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Background: The rate of energy production in the hot-CNO cycle and breakout to the rapid-proton capture
process in Type I X-ray bursts is strongly related to the '*O(e, p) !F reaction rate.

Purpose: The properties of states in 'Ne near E, = 6.1-6.3 MeV are important for understanding the
“O(a, p) '"F reaction rate.

Methods: In order to study *Ne resonances around this energy region, the RESOLUT radioactive-ion beam
facility at Florida State University was used to perform '"F(p, p) '"F elastic scattering on a polypropylene target
under inverse kinematics. Scattered protons were detected in a silicon-strip detector array while recoiling !’F ions
were detected in coincidence in a gas ionization detector. An R-matrix analysis of measured cross sections was
conducted along with a reanalysis of data from previous !’F +p measurements.

Results: All the data analyzed are well described by a consistent set of parameters with a 1~ assignment for
a state at 6.14(1) MeV. A second comparable solution is also found with a 3~ assignment for the 6.14(1) MeV
state.

Conclusions: There is no conclusive evidence supporting one of the two solutions over the other. The rates of

the "*O(a, p) 'F reaction that are determined from the two solutions differ by up to an order of magnitude.

DOI: 10.1103/6cm6-s6g7

I. INTRODUCTION

Type-I x-ray bursts (XRBs) are recurrent, explosive stellar
phenomena occurring in interacting binary systems where
matter accretes onto a neutron star from its companion. Nu-
clear reactions in the accreted material initially proceed via the
hot-CNO cycle, which is limited by the long B-decay lifetimes
of ¥ and 13O that are not burned by proton-induced reactions
[1]. As temperatures increase, the '*O(e, p) I’F reaction can
bypass the slow decay of 'O, leading to an increase in the
rate of energy production and accelerating the thermonuclear
runaway. Breakout from the hot-CNO cycle at higher temper-
atures can lead to the nucleosynthesis of isotopes up to the
proton drip line and mass number A ~ 100 [2,3]. A recent
computational study using a self-consistent, multizone XRB
model found the '*O(a, p) '"F reaction as being one of the

“Contact author: sudarsanbalakrishnan01@gmail.com

fContact author: blackmon @lsu.edu

Present address: U.S. Department of Defense, Arlington, VA,
USA.

2469-9985/2025/112(1)/015810(8)

015810-1

reactions that most influence the predicted light curves and
burst ash composition [4].

The *O(a, p)'"F reaction proceeds predominantly via
natural-parity resonances close to the « threshold in '®Ne.
It has long been believed that two of the most important
resonances likely arise from states that are mirrors to the
6.198 MeV (J*™ = 17) and 6.404 MeV (J™ = 37) levels in
180 [5,6]. A variety of measurements have determined prop-
erties of states in '®Ne including three energy levels at E, =
6.14, 6.29, and 6.35 MeV [7-14]. The level-density in this
region is low, and it is clear that two of these levels are the
17 and 3~ states of interest, while the other is the mirror
to the 2~ state at 6.35 MeV in '8Q that does not contribute
to the '*O(a, p) '"F reaction rate due to its unnatural parity.
Reported properties of states in '*Ne in the region are sum-
marized in Table 1.

Conclusive spin-parity identification of these three levels
and a determination of their partial widths are important to
reduce the uncertainties in the "“O(w, p) !’F reaction rate.
There are many open particle-decay channels for states in
the region of interest: proton emission to the ground state of
= proton emission to the first-excited state of ITE  direct
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TABLE 1. Summary of previously reported energies and widths for '®Ne states with E, = 6-7 MeV.

Hahn et al. [7] Del Campo et al. [8]

Park et al. [17]

Harss et al. [18] Bardayan er al. [16] Hu et al. [13]

E, r, E, r, E, r, E, r, E, r, E, r,

J" MeV keV MeV keV MeV keV MeV keV MeV keV MeV keV
(17) 6.150(10) <40 6.143(1) 50(5) 6.134(1) 54(2) 6.15(3)  50(15)
37) 6.293(10) <20 6.305(4) 8(7) 6.28(3)  20(15)
27) 6.345(10)  45(10)  6.343(1) 50 6.358(5) 18(9) 6.35(3) 10(5)
0=/0" 6.85(11)  50(30)
4+ 7.07(10)  200(40) 7.05(10)  90(40) 7.05(3)  95(20)

two-proton emission to 160, and o emission. The a-partial
widths (I',) most directly impact the reaction rate, but the
other partial widths are also important for interpreting mea-
surements of the time-inverse '"F(p, ) '*O reaction that can
determine resonance strengths of interest.

