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Influence of ’Rb on the ashes of accreting neutron stars

D. E. M. Hoff®,"* A. M. Rogers

,I'T Z. Meisel,” P. C. Bender,' K. Brandenburg,”> K. Childers,>* J. A. Clark,’

A. C. Dombos,>%” E. R. Doucet,! S. Jin,>®7 R. Lewis,>* S. N. Liddick,>* C. J. Lister,! C. Morse,!"* H. Schatz,>%7
K. Schmidt,>”¥ D. Soltesz,” S. K. Subedi,” S. M. Wang (£ /8 4{)®* and S. Waniganeththi'

' Department of Physics and Applied Physics, University of Massachusetts Lowell, Lowell, Massachusetts 01854, USA
2Institute of Nuclear and Particle Physics, Department of Physics and Astronomy, Ohio University, Athens, Ohio 45701, USA
3National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
4Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA
5Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
®Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
7JINA-CEE, Michigan State University, East Lansing, Michigan 48824, USA

We find that the proton separation energy, S(p), of ”’Rb is —640(40) keV, deduced from the observation
of B-delayed ground-state protons following the decay of ">Sr. This lower-limit determination of the proton
separation energy of "*Rb coupled with previous upper limits from nonobservation, provides a full constraint on
the mass excess with AM("*Rb) = —46.01 4 0.04 MeV. With this new mass excess and the excitation energy of
the J* = 5/2~ isobaric-analog state (T = 3/2) in >Rb, an improved constraint can be put on the mass excess of
3Sr using the isobaric-multiplet mass equation (IMME), and we find AM(3Sr) = —31.98 4 0.37 MeV. These
new data were then used to study the composition of ashes on accreting neutron stars following Type I x-
ray bursts. Counterintuitively, we find that there should be an enhanced fraction of A > 102 nuclei with more
negative proton separation energies at the ”Kr rp-process waiting point. Larger impurities of heavier nuclei in
the ashes of accreting neutron stars will impact the cooling models for such astrophysical scenarios.

I. INTRODUCTION

Nuclear structure along the proton dripline has a large
impact on the astrophysical rapid-proton capture (rp) process,
which is thought to drive thermonuclear explosions on the sur-
face of accreting neutron stars producing x-ray bursts [1-6].
The rp process involves thousands of reactions on hundreds of
nuclides, but only the properties of a subset of nuclides have
consequential impacts on the x-ray burst properties, including
the light curve and the composition of synthesized nuclides
otherwise known as the ashes. Some of the most consequential
nuclides are the so-called waiting points, which each form
a bottleneck in the rp process [2,3,7]. Waiting points occur
when the rp process converges on a nucleus that does not have
a rapid mechanism for destruction, which typically implies
a small or negative proton-capture Q value and a f-decay
half-life of several seconds. The proton-capture Q value for
the waiting point, or rather the proton separation energy S(p)
of the proton-capture product, plays a particularly strong role
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in determining the strength of the waiting point. As such, a
number of studies in recent years have focused on constrain-
ing S(p) related to known or suspected rp-process waiting
points [8—14].

While the x-ray burst light curve has been the prime
motivation for rp-process studies for the last three decades,
recently the x-ray burst ashes have become of renewed in-
terest (e.g., Refs. [15—-17]). Because the nuclides synthesized
in the burst for the most part lack the energy to escape the
gravitational pull of the underlying neutron star, although in
certain scenarios some of the ashes may be carried away
by a radiation-driven wind [18], the burst ashes significantly
shape the structure of the neutron star crust, influencing the
associated observables [6]. As with the x-ray burst light curve,
the properties of waiting-point nuclides are known to have an
outsize effect on the overall ash composition [3,19].

The particle-unbound nature of "’Rb has been established
by several previous experiments [20-22], and thus >Kr was
identified as a potential waiting point in the rp process. How-
ever, this unbound nature has prevented a direct determination
of its ground state energy, and thus the extent to which "?Kr
is a waiting point. Here we access states in "°Rb and measure
the proton separation energy using the energy of protons emit-
ted from the ground state via the 8-delayed proton decay of
3Sr. The B-delayed proton emission spectrum of "*Sr from
this experiment was recently presented in a previous article
[23], however the focus was on the nuclear structure of 7>Rb
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FIG. 1. The solid black histogram shows the B-delayed proton
spectrum of *Sr. The fits to the proton decay of *Rb*(IAS) mea-
sured previously, as well as the peaks from the Bayesian analysis
performed on the unbinned data are shown as a solid red line. The
residuals taken from subtracting the measured background (indicated
by the blue shaded region) and fits are also shown. The inset shows
the particular region of interest (ROI) for this study.

and 7*Sr highlighting isobaric-spin symmetry breaking in the
T = 3/2 quartet along the A = 73 isobar chain. In this article
we present a study on the proton separation energy of *Rb
as well as the resulting effects on the predicted composition
for neutron-star crusts of accreting neutron stars in x-ray burst
scenarios.

