoretical calculations.
Fig. 3 shows stellar observations from the JINABase™ for a number of stars
marked as CEMP-s or CEMP-i (blue and orange triangles). We include both
types of stars since the criteria for their characterization are rather crude,
causing overlaps between the various categories. As stated in the JINABase
publication the label CEMP-s corresponds to stars with [Ba/Fe]>1.0, [Ba/
Eu]>0.5 and [Ba/Pb]>-1.5, while the CEMP-i label includes stars with 0<
[La/Eu]<0.6 and [Hf/Ir]~1.0. The colored dots in Fig. 3 connected by the
grey dotted line represent model calculations for neutron densities between
10" and 10" n/cm® (color scale shown by the sidebar) using default
reaction rates from REACLIB®. It can be seen that the default predictions do
not agree with most of the available data, and specifically they underproduce
the [Sr/Y] ratio. Calculations with the same model, implementing the
experimentally-constrained rate of the present work, are shown with the
colored star symbols, connected by the solid green line. The new result
causes the calculations to shift towards higher values of [Sr/Y] into the
region of the figure where the majority of the stellar observations are located.
This is true for neutron densities in the range 10"*~10" n/cm”. For lower

neutron densities the impact of the new rate is not as significant and at
those densities the majority of the observation data points are not
reproduced.

To explore further the impact of our measurement we also performed
multi-zone i-process nucleosynthesis calculations. These models use more
realistic astrophysical conditions and are more appropriate for comparing to
the observed i-process abundances of individual elements. Such calculations
have been performed for different i-process sites such as RAWDs*** and
AGB or post-AGB stars™** with good overall reproduction of observations,
although the underproduction of Sr is a common feature. Here we used a
multi-zone i-process model based on the convective He-shell structure of
the RAWD model G from Denissenkov et al.” and incorporating a 100-fold
enhanced hydrogen ingestion rate, resulting in a peak neutron density of
N,™ = 10"*n/cm’. Our calculations suggest that increasing the mass of the
RAWD leads to an enhancement of the H-ingestion rate. Therefore, the
implemented 100-fold enhanced entrainment rate would represent a
RAWD with higher mass. The maximum neutron density achieved in this
model is comparable to the value reported by Choplin et al.*” for their 1 M,
AGB model at [Fe/H] = -2.5. Since the neutron density in these models
decreases from this maximum value at the base of the He convective zone to
much lower values on the order of 10° n/cm’ toward the top, the equivalent
neutron density in a one-zone model would be at least an order of magni-
tude lower than the peak in the multi-zone models.

The results of the multi-zone RAWD:s calculation are also shown in
Fig. 3 (colored squares). It can be observed that in the multi-zone model the
new reaction rate causes the [Sr/Y] ratio to shift towards higher values, but
the effect is not as severe as in the one-zone models. This is in line with what
was observed in previous studies for the impact of the *Ni(n,y)”Ni
reaction’*. This is a result of the fact that while multi-zone models include a
broad range of neutron densities, the effective (mass-averaged) neutron
density is relatively low, much lower than the maximum reported neutron
density N,,™. Fig. 3 also shows the time evolution of the abundances,
starting at solar values (0,0) and ending at the final values (colored squares).
This time evolution corresponds to the reaction network flow over time with
the accompanying nuclear burning. It is clear that the impact of the new
$Kr(n,y)*Kr reaction rate moves the predictions more into the region of
stellar observations. Since we don’t know the exact time when the He
convective zone is split and the i-process is terminated as a result of
enhanced H-ingestion rate, the termination could happen anywhere along
the dashed lines.