Thomas-Ehrman level-shift calculations favor the lowest-
energy states of these three levels in each nucleus as mirrors,
pairing the 6.14-MeV state in '*Ne with the 6.20-MeV (17)
state in '%0. Angular distributions from the 10(3He, n) '®Ne
reaction are more consistent with £ < 2 for the 6.14-MeV
state [7]. Reaction selectivity arguments also favor the
highest-energy state having unnatural spin-parity [7,8,14,15].
These observations have led to the tentative assignment of
6.14 (17), 6.29 (37), and 6.35 (27) MeV in '¥Ne, which we
refer to as the conventional spin ordering. However, there is
also evidence to the contrary, most notably angular distri-
butions from the *°Ne(p, 1) '*Ne reaction that support a 3~
assignment for the 6.14-MeV state [14].

A recent study of the '"F +p elastic scattering cross sec-
tion reported three resonances in the region, determined their
properties based on an R-matrix analysis, and also argued
for a preference for the conventional spin ordering of states
[13]. However, definitive J™ assignments of 3~ and 1~ from
elastic scattering are challenging given that either of these J”
possibilities can be formed by !’F +p with one unit of orbital
angular momentum. In this paper we report on a new mea-
surement with improved energy resolution of '"F +p elastic
scattering using a solid polypropylene (CH,), target. We also
present results from a comprehensive R-matrix analysis of
cross section data from the current work and data from the
previous studies of Refs. [13,16].

II. EXPERIMENT

The '"F +p elastic scattering cross section was measured
at the John D. Fox Superconducting Accelerator Laboratory
at Florida State University (FSU). A 54.7-MeV beam of "F
was produced in-flight using the '°0(d, n) '"F reaction with a
79-MeV beam of '°0 bombarding a cryogenically cooled deu-
terium gas cell with 2-um-thick havar windows. The primary
beam and heavy-recoil products were collected downstream
with a large-bore solenoid magnet and separated to a purity
of about 70% '"F by the RESOLUT system [19] with an
intensity of about 103 s~ .

The secondary !'"F radioactive beam bombarded a
2.05-mg/cm? polypropylene target, and scattered protons
were detected by a telescope of double-sided silicon detectors

of Design S2 fabricated by Micron Semiconductor. The first
AE layer was 65-um thick, while the residual particle en-
ergy was measured by a 1-mm-thick backing detector. The
detectors were positioned 6.6 cm downstream of the target,
covering 6, = 8°-24°.

Recoiling heavy ions were detected in coincidence by a
gas ionization chamber located 25.7 cm downstream from the
target [20]. The ion chamber had a 6.4-cm-diameter window
made of 7-um-thick kapton centered on the beam axis. A
1.0-cm-diameter solid aluminum disk suspended in the middle
of the window covered 6},, < 1.1°, preferentially blocking the
unscattered beam and minimizing pile-up of events in the ion-
ization chamber. The ion chamber was filled with isobutane
gas at 15 Torr, and recoiling heavy ions were identified by
their energy loss collected in the first 12-cm depth of gas,
AE, compared to the total energy, Eia1. The events of interest
were selected in part by gating on the !’F band in the AE-E
particle identification plot from the gas ionization chamber as
shown in Fig. 1. A time coincidence was required with events
in the silicon telescope that registered energy signals greater
than 4 MeV in the 1-mm-thick detector. This combined set of
conditions unambiguously selected !"F +p scattering events.
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FIG. 1. Particle identification plot (energy lost in the first 12 cm
of gas, AE, versus total energy lost E,) from the gas ioniza-
tion chamber for events in time coincidence with the silicon-strip
detector.
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FIG. 2. The individual data points are differential cross sec-
tions in b/sr in the COM frame for !’F +p elastic scattering measured
atf., = 146.9°. Also shown is an R-matrix fit with a 1~ assignment
for the state at 6.14-MeV and a 3~ assignment for the state at 6.29
MeV. The fit parameters are provided in Table II.

Particle energies in the silicon-strip detector were cali-
brated using a *Th « source. Some of the highest-energy
protons did not register a reliable energy signal above thresh-
old in the 65-um-thick detector. Therefore, the center-of-mass
energy for each event, E. ,, , was determined based upon the
energy and angle of the proton detected in the 1-mm-thick de-
tector, while correcting for the energy lost by the proton in the
65-um-thick detector using calculated values from LISE + +
[21]. Thus, we treated the 65-um-thick detector as an inert ab-
sorber in reconstructing the E. ;,, . The calculated energy loss
for protons in the AE detector was tested by comparing to the
majority of protons that did provide a reliable signal in the AE

detector and was found to be in good agreement. As a further
check on the E_ ,, determination, the highest-energy protons
detected result from scattering in the upstream edge of the
target, and we used these protons to reconstruct the incident
beam energy finding 55.1 0.5 MeV in good agreement with
the beam energy (54.7 MeV) expected from the RESOLUT
magnetic field settings.