II. EXPERIMENT

The experiment was performed at the National Super-
conducting Cyclotron Laboratory, using a primary 140-
MeV /nucleon **Mo beam fragmented on a 152.2-mg/cm’
Be target and passed through the A1900 fragment separator
selecting for 73Sr [24]. The secondary 73Sr beam was fur-
ther purified by a factor of 4500 after passing through the
radiofrequency fragment separator [25], and the remaining
ions were sent through a telescope stack and implanted into
a double-sided silicon strip detector (DSSSD) as detailed in
Ref. [23].

For the mass of "*Rb, the key part of the -delayed proton
spectrum is at low energy, below 1.5 MeV. In order to produce
the cleanest spectrum in this energy domain a stringent selec-
tion with event-by-event pulse shape selection was used (see
Supplemental Material, Ref. [26]) which was not included
in our previous analysis [23]. By removing noisy malformed
pulses the low energy background was reduced and the result-
ing B-delayed proton spectrum generated is shown in Fig. 1.
The spectrum is subtly different from our previous article [23],
however it does not shift the higher energy peaks associated
with the decay of the isobaric-analog state (IAS), nor is there

any statistically significant difference in the reported branch-
ing ratios even though several more decay events of ">Sr were
found.

The two largest peaks in Fig. 1 are attributed to proton de-
cays from the resulting IAS in "*Rb populated in the 8 decay
of 7Sr, as discussed in detail in Ref. [23]. The background
in the low-energy region, however, prevented identification of
weakly fed states with low-energy proton decay events. With
the reduced background, there is a statistically significant sig-
nal just above 600 keV in Fig. 1. In the region of interest from
0.6-1.8 MeV (labeled ROI and highlighted by the inset of
Fig. 1), this lowest-energy peak is attributed to direct decays
from the ground state of ’Rb to the ground state of 7*Kr,
providing a measure of the proton separation energy.

The counts below 600 keV are well explained by the
measured 8 background originating predominately from the
B + y decay channel of implanted "'Kr, the largest beam con-
taminant implanted into the silicon detector. The placement of
the lowest-energy peak was determined through a Bayesian
analysis detailed below, and the residual was generated by
subtracting the measured background as well as the model
peaks.

II1. BAYESIAN ANALYSIS

Due to the low number of counts within the ROI of Fig. 1,
a Bayesian analysis was carried out to determine the uncer-
tainty of the ground-state peak energy, as well as assess the
possible contribution of a second transition in the ground-state
peak. The Bayesian analysis was performed using the Markov
chain Monte Carlo method (MCMC), with the EMCEE PYTHON
package (v3.0.2) [27]. Instead of the typical x? analysis on
binned data, where the likelihood is modeled by e/ 2 a
direct likelihood function was generated for the unbinned
data points that does not incorporate a background model,
requiring a low-background spectrum in the ROI, using the
probability density function of the expected detector response.
The functional form of the detector response was taken from
the Landau distribution, convoluted with a Gaussian distri-
bution of the measured silicon detector resolution, fit to the
largest peak in the spectrum (the IAS— 7?>Kr g.s. transition)
as outlined in Ref. [23]. Only the peak positions and relative
intensities were considered in the analysis. A uniform prior
was assumed within the ROI. Figure 2(a) shows the result of
the Bayesian analysis when considering two peaks within the
ROI. Our data support a peak at E = 1250 keV, and a peak at
E = 740 keV. For presentation in Fig. 1, the absolute intensity
was found from the number of counts in the region of interest.
To investigate if there was any evidence for an additional peak,
another peak was added to the model. The intensity parameter
for the additional peak was introduced in such a way that
the original parameters could be directly compared, i.e. the
original model is nested in the newer model. As can be seen
from Fig. 2(b), the third peak is poorly constrained, and this is
confirmed by comparing the Bayesian evidence between the
models.

