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Developing the 3*S(p, d) 3'S*(p)(y) reaction to probe the **P(p, y)>'S reaction rate in classical novae
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Background: The 3°P(p, y)3!S reaction rate is one of the largest remaining sources of uncertainty in the
final abundances of nuclei created in a classical nova involving a ONe white dwarf. The reaction rate directly
influences silicon isotopic ratios, which are used as identifiers of presolar grains with nova origins. In addition,
the uncertainty in the *°P(p, y)3!S reaction rate has been found to limit the use of nova nuclear thermometers
based on observations of elemental ratios in nova ejecta.

Purpose: Reduce uncertainties in the nuclear data for proton-unbound states in 3'S, which act as resonances
for the 3°P(p, y)3'S reaction at classical nova temperatures, and develop a technique for high efficiency, high-
resolution reaction-decay coincidence measurements.

Methods: The *2S(p, d)3'S reaction was used to populate the states of interest in 3!'S. The experiment was
performed at the Texas A&M Cyclotron Institute using the LLNL Hyperion array for the detection of charged
particles and y rays. A downstream silicon telescope was used to select reaction deuterons, and a single upstream
silicon detector was used to measure protons emitted in the decay of unbound 3'S levels.

Results: Several states in 3'S above the proton separation energy were observed to have been populated. Decay
protons from the resonant states in 'S were identified as events in the upstream silicon detectors that came in
coincidence with deuterons in the downstream telescope. Protons emitted from these states were measured and
branching ratios extracted.

Conclusions: While no new reaction rate is derived, spin-parity assignments for several higher-lying proton
unbound states have been confirmed. Measured p, branching ratios for these levels have been compared to
previous measurements with good agreement, and in some cases provided a reduction in uncertainty. The
previously identified 7 = 3/2 state may have been incorrectly assigned a large py branching ratio in a previous
measurement. The technique of measuring reaction-decay coincidences with a particle-gamma setup appears

promising.
DOI: 10.1103/PhysRevC.105.045805

I. INTRODUCTION

Classical novae are explosive nuclear burning events that
occur in binary star systems consisting of a white dwarf
and lesser evolved main-sequence star. Some of the material
generated in such an event will be ejected from the surface
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of the white dwarf into the interstellar medium, enriching it
with isotopes synthesized in the nova. Nucleosynthesis in a
classical nova occurs via a series of proton-capture reactions
and 81 decays. The nuclei present in the white dwarf act as
seeds for the series of proton-capture reactions, and therefore
the composition of the white dwarf plays a crucial role in the
final abundance of nuclei produced in a nova [1]. Oxygen-
neon (ONe) novae occur on the heaviest of white dwarfs.
The relatively heavier nuclei present in ONe white dwarfs,
and the high peak temperature of ONe nova, ranging from
0.1 to 0.4 GK [2], allow for the synthesis of nuclei up to the
intermediate mass region (A ~ 40) [1].

Despite these conditions in ONe novae, the °P(p, y)3'S
reaction acts as a bottleneck for nucleosynthesis beyond A =
30. The region of the nuclear chart around *’P is shown in

©2022 American Physical Society
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FIG. 1. The region of the nuclear chart around **P with some of
the reactions important for ONe nova nucleosynthesis labeled. The
values displayed above the blue diagonal lines are the 87 -decay half
lives. Figure reproduced from Ref. [3].

Fig. 1 with nucleosynthetic pathways labeled by arrows. The
bottleneck at A = 30 is due, in part, to the relatively long
B*-decay half-life of °P (t/» = 2.5 minutes) compared to
the time-scale of the thermonuclear runaway in a nova event,
which is on the order of hundreds of seconds. Once *°P is
created, the primary path for nucleosynthesis to proceed to
higher mass is via the 30P(p, y)3ls reaction, making the fi-
nal abundances of nuclei with A 2 30 particularly sensitive
to the 3°P(p, ) 3'S reaction rate. More proton-rich paths to
higher mass are inhibited by the low proton binding energy of
31Cl1, which makes the competing photo-dissociation reaction
favorable even at classical nova temperatures.

Some of the nuclei whose abundances are influenced by
the 3°P(p, y)3'S reaction rate are important for key nova
observables, such as presolar grain analysis [4,5] and the spec-
troscopy of nova ejecta [6,7]. Presolar grains are identified by
isotopic ratios that differ from those found in the majority of
matter in our solar system, indicative of an origin predating
the formation of our solar system. The definitive identification
of grains from an ONe nova is currently limited by uncertain-
ties in some of the key nuclear reaction rates involved in ONe
nova nucleosynthesis [5].