The yield of scattered protons versus E.p was con-
verted into a differential cross section normalizing to
2C(17F, '7F) 12C elastic scattering detected by the gas ioniza-
tion chamber assuming Rutherford scattering with the solid
angle calculated from geometry. The !"F +p excitation func-
tion converted to excitation energy (E,) in '®Ne is shown in
Fig. 2, which spans E, ~ 5.9-6.9 MeV. While the absolute
overall normalization has modest uncertainty (about 30%)
limited by the beam current normalization, the relative cross
section as a function of energy is quite precise, and two
resonant features are observed in the excitation function at
excitation energies of about 6.15 and 6.35 MeV. The de-
tected protons have an overall energy resolution of 42-keV
full width at half-maximum (FWHM) in the center-of-mass
frame, resulting from the intrinsic energy resolution of the Si
telescopes, the effect of proton straggling in the AE layer, and
the contribution due to the detector’s angular resolution.

III. R-MATRIX ANALYSIS

We performed an R-matrix analysis of measured '"F+p
elastic-scattering cross sections to determine properties
of states in 'SNe using the multichannel R-matrix soft-
ware AZURE2 [22]. A suitably large channel radius of
r =4.864 fm (ry = 1.36 fm) was chosen to be outside the
interior interaction region due to the loosely bound nature of
the system. Data were fit with R-matrix calculations at a single
angle (6., = 146.9°) near the center of the angular range
covered. The calculated cross-section profile was smeared by

TABLE II. Comparison of R-matrix best-fit results for states in the region E, = 6.1-6.4 MeV. Since the state with J* = 4™ was not
measured/constrained in this work, we do not report its average properties.

Dataset E, J* Tom Ty E, J T, E, J T, E, J T, Xy
MeV keV keV MeV keV MeV keV MeV keV

This work 6.1348) 1= S51T8 1% 6.30(5) 3= <36 63573 27 90%R°  7.12(2) 4t 156  0.99
[13]3° 6.121(10) 1~ 47%' 158 629673, 37 114) 63487 27 <21 7.0432) 4+ 152*% 1.03
[13] 10° 6.17(2) 1= 549 150 - 3= <8 6356 27 13TF  7.0739%)7 4+ 150(6) 0.68
ORNL[9,16] 6.132111% 1= 44%  257] 0.99
Average 6.132(1) 1= 46(4) 629773, 37 114 63497 27 60733

Thiswork  6.145(6) 3~ 1073  5° 6342719 11— 151 64067 27 1673 7120 4t 1520 118
[13] 3° 6.136(4) 3~ 1873 54 6.253(12) 1= 359" 6.344) 2 <65 7.0432) 4t 1517F  1.06
[13] 10° 6.1773 37 137 50 6.247T4¢ 2= 5T 6354Md - 5478 70742) 4T 151(6) 0.70
ORNL[9,16] 6.1415(6) 3~ 21(2) 4.7Q2) 1.00
Average 6.142(1) 37 19Q2) 6.266(12) 1= 27(5) 6.38%, 2= 1672

2Fixed in R-matrix fit.

"From fit without 3~ included.

°No clear central value observed.

9Not included in average reported, due to mismatched spins.
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a Gaussian kernel with its width matching the experimental
energy resolution.

The properties of states with E, < 6 MeV (below the en-
ergy range of interest) are generally well known, and all of
these states were included in the analysis with their resonance
parameters fixed to previously reported values [7,17,23-25].
The important states in this region are at 4.52 and 5.11 MeV,
corresponding to s-wave resonances. We also include states
that would form p-wave and d-wave resonances in the calcu-
lation, though they have a negligible influence in the region
of interest. For proton partial widths of these resonances not
previously measured, we fixed their values at estimated upper
limits following the formalism discussed in Ref. [26]. To re-
duce the number of parameters, we include only channels that
correspond to the lowest possible orbital angular momentum
for each state, which is likely dominant due to the reduced
penetrability for higher orbital angular momenta.

There is more uncertainty about the properties of reso-
nances with Ey > 7 MeV (higher in energy than the region
of interest). Some of these states are broad and influence
the overall magnitude and general trend with energy of the
scattering cross section in the region of interest. We include
a previously observed resonance at 7.37 MeV [6,7,10,18,27]
with J™ = 2% and a width of 40 keV. Two other states at
7.6 and 7.7 MeV are also included with their widths fixed
to previously reported values [18]. We also included other
broad hypothetical states fixed at higher energies to provide a
smoothly varying background contribution and mimic the tail
of the continuum. The partial widths for background state(s)
and the overall normalization of the data were varied as free
parameters.