To compare the two models, one with two peaks (doublet)
and with three peaks (triplet), the Bayes factor for each model
was calculated via thermodynamic annealing (or integration)
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FIG. 2. A corner plot of the Bayesian analysis performed on
the ROI showing the (a) two-peak (doublet) and (b) three-peak
(triplet) model. The off-diagonals show the correlations between the
parameters.

where a temperature parameter, 8, was included to modify
the likelihood calculation to L? for each MCMC sample as
outlined in Ref. [28] and discussed in Ref. [29]. Therefore
with B = 0 the prior is sampled, and with 8 = 1 the posterior
likelihood landscape is explored. An exponential ladder of 8
parameters was used to calculate the running average of an
energy-like value,

(EL(B)) = —1In{L)g.

The functions for the doublet and triplet model are plotted in
Fig. 3. The resulting integration of E; () provides the Bayes
Factor with

1
In(Broger) = — / (EL(B))dp.
0

- triplet ]
210 — doublet |

190

FIG. 3. The Bayes factor for each model was calculated by
thermodynamic annealing. The resulting (E;) for the different tem-
perature parameters used is presented.

When comparing the calculated Bayes factors between the
proposed doublet and triplet models we find a 1 : 1 ratio. To
disentangle which is the preferred model we also calculated
the Bayesian complexity, Cp, as defined in Ref. [30]. We find
Cp(doublet) = 3.3 and Cp(triplet) = 3.0, which suggests that
our data cannot fully discriminate between the two models. In
fact, we interpret this to mean that our data in the ROI can only
effectively determine three parameters of our model. There-
fore it is very likely that there are other transitions present
within the ROL

A. Proton separation energy of >Rb

However, we apply Occam’s razor and report values ob-
tained with the simpler doublet model which provides a
well-constrained energy for the lowest-energy peak in the
B-delayed proton spectrum of "3Sr. From this analysis the
resulting proton separation energy of "°Rb using the dou-
blet model, after applying a B-summing correction (110 %
15 keV) found from GEANT4 simulations of the detector
setup [31] as well as LISE++ simulations of the implant
depth distribution and accounting for the defect in measuring
the recoil nucleus’ energy [23], is determined to be S(p) =
—640(40) keV. Since the posterior probability for the low
energy peak approximately reduced to a Gaussian, the error
reported is 1o of an approximate Gaussian added in quadra-
ture with the f-summing uncertainty. Using the value of Q, =
3.85(3) MeV for *Rb*(IAS) and the new value of S, we find
an excitation energy of E, = 3.21(5) MeV for *Rb*(IAS).

Furthermore, in the 8 decay of *Sr some population of the
3Rb ground state is expected given the large Qgp-~+ and that the
ground-state spin of *Rb from mirror symmetry, J* = 3/2",
should allow Gamow-Teller transitions. It is possible that a
low-lying excited state is predominately populated instead,
given the observation that 3Sr has a J™ = 5/2~ ground state.
It is well established that there are nearly degenerate nuclear
shapes in this region of the chart, or shape coexistence, par-
ticularly in "*Br and 7>Kr [32-35]. Therefore it could also be
the case that 7*Rb has a different ground state than its mirror



3Kr, which would complicate an interpretation of the masses.
Given these circumstances and the results of our Bayesian
analysis, our presented separation energy can be considered
a lower limit on the proton separation energy. This stringent
lower limit on the separation energy is consistent with previ-
ous calculations assuming mirror symmetry holds for 7*Rb,
informed by upper limits on the lifetime [22]. Since the error
of our reported value encompasses the previous limits within
50, our result provides a firm determination for the proton
separation energy of "*Rb.

IV. IMME FOR A = 73 ISOBAR

Our result allows for a direct comparison of the 7 = 1/2
doublet of *Rb and "*Kr for studies of isospin symmetry
using the ground states of mirror pairs [36]. Deeply related,
are studies of the isobaric multiplet mass equation (IMME)
[37-39], which has proved to be a useful predictor of masses
for nuclei near the N = Z line of the chart of nuclides. For
the 7 = 1/2 doublet of >Rb and "*Kr we find that the b
coefficient of the IMME, defined by the differences in mass
excesses [37,38], to be b = —10.542(40) MeV. This is sur-
prisingly close to systematic predictions from studies of the
IMME across the chart. In particular, Ref. [38] predicts a
value of b = —10.596(16) MeV from their global fit, which
is encompassed by our measurement error.

Furthermore, with the excitation energy of the J* = 5/27
IAS state in 7*Rb well determined, another piece of infor-
mation has been added for studies of the IMME in T = 3/2
quartets. Such a study is complicated by the observation that
the ground-state spins of ">Sr and 7*Br differ, as a proper
determination of the IMME would require data on the sets of
both J* = 5/2— and J™ = 1/27 states throughout the A = 73
quartet. There is also an issue that the TASs in ”’Rb and "*Kr
may be slightly isospin-mixed states. Certainly this must be
the case in "’Rb, considering that it predominately decays
by isospin-forbidden proton emission [40]. Isospin mixing
typically manifests as an increase in the overall width of the
resonance, but can result in a fragmentation of the IAS [41].
In any case, these effects occur on a level of precision that our
measurement cannot assess.