In the present work, we report on the experimental constraint of the
%Kr(n,y)¥Kr reaction rate using the -Oslo method. This reaction was
identified in i-process sensitivity studies as the most impactful reaction for
the production of Sr. The new reaction rate is consistently lower than
theoretical predictions. The experimentally constrained rate was used in
one-zone and multi-zone calculations to investigate its impact on the Sr/Y
ratio, which has been systematically underproduced by astrophysical
models. With the new rate, all models predict higher production of Sr and
are more consistent with the available observations of CEMP stars. The
agreement with observations is better at higher neutron-densities in the one-
zone model. The impact of the new rate was more moderate on the multi-
zone calculation, at least for the full evolution. A higher production of Sr is
observed in the multi-zone calculation at earlier times, which corresponds to
higher neutron densities as well. These observations indicate that other
parameters in the multi-zone models might need to be explored to achieve
better agreement with observations or that the i process could be terminated
earlier. With the main source of nuclear uncertainty constrained, we
recommend further investigation with state-of-the-art astrophysical models
to fully understand the discrepancy between models and observations in this
mass region.

Methods

Experiment

The experiment was performed at the CARIBU facility at Argonne National
Laboratory. An *Br beam was delivered to the center of the Summing Nal
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Fig. 3 | Comparison to astronomical observations. Observations of CEMP-s (blue)
and CEMP-i (orange) stars from the JINABase® showing [Y/Zr] versus [Sr/Y] (in
dex). The uncertainties in these observations are of the order of 0.5 dex. The colored
dots and star-symbols correspond to one-zone calculations with a fixed neutron
density according to the color scale shown. The grey-dotted and green-solid lines
connect the colored dots and stars, respectively, to guide the eye. The colored dots
correspond to calculations using default reaction rates as presented in Denissenkov

et al.”’. The colored stars are calculations where the only change is the *Kr(n,y)*Kr
reaction, which was taken from the experimental result of the present work. Colored
squares represent the results of multi-zone simulations using default rates (green
square) and the value of the *Kr(n,y)*Kr reaction rate from the present work (pink
square). The green dot-dashed and pink dashed lines show the time evolution of the
abundance ratios, starting at solar values (0,0) and ending at the respective colored
squares.

(SuN) detector”, which is a y-ray total absorption spectrometer developed
at Michigan State University. The beam was implanted in the SUNTAN tape
transport system™’ in order to remove isobaric contamination. Gamma rays
were measured in SuN in coincidence with p particles detected by a plastic
scintillator barrel detector (SUNSPOT) that surrounded the implantation
point”. The barrel detector had 32 wavelength-shifting optical fibers
embedded in the plastic, which collected the scintillation light and trans-
ported it to two photomultiplier tubes outside of SuN.

SuN consists of eight optically isolated segments, with four above and
four below the beam axis. The energy deposited in each segment is sensitive
to the individual y rays (E,) emitted from the de-excitation of the produced
nucleus, in this case ¥Kr. When the energy of each segment is summed
event-by-event the total energy deposited in the whole detector is deter-
mined, giving information on the populated excitation energy (E,). A two-
dimensional matrix comprised of E, and E,, as shown in Fig. 4, is used as the
starting point of this analysis*>*'. Due to contributions from beam con-
taminants (isobars) and decay products, two tape cycles were used to isolate
the decay of interest ¥Br into *Kr (T, (¥Br) = 4.3 s). The half lives of the
main contaminants are T;,, (*Kr) = 3.1 min and Ty, (*Rb) = 154 min. A
20 s beam-on - 20 s beam-off cycle was used to enhance the detection of the
¥Br decay, while a 600 s on - 600 s off cycle allowed the identification and
subtraction of the child and grandchild contributions.

Analysis

Details of the experimental setup were presented in our previous work'**.
The NLD and gSF of Kr were extracted using the 3-Oslo method**"'. This
method relies on the assumption that the populated nucleus can be treated
statistically, namely exhibits a high enough NLD. This limit was determined
by Rauscher et al.” to be 10 levels per energy window. For this reason, the
present analysis focused on excitation energies above 2.6 MeV as
described below.