An important resonance affecting the overall shape of
the cross section in the region of interest results from a 4%
state at about 7.07 MeV in '®Ne that was proposed [27-30]
and verified [6,7,10,13,18,31] in previous work. The pre-
vious "F+p elastic scattering data of Ref. [13] covers a
broader range of energies than in our study, including the
region of the 4% resonance. We reanalyzed the data from
Ref. [13] to better constrain the influence of the 7.07-MeV
state in the region of interest and determine if a consistent
set of resonance parameters could describe both scattering
measurements.

An excitation function for this data [13] is shown in Fig. 3
at one angle denoted as 6y, = 3° and 6., ~ 155° £ 18° in
Ref. [13], along with three different fits. Our best fit using
a single 4T state near E;, ~ 7 MeV and calculated at 8., =
156.4° (blue, dashed) does not fit the peak of the 4 resonance
well and results in x2/v = 1.69. Assumptions about the fit
were adjusted to try to improve the quality of the fit, as
illustrated in Fig. 3. Shifting the angle of the calculation to
O..m. = 167.8° results in a significantly better fit to the data
with x2/v = 1.03. This is well within the range of angles cov-
ered in the measurement and may indicate that the relatively
poor quality of the original fit results from the simplification
of calculating at a single scattering angle rather than an angle-
integrated cross section. Previous work has suggested that two
unresolved states separated by about 70 keV could contribute
around E, = 7 MeV [7,10], though this is not firmly estab-
lished. We find even better fits (x2/v = 0.65) to the data of
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FIG. 3. Differential cross section in b/sr in the c.m. frame for
"F +p elastic scattering from Ref. [13] at a reported angle of
Oe.m. &~ 155° & 18°. R-matrix fits are shown as colored lines here with
the conventional spin ordering. The first fit (blue, dashed) assumes
0.n = 156.4° and uses three different background resonances with a
fixed E, = 8.9 MeV, varied ', and J* = 37, 4% 6, = 156.4° and
27. The second fit (red) assumes 6., = 167.8° and uses a single
background resonance with J” = 3~ and the same assumptions for
the E,, I',, values as in the first fit. The third fit (green, dot-dashed)
makes the same assumption as in the first, but fits the region around
E, =7.05 MeV with two J* = 4T resonances instead of one, both
with freely varying parameters E, and I',,.

Ref. [13] when including two such resonances (green, dot-
dashed), in contrast to the findings in Ref. [13]. It should
be noted that this data includes systematic uncertainties, so
x2/v < 1 is not unexpected.

The best fit values for the 4™ state from an analysis of the
data from the two angles of Ref. [13] is shown in Table II.
We find consistent widths for the 4% state, but resonance
energies that differ by about 30 keV. We adopt average values
(Ex =7.065 MeV and I', = 151 keV) in our analysis of the
FSU data set. We find a strong preference for population of
the 47 state through the S;,; = 2 spin channel, which results
in a significantly larger width than was reported in Ref. [13],
where a strong Syt = 3 spin channel was used. We also did not
find evidence for a suggested 01 /0~ state at E, = 6.85 MeV
[13], as its inclusion did not significantly improve the x2 in
our analysis of either data set. For the resonance at 7.37 MeV
with width fixed at 40 keV, we observed statistically signif-
icant improvements to the total x> when assigning J* = 0
instead of 2%, and this assignment has been used in all the
results in Table II.

IV. ANALYSIS FOR STATES WITH E, = 6-7 MeV

Within the region of interest, three resonances have been
widely reported at 6.14, 6.29, and 6.35 MeV, with their excita-
tion energies determined to an uncertainty of about 0.01 MeV
through transfer reactions. These studies also indicate that the
width of the states is smaller than the instrumental resolution
of about 50 keV. We included three resonances in this energy
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FIG. 4. Angular distribution of inelastic F(p, p') '"F* data from
reference [9,16], with R-matrix fits using J™ of 1~ (blue, solid line)
and 3~ (red, dashed line) for the state at E, = 6.14 MeV.

region in our analysis, with spin-parities of 17, 27, and 3™ as
indicated by mirror symmetry.

A previous measurement of '"F(p, p’) "F* inelastic scat-
tering at Oak Ridge National Laboratory (ORNL) showed the
state near £, = 6.14 MeV to have a significant partial proton
width to the 495-keV first-excited state in '’F [9,16]. Since
the elastic scattering data does not provide a good constraint
on the width to the first-excited state in '"F (I'y), we also
included data from the ORNL measurement in our R-matrix
analysis. The ORNL data near the peak of the resonance were
divided into angular bins, and we fit the differential cross
sections instead of the total cross section as was done in
Ref. [16]. However, the differential cross sections are nearly
isotropic (see Fig. 4), and the results from our R-matrix fit
(given in Table II) are consistent with those of Ref. [16]. The
Markov chain Monte Carlo framework emcee [32] and the
BRICK software toolkit [33] were used to arrive at parameter
uncertainties.