However, we can provide a better constraint on the mass
of 73Sr using reasonable assumptions on the mirror energy
differences between the IASs in "*Rb and 7*Kr. The work
on the systematics of the IMME previously mentioned [38],
provides a compilation of b coefficients for many systems.
From this we can deduce an estimate of the shift in b, or
Ab, between the T = 1/2 and T = 3/2 systems along the
A = 73 isobar based on previous data. For this study we took
the differences in b between T = 1/2 ground states and the
corresponding 7 = 3/2 systems for 19 < A < 37. The low
mass systems were not included, since the energy differences
between levels are more sensitive to shell effects. This is
also why we excluded the A = 17 and A = 40 systems from
this study, since these are near shell closures. From these
differences we find a sample mean of (Ab) = 6.2 keV with
a sample standard deviation of op;, = 107 keV. Although this
overlooks some systematic effects (e.g., the level densities are
higher in heavier nuclei and we expect the IASs to be much
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FIG. 4. The 1-o0 confidence interval (red shaded area) from the
IMME fit using the measured proton separation energy of °Rb as
well as the empirically deduced distribution of mirror energy differ-
ences. The black triangles and error bars, show the limits used in the
IMME fit, while the blue square shows the current limits for the mass
excess of "*Sr from the AME.

lower in excitation energy) and the sample size is relatively
small, we believe this study gives a conservative estimate for
the IMME. Using these values, our estimate for the excitation
energy for the T = 3/2 IAS in ’Kr is E, = 3.204(118) MeV,
where the error uses the sample standard deviation added in
quadrature with our measurement error. When incorporating
this value into a fit of the IMME (starting from the 27-keV
J* =5/2— state in 73Br), one finds the mass excess of >Sr
to be AM(3Sr) = —31.98(36), which is close to value from
the 2016 Atomic Mass Evaluations (AME) of AM(73Sr) =
—31.95(40) MeV [42]. This is not at all surprising considering
that we have not considered any state dependent effects on
the energy shifts of the IASs in "*Rb and "*Kr, but we have
improved the overall estimate. Figure 4 shows the results of
the IMME fit, and compares the extrapolated limits to the
AME value.

A. log(ft) of *Sr B decay

From these findings we can update the log(ft) previously
provided for the 8 decay of 7*Sr. The previous value relied
on the lowest-energy peak in the previous spectrum being
identified as the proton separation energy. With the updated
proton separation energy providing an excitation energy for
BRb*(IAS) of E, = 3.21(5) MeV, the better constrained mass
excess of 3Sr derived from the IMME, and our previous
determination of the lifetime, #,,(7*Sr) = 23.1(1.4) ms, gives
alog(ft) = 3.32(10), which is still consistent with the conser-
vation of isobaric-spin. This value replaces the earlier estimate
of 3.45(6) from our previous paper [23]. The measured popu-
lation for the lowest energy peak of 2(1)% gives a log(ft) =
5.4(2) which is consistent with allowed Gamow-Teller transi-
tions in this region of the chart [43], supporting that this peak
corresponds to the population of a J* = 3/27 ground state of
3Rb. If the two counts above background below 600 keV in
Fig. 1 correspond to ground state population, this would give
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a branching of 0.6(4)%. This branching ratio corresponds to
alog(ft) > 5.9 suggesting that such a transition is forbidden.
If this were the case then the ground state of ">Rb must differ
from its mirror >Kr, which does not seem likely since it does
not have a nearly degenerate ground state like "*Br. From
this investigation of the possible decay matrix elements, along
with previous upper limits to the proton separation energy, we
conclude that the lowest energy proton group is the transition
3Rb(g.s.) — *Kr(g.s.).

V. INFLUENCE OF "Rb S(p) ON X-RAY BURSTS

With the better determined separation energy of "*Rb, we
also performed state-of-the-art x-ray burst model calculations
to assess the impact of our result on the composition of
ashes in accreting neutron stars following Type I x-ray bursts.
One-dimensional x-ray burst model calculations, following
the nuclear burning and hydrodynamic evolution induced by
accretion on a neutron star envelope, were performed with the
code MESA [44]. Calculations were performed as described in
Ref. [45], using that work’s best-fit conditions for the year
2007 x-ray bursting epoch of the accreting neutron star source
GS 1826-24 [46], where the ashes were evaluated as described
in Ref. [47]. To ensure convergence of the ashes and overcome
compositional inertia [7], the envelope composition was eval-
uated after a sequence of 21 bursts.