10*

L \XHHM

_
S
W

E, MeV)

10?
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0 e b b b b b b B B B 1
0 1 2 3 4 5 6 7 8 9 10
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Fig. 4 | Raw experimental data. Raw E, versus E, matrix for the § decay of “Br into
¥Kr. The B-decay Q-value is 8.3 MeV and the neutron-separation energy of *Kr is
4.9 MeV (dashed line).

The first step in the B-Oslo analysis is to unfold the raw E - E, matrix
(Fig. 4) with the response of the SuN detector*”. The next step is to extract
the first-generation y-ray distribution for each excitation energy bin through
an established iterative subtraction process™. The produced first-generation
matrix can be used to extract the functional form of the NLD and gSF***"***.

Communications Physics| (2026)9:299


www.nature.com/commsphys

https://doi.org/10.1038/s42005-026-02713-5

Article

Fig. 5 | Experimental results. a Extracted NLD of 10° 3
¥Kr. The blue and red data points correspond to the Fit upper limit
upper and lower limits of the present work, while the 101 Fit lower limit

corresponding lines represent the best fits by
adjusting model parameters in the NLD model of
Hilaire et al., b Extracted gSF of *Kr (black data
points connected by a teal band) showing upper and
lower limits in T',. For comparison, literature values
of gSF for neighboring isotopes are also shown’**.
The shaded blue area represents the uncertainty of
the extracted gSF. In both panels, the vertical lines
represent the experimental uncertainties.
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Three external normalization parameters need to be used to get the absolute
NLD and gSF. Here, we used the energy dependence of the gSF from the
neighboring nucleus *Kr which was measured using the Shape Method"**.
Once the slope of the gSF was fixed, the slope of the NLD was also con-
strained since within the Oslo analysis the two slopes are linked™. The
absolute scale of the NLD was fit to the discrete levels up to 2.4 MeV, which,
according to RIPL-3, is the excitation energy up to which the level scheme
of ¥Kr is considered complete. The final NLD is shown in Fig. 5a. The two
variations (upper and lower limit, flat probability distribution) correspond
to different assumptions in the analysis such as: the choice of binning, the
lower limit in E, (1.3-1.6 MeV), and lower accepted excitation energies Ey
(2.7-3.6 MeV). It should be noted that the extracted NLD is partial and
corresponds to a spin range of 1/2-9/2 of both parities. This range is esti-
mated assuming allowed B decays from the ground state of *Br (5/2)7,
followed by dipole y-ray emission. Finally, the absolute scale of the gSF was
calculated assuming two limits for the average radiative width, Iy of 150 and
250 meV used in neighboring nuclei”™”. In addition, the analysis limits
reported in the NLD were propagated to the gSF. Fig. 5b. shows the lower
limit of this analysis in excellent agreement with neighboring Kr isotopes,
namely **¥Kr****. The upper limit has a slightly different slope and is higher
by approximately a factor of 2, which is still in good agreement with
neighboring isotopes since the uncertainties of the relevant experiments are
all significant. Both limits were taken into account in the cross section
calculation. Overall, uncertainties associated with all steps of the normal-
ization process were taken into account as systematic uncertainties and
together with the statistical uncertainties resulted in the overall upper and
lower limit shown in Fig. 1 for the reaction rate. The nature of these
uncertainties results in a roughly flat probability distribution, which was also
used in the astrophysical calculations, as mentioned earlier.

Data availability

The data sets generated during and/or analyzed during the current study are
available from the corresponding author on request. Supplementary data,
including tables of the NLD, gSF, and Reaction Rate, are publicly available at
https://doi.org/10.5281/zenod0.19923921.

Code availability

The codes used for the analysis of the present data are publicly available on
GitHub: https://github.com/oslocyclotronlab/oslo-method-software. The
astrophysical calculations were performed with codes maintained by the
NuGRID collaboration, which are available on GitHub: https://github.com/
NuGrid. The theoretical calculations for the reaction rate extraction were
performed with the open-source code TALYS: https://nds.iaca.org/talys/
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