The change in x? is plotted in Fig. 5 for the J™ = 1~
assignment of the 6.14-MeV state as a function of the partial
elastic and inelastic widths. This shows there is no preference
in the fits to the inelastic scattering cross section as to whether
the elastic or inelastic width is larger. As the branching ratio
measurements of Ref. [12] rule out a large inelastic scattering
width, a larger ground-state proton partial width is adopted as
would also be expected from penetrability arguments.

We analyzed the elastic-scattering excitation function from
Fig. 2 and the two angles reported in Ref. [13] independently,
but with a consistent approach. The inelastic width (I") for
the state near 6.14-MeV was included as a fixed parameter
with its value taken from the analysis of the ORNL data
described above. The energies and other partial widths for
the 17, 27, and 3~ resonances in the region of interest were
varied including all possible channel-spin contributions corre-
sponding to the lowest possible orbital angular momentum for
each channel. We also varied the properties of higher energy,
broad background levels as well as the overall normalization
of each data set to accommodate systematic uncertainties in
the normalization.
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g 4
= 35 B ~
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[} 25 - -
° 2
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- 20 B
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15 | i 4
10 | 1 | | | | | 0

10 15 20 25 30 35 40 45 50
Elastic Width (keV)

FIG. 5. Surface plot showing the change in x? when fitting the
ORNL dataset with the (17, 37) ordering, against the elastic and
inelastic widths of the 1~ state.

The results from our R-matrix analysis are summarized in
Table II and in Fig. 6. Only two resonant features are clearly
resolved in all three data sets, and we find a good fit to the data
with a 1~ state describing the lower energy feature near 6.14
MeV. This fit includes a single broad 3~ background level at
high energies that likely mimics the influence of previously
observed 3~ states at higher energies [12]. Adding additional
broad background states did not improve the quality of the fit
in a statistically significant way.

The resonant feature near £, = 6.3 MeV is likely a mixture
of the other two previously observed states in the region
at 6.29 and 6.35 MeV. High-resolution measurements of
2ONe(p, t) '®Ne reported intrinsic widths of about 2045 keV
for the states, while they are only separated by about 60
keV [7,17]. Considering the experimental resolution, it is not
surprising that the 6.29- and 6.35-MeV states are not well
resolved, which leads to generally larger uncertainties in the
properties of these two levels.

Uncertainties in excitation energies and widths with a
single spin subchannel were calculated using Minos [34] en-
compassing values satisfying x* < x2. + 1.0. Total width
uncertainties for states that had two spin subchannels were
evaluated by calculating values corresponding to the x2 =
X2, + 2.30 contour and finding the deviation between the
width value reported in Table II and the maximum and/or
minimum total widths on the contours.

Only upper limits on widths of one of the two higher-
energy states are found in some cases, with the resonance
feature being satisfactorily fit with only one of the two lev-
els that are not resolved. In these cases a x2 surface was
calculated over a grid of values for the resonance energy
and partial width of the narrow resonance (in the total spin
Siot = 2 channel), with an upper limit on the width determined
from the largest value within a 68% confidence interval region
(x* - X[%‘in < 2.30). The resonance parameters obtained from
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FIG. 6. Summary of all assignments to the three resonances around 6-6.5 MeV in '®Ne. Violet points (labeled ‘Case-1’) denote the case
of the 6.15-, 6.30-, and 6.35-MeV states assigned spin parities of 17, 37, and 27, respectively, the red points (labeled ‘Case-2’) denote the case
of the 6.15-, 6.30-, and 6.35-MeV states assigned spin parities of 37, 17, and 27, respectively, and the black points (labeled ‘Lit.”) denote prior
measurements as detailed in Table I, all of which used the (17,37, 27) order. The bands denote the 68% confidence interval combining all
the measurements with a matching color according to the linear variance prescription by Barlow [35], unless indicated otherwise. *This data
was not included in the E, and I, averages for the 6.30- and 6.35-MeV states shown in the red band as the spin ordering for this case was

(37,27,17).

the three independent data sets are in agreement, and recom-
mended values are also given in Table II.