Figure 5(a) shows the mass-fraction X(A) distribution
of the neutron star envelope for a range of S(p), while
Fig. 5(b) shows the ratio of the mass-fraction for a choice of

S(p) relative to the most-bound proton separation energy of
3Rb considered. The black band in the figure corresponds
to the 2016 AME [42] proton separation energy extrapola-
tion for 7>Rb with an uncertainty of 3 standard deviations,
where S(p) = —570 & 600 keV for 30, yielding the most-
bound separation energy of "*Rb 430 keV. The red band
corresponds to the new result with an uncertainty of £3o
[S(p) = —640 % 120 keV]. Both bands include an uncertainty
contribution due to fluctuations in X (A) from burst-to-burst
for the last four bursts in the sequence.

Figure 5(b) focuses on the abundance region around A =
70 and above. In particular, X(A) for A > 102 are espe-
cially interesting, since these play a critical role in setting
the thermal conductivity of the accreted neutron star crust
[17]. As x-ray burst ashes are buried in the neutron star
crust, reactions in the crust funnel nuclides into equilibrium
isotopes with magic neutron numbers. Lau et al. [17] found
that, when using the FRDM2012 [48] mass model, isotopes
are ultimately transmuted into either ““Mg, "°Ca, or ''®Se,
depending on the initial A of the isotope in the x-ray burst
ashes, where similar funneling occurs to different equilib-
rium isotopes for different nuclear mass models [49]. When
the ashes contain material with A > 102, the N = 82 equi-
librium isotope is present in the crust. This enhances the
variance of nuclear charge for isotopes present in the crust,
which corresponds to an enhancement of the crust impurity:
Qimp = Nigy 2 1j(Z; — (Z))?, where Z; is the nuclear charge
of species j, with average (Z), and the number density of ions
nion and species n;, respectively [50].

Modifications to the accreted neutron star crust impurity
are significant due to the impact on the inner crust thermal
conductivity K o Qimp [51]. A neutron star for which ac-
cretion ceases after an outburst of months or years, known
as a cooling transient, cools as the crust returns to thermal
equilibrium. The more impure crust has a reduced thermal
conductivity, leading to increased neutron star crust cool-
ing times [52]. However, crust cooling times are also linked
to other neutron star properties, such as the neutron star
compactness via the time-dilation from surface gravitational
redshift. Therefore, accurate predictions of the crust impurity
are necessary to constrain model-observation comparisons for
cooling transient neutron stars, comparisons which provide
unique insight into neutron star structure [6,53].

One can see that the mass-fraction uncertainty in this re-
gion is drastically reduced given our result, demonstrating
the importance of measuring nuclear properties for nuclear
reaction network calculations. The uncertainty in X (102),
which dominates the sum of X (A) for A > 102, reduced from
about a factor of 100 to roughly a factor of 2. The new
measurement for the separation energy of ’Rb eliminates
the proton-separation energy as an uncertainty for the crust
impurity, as the current uncertainty is dominated by burst-to-
burst fluctuations. We note that for the set of astrophysical
conditions modeled here, the ultimate impact on Q;m, will be
minor, as the sum of X(A) for A > 102 is small. However,
the impact is expected to be significant for more extreme
conditions leading to heavier burst ashes, e.g. the extreme
case of Ref. [54]. Our work also highlights the somewhat
counterintuitive result that a more negative S(p) for 3Rb,



i.e. a stronger waiting-point, leads to enhanced abundances of
nuclides further along in the rp-process path. A small |S(p)|
enables an equilibrium abundance of "*Rb to be established,
and thus for each decay of this nucleus, proton-capture will
replenish the equilibrium abundance, essentially tying-up pro-
tons in the replenishment rather than synthesizing higher-A
nuclides [2].

VI. CONCLUSION

In summary, from recent data on the B-delayed proton
spectrum of 7>Sr we have found a proton separation energy
for ?Rb of S(p) = —640(40) keV, slightly more unbound
than systematic predictions. Recent experiments have also
confirmed the unbound nature of 7*Rb [22], cementing "*Kr
as a waiting-point nucleus. Our result coupled with these
previous limits provides a precise determination on proton
separation energy sufficient for the study of astrophysical
scenarios. We find that the mass fraction of A > 102 is sig-
nificantly enhanced with 7>Rb being further unbound. Indeed
it is remarkable that a 0.5-1 MeV discrepancy for the mass
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