We also found a different solution that fit the excitation
functions with a 3~ assignment for the feature at 6.14 MeV.
Values for the alternate solution are included in the bot-
tom half of Table II and in Figs. 6 and 7. The data from
Ref. [13] were fit comparably well by either solution. The
fit to the FSU data set using the same assumptions as in the
conventional spin-order fit (including a single, broad high-
energy 3~ background state, and properties for the 4 fixed
as described previously) is somewhat worse than the other
solution (x2/v = 0.99 for the 1~ assignment for the 6.14-
MeV state, but x> /v = 1.18 for the 3~ assignment for that
level). However, the quality of the fit can be improved to
be comparable to that with the conventional spin ordering
by relaxing particular assumptions, such as adding additional
background states or changing parameters of the 47 state. This
is illustrated in Fig. 7 that compares fits to the FSU data set
with a 37 assignment for the 6.14-MeV state but using three
different assumptions. While the parameter space has to be
somewhat expanded to provide a comparable fit with a 3~
assignment for the 6.14-MeV state, this is not strong evidence

for the conventional ordering. Sample AZURE2 input files
for the cases mentioned in Table II are included with this
article as Supplemental Material [36]. Data collected in the
newly reported measurement here will also be made publicly
available in the EXFOR repository [37].

V. CONCLUSIONS

An elastic proton scattering measurement for an unstable
beam of '"F on a thick CH, target was completed at the
RESOLUT facility at FSU. These measured cross sections,
along with previously measured !’F +p elastic scattering from
Ref. [13], and inelastic scattering measured at ORNL [16]
were analyzed in a self-consistent way using the R-matrix
formalism to better constrain the properties of resonances
at Ey = 67 MeV in '®Ne that influence the "“O(a, p) ''F
reaction.

We find two different sets of resonance parameters that
provide a good description of the !F +p scattering excitation
functions. Weighted-average values for the resonance param-
eters are provided in Table II and in Fig. 6. In contrast to the
conclusions of Ref. [13], we find solutions with the 6.14-MeV
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FIG. 7. Data from the FSU measurement (same as in Fig. 2)
but showing three different fits each with a 3~ assignment for the
resonance at 6.14 MeV . The solid curve (green) describes the
alternative fit in Table II, with one background J* =37, E, = 8.9
MeV resonance with freely varying partial widths. The dot-dashed
curve (red) describes the fit with resonance parameters of the 4™ state
adjusted to E, = 7.065 MeV, I', = 82 keV, and adds two additional
background resonances, with J™ = 4%, 2% fixed E, = 8.9 MeV. The
dashed curve (blue) indicates a fit that includes the added J* = 2%
background resonance used earlier, but fits the region around
E, = 6.35 MeV with only a 1™~ state.

state having a J™ of 1~ or 37. Test calculations indicate that
the differences in our analysis likely arise from the properties
used for states outside of the region of interest that change the
shape of the resonant interference features. We also find the

inelastic scattering data can be described by either solution,
as previously reported by Ref. [16]. While mirror symmetry
and penetrability arguments favor a 1~ assignment for the
6.14-MeV state, with a 37 assignment implying a proton
partial width close to the Wigner limit, there is no conclusive
evidence supporting either assignment.

The spin-parity assignments for these states have a sig-
nificant impact on the '*O(«, p) '’F reaction rate due to the
difference in orbital angular momentum and penetrability
through the Coulomb barrier. Assuming the same reduced o
widths (I'y) for these states, the reaction rate for the solution
with the 6.14-MeV state having a 3~ assignment is more than
a factor of 6 smaller at 7 = 0.5 GK than the rate implied by
the other solution. However, near peak x-ray burst tempera-
tures (2 GK), the rate with a 3~ assignment for the 6.14-MeV
state is about a factor of 2 larger. Additional evidence is
needed to clearly establish the mirror assignments and reduce
the uncertainty in the '*O(a, p) !’F reaction rate.

ACKNOWLEDGMENTS

The authors thank Richard deBoer, Daniel Odell, Thomas
King, and Amber Lauer-Coles for clarifying discussions. This
work was partially supported by the U.S. Department of
Energy, Office of Science, Office of Nuclear Physics un-
der Award No. DE-FG02-96ER40989 and by the National
Science Foundation under Grants No. PHY-2012522, No.
PHY-2310059, and No. PHY-2110985 (Rutgers). Portions of
this research were conducted with high performance comput-
ing resources provided by Louisiana State University [38].

DATA AVAILABILITY

The data that support the findings of this article are openly
available [37].

[1] H. Schatz and K. E. Rehm, Nucl. Phys. A, 777, 601 (2006).

[2] M. Wiescher, J. Gorres, and H. Schatz, J. Phys. G: Nucl. Part.
Phys. 25, R133 (1999).

[3] J. L. Fisker, H. Schatz, and F.-K. Thielemann, Astrophys. J.
Suppl. Seri. 174, 261 (2008).

[4] R. H. Cyburt, A. M. Amthor, A. Heger, E. Johnson, L. Keek,
Z. Meisel, H. Schatz, and K. Smith, Astrophys. J. 830, 55
(2016).

[5] M. Wiescher, V. Harms, J. Gorres, F.-K. Thielemann, and L. J.
Rybarcyk, Astrophys. J. 316, 162 (1987).

[6] D. R. Tilley, H. R. Weller, C. M. Cheves, and R. M. Chasteler,
Nucl. Phys. A 595, 1 (1995).

[7] K. I. Hahn, A. Garcia, E. G. Adelberger, P. V. Magnus,
A. D. Bacher, N. Bateman, G. P. A. Berg, J. C. Blackmon,
A. E. Champagne, B. Davis, A. J. Howard, J. Liu, B. Lund,
Z. Q. Mao, D. M. Markoff, P. D. Parker, M. S. Smith, E. J.
Stephenson, K. B. Swartz, S. Utku ez al., Phys. Rev. C 54, 1999
(1996).

[8] J. G. del Campo, A. Galindo-Uribarri, J. R. Beene, C. J. Gross,
J. F. Liang, M. L. Halbert, D. W. Stracener, D. Shapira, R. L.
Varner, E. Chavez-Lomeli, and M. E. Ortiz, Phys. Rev. Lett. 86,
43 (2001).

[9] J. C. Blackmon, D. W. Bardayan, W. Bradfield-Smith, R.
Brummitt, A. E. Champagne, A. A. Chen, T. Davinson, L.
Dessieux, M. W. Guidry, K. I. Hahn, G. M. Hale, W. R. Hix,
R. L. Kozub, Z. Ma, P. D. Parker, G. Rajbaidya, R. C. Runkle,
C. M. Rowland, A. C. Shotter, M. S. Smith ef al., Nucl. Phys.
A 718, 127 (2003).

[10] M. Notani, S. Kubono, T. Teranishi, Y. Yanagisawa, S.
Michimasa, K. Ue, J. He, H. Iwasaki, H. Baba, M. Tamaki,
T. Minemura, S. Shimoura, N. Hokoiwa, Y. Wakabayashi, T.
Sasaki, T. Fukuchi, A. Odahara, Y. Gono, Z. Fiilop, E. Lee et al.,
Nucl. Phys. A 746, 113 (2004).

[11] J. J. He, P. J. Woods, T. Davinson, M. Aliotta, J. Biischer,
E. Clement, P. Delahaye, M. Hass, D. G. Jenkins, V. Kumar,
A. S. J. Murphy, P. Neyskens, R. Raabe, A. P. Robinson, D.
Voulot, J. v. d. Walle, N. Warr, and F. Wenander, Phys. Rev. C
80, 042801(R) (2009).

[12] S. Almaraz-Calderon, W. P. Tan, A. Aprahamian, B. Bucher,
A. Roberts, M. Wiescher, C. R. Brune, T. N. Massey, N.
Ozkan, R. T. Giiray, and H. Mach, Phys. Rev. C 86, 025801
(2012).

[13] J. Hu, J. J. He, A. Parikh, S. W. Xu, H. Yamaguchi, D. Kahl, P.
Ma, J. Su, H. W. Wang, T. Nakao, Y. Wakabayashi, T. Teranishi,

015810-7



B. SUDARSAN et al.

PHYSICAL REVIEW C 112, 015810 (2025)

K. I. Hahn, J. Y. Moon, H. S. Jung, T. Hashimoto, A. A. Chen,
D. Irvine, C. S. Lee, and S. Kubono, Phys. Rev. C 90, 025803
(2014).

[14] P. J. Thompson, A study of spin-parity assignments in '®Ne
using the 2°Ne(p, t) '®Ne reaction, Ph.D. thesis, University of
Tennessee, Knoxville, 2018.

[15] J.J.He, H. W. Wang, J. Hu, L. Li, L. Y. Zhang, M. L. Liu, S. W.
Xu, and X. Q. Yu, arXiv:1001.2053.

[16] D. W. Bardayan, J. C. Blackmon, R. L. Kozub, M. Matos, and
M. S. Smith, Phys. Rev. C 85, 065805 (2012).

[17] S. H. Park, S. Kubono, K. I. Hahn, C. S. Lee, J. C. Kim, P.
Strasser, S. C. Jeong, M. H. Tanaka, C. Lee, J. H. Lee, S.
Kato, T. Miyachi, H. Kawashima, H. Utsunomiya, M. Yasue,
M. Kurokawa, Y. Fuchi, X. Liu, K. Abe, K. Kumagai et al.,
Phys. Rev. C 59, 1182 (1999).

[18] B. Harss, C. L. Jiang, K. E. Rehm, J. P. Schiffer, J. Caggiano, P.

Collon, J. P. Greene, D. Henderson, A. Heinz, R. V. F. Janssens,

J. Nolen, R. C. Pardo, T. Pennington, R. H. Siemssen, A. A.

Sonzogni, J. Uusitalo, I. Wiedenhover, M. Paul, T. F. Wang, F.

Borasi et al., Phys. Rev. C 65, 035803 (2002).

I. Wiedenhover, L. T. Baby, D. Santiago-Gonzalez, A. Rojas,

J. C. Blackmon, G. V. Rogacheyv, J. Belarge, E. Koshchiy, A. N.

Kuchera, L. E. Linhardt, J. Lai, K. T. Macon, M. Matos, and

B. C. Rasco, Studies of exotic nuclei at the RESOLUT facility

of Florida State University, Fission and Properties of Neutron-

Rich Nuclei (World Scientific Publishing, New Jersey, 2013),

pp. 144-151.

[20] J. Lai, L. Afanasieva, J. Blackmon, C. Deibel, H. Gardiner,
A. Lauer, L. Linhardt, K. Macon, B. Rasco, C. Williams, D.
Santiago-Gonzalez, S. Kuvin, S. Almaraz-Calderon, L. Baby,
J. Baker, J. Belarge, 1. Wiedenhover, E. Need, M. Avila, B.
Back et al., Nucl. Instrum. Methods Phys. Res. A 890, 119
(2018).

[21] O. B. Tarasov and D. Bazin, Nucl. Instrum. Meth. Phys. Res. B
266, 4657 (2008).

[22] R. E. Azuma, E. Uberseder, E. C. Simpson, C. R. Brune, H.
Costantini, R. J. de Boer, J. Gorres, M. Heil, P. J. LeBlanc,

[19

—

C. Ugalde, and M. Wiescher, Phys. Rev. C 81, 045805
(2010).

[23] J. Sun-Jun, W. You-Bao, W. Bao-Xiang, B. Xi-Xiang, F. Xiao,
G. Bing, L. Er-Tao, L. Yun-Ju, L. Zhi-Hong, L. Gang, S. Jun, Y.
Sheng-Quan, Z. Sheng, Y. Ze-En, and L. Wei-Ping, Chin. Phys.
Lett. 27, 032102 (2010).

[24] D. W. Bardayan, J. C. Blackmon, C. R. Brune, A. E.
Champagne, A. A. Chen, J. M. Cox, T. Davinson, V. Y. Hansper,
M. A. Hofstee, B. A. Johnson, R. L. Kozub, Z. Ma, P. D. Parker,
D. E. Pierce, M. T. Rabban, A. C. Shotter, M. S. Smith, K. B.
Swartz, D. W. Visser, and P. J. Woods, Phys. Rev. Lett. 83, 45
(1999).

[25] Y. Parpottas, S. M. Grimes, S. Al-Quraishi, C. R. Brune, T. N.
Massey, J. E. O’Donnell, J. E. Oldendick, A. Salas, and R. T.
Wheeler, Phys. Rev. C 72, 025802 (2005).

[26] C. Iliadis, Nucl. Phys. A 618, 166 (1997).

[27] H. T. Fortune and R. Sherr, Phys. Rev. C 68, 034307 (2003).

[28] C. Funck and K. Langanke, Nucl. Phys. A 480, 188 (1988).

[29] R. Sherr and H. T. Fortune, Phys. Rev. C 58, 3292 (1998).

[30] H. T. Fortune and R. Sherr, Phys. Rev. Lett. 84, 1635 (2000).

[31] J. J. He, J. Hu, S. W. Xu, Z. Q. Chen, X. Y. Zhang, J. S.
Wang, H. W. Wang, W. D. Tian, X. Q. Yu, L. Y. Zhang, L.
Li, Y. Y. Yang, P. Ma, X. H. Zhang, J. Su, E. T. Li, Z. G. Hu,
Z. Y. Guo, X. Xu, X. H. Yuan et al., Eur. Phys. J. A 47, 67
(2011).

[32] D. Foreman-Mackey, D. W. Hogg, D. Lang, and J. Goodman,
Publ. Astron. Soc. Pac. 125, 306 (2013).

[33] D. Odell, C. R. Brune, D. R. Phillips, R. J. deBoer, and S. N.
Paneru, Front. Phys. 10, 888476 (2022).

[34] F. James and M. Winkler, CERN, Geneva 23, 94 (2004).

[35] R. Barlow, arXiv:physics/0406120.

[36] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/6cm6-s6g7 for AZURE2 project files.

[37] EXFOR, Accession number C3072, https://www-nds.iaea.org/
exfor/.

[38] LSU High-performance Computing Resources, http://www.
hpc.Isu.edu.

015810-8