The isotopic ratio of 3*Si /28Si in presolar grains has been
identified as a potential signature of ONe nova origin and
can also be used to determine the peak temperature of a
nova [5]. The 3*P(p, )3'S reaction rate directly affects the
39Si abundance as it is produced through the g+ decay of
30p, which is in direct competition with proton capture on
30p. The effect of the 3°P(p, y)3'S reaction rate on the final
abundance of *°Si for different peak-temperature nova models
[8] is shown in Fig. 2. The final abundance of *°Si shows a
strong monotonic dependence on the 3°P(p, y)3'S reaction
rate, whereas the final abundance of 28Si is not affected by
the 30p( P, Y) 31g reaction rate. Therefore, the variation in the
30Si /28Si isotopic ratio due to the *°P(p, y)3'S reaction rate
scales with the final abundance of °Si. Presently, however,
the uncertainty in the 3°P(p, y)3'S reaction rate inhibits the

Sensitivity of *°Si Abundance to *°P(p,y)*'S Reaction Rate
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FIG. 2. The sensitivity of 3°Si abundance to the **P(p, y)3'S
reaction rate for different peak ONe nova temperatures. The dashed
lines correspond to the reaction rate derived from the Hauser-
Feshbach (HF) statistical method and the resulting *°Si abundance.
The data presented here have been extracted from Tables 5, 6, 7, and
8 in Ref. [8].

use of the *°Si / 28Si isotopic ratio as a signature of ONe nova
origin of some presolar grains [5].

The °P(p, y)3'S reaction rate at classical nova temper-
atures remains poorly constrained experimentally, despite
recent efforts to probe the reaction via indirect techniques. To
calculate the reaction rate, the cross section must be known
across the energy range of interest, with the temperatures
involved corresponding to center of mass energies of ap-
proximately 100 to 500 keV. Early attempts to calculate the
30p(p, y)3'S cross section as a function of energy employed
the Hauser-Feshbach (HF) statistical method [9]; however, the
nuclear level density in *'S, at the relevant excitation energies
for classical nova temperatures, is likely to be insufficiently
high for the HF method to yield accurate results. The cross
section can be more accurately calculated by considering the
contributions from individual resonances, for which basic nu-
clear structure information, such as the excitation (resonance)
energy, spin and parity, lifetime, and partial widths. Use of an
alternate reaction to probe each or several of these properties
for the levels in 3'S relevant to the *°P(p, y)3'S capture cross
section can help to provide a more experimentally-constrained
reaction rate.

Gamma spectroscopy, either from fusion evaporation (e.g.,
[10,11]) or single-nucleon transfer (e.g., [12]), have proven
powerful tools to determine the resonance energies and spins
of unbound levels in 3'S with high precision. Particle spec-
troscopy (e.g., [13,14]) also provides level energy and J™
information, and can be used to probe higher-lying reso-
nances, for which the gamma branch becomes diminishingly
small. Utilizing a particle spectroscopy approach combined
with the detection of particle decays from populated un-
bound levels in 3'S in coincidence, such as in Ref. [15],
additionally provides experimental constraint on the parti-
cle branching ratios of the populated levels. Because the g
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decay of 3!Cl populates many of the levels in 3'S impor-
tant to the 3°P(p, ) 3'S reaction rate, the use of S-delayed
y spectroscopy [16,17] can also provide a mechanism for
studying the energy and spin information of these states.
Combining this technique with the simultaneous detection of
decay protons from the 3'S unbound levels [18] allows for the
extraction of proton branching ratios, which, when combined
with a measurement of the level lifetime or total width, ex-
perimentally constrains the resonance strengths critical to our
understanding of the *°P(p, y)3'S reaction [19].

Hence, it is apparent that experimental techniques which
can simultaneously constrain multiple properties of the levels
involved represent the largest return-on-investment for such
an indirect study, and provide important nuclear structure
information which can be used to benchmark theoretical cal-
culations and guide future direct measurements. In the current
paper, particle spectroscopy using a single-nucleon trans-
fer reaction was combined with coincident measurements of
gamma rays and protons emitted from the populated unbound
levels in an attempt to constrain both the proton and gamma
branching ratios simultaneously. While the current paper was
unable to reliably extrapolate such data from 3! levels within
the relevant energy range, the measurement acts as a proof-
of-principle for future work seeking to better constrain the
0p(p, y)3'S reaction rate.

II. EXPERIMENT

The ¥S(p,d)>*'S reaction was chosen to populate the
proton-unbound states in *'S, which may contribute to the
30p(p, y)3'S reaction at ONe nova temperatures. Following
the population of excited states in 3'S, the competition be-
tween proton and y-ray emission was observed.

The Texas A&M Cyclotron Institute’s K150 cyclotron was
used to accelerate a proton beam to 33.0(1) MeV onto the
reaction target. The beam current was measured by a Faraday
cup at the beam dump, located several meters downstream
from the target chamber and shielded to reduce beam-induced
y-ray background. The beam current ranged from 0.5-1.8 nA
throughout the experiment and was adjusted, depending on the
thickness of the target, to maintain ~80% livetime in the data
acquisition system. The main target used for the experiment
was ZnS (178 pg/cm?) deposited on a thin carbon backing
5 ;Lg/cmz). In addition, data were taken with carbon, zinc,
and mylar (C;oHgOy), targets for detector calibrations and
background characterization.

The Hyperion Array [20] was used to measure charged
particles and y rays resulting from interactions of the beam
with the target. In the configuration used for this experiment,
Hyperion consisted of 12 Compton-suppressed high-purity
germanium (HPGe) clover detectors, a silicon telescope
downstream of the target, and a single silicon detector up-
stream of the target. All of the silicon detectors used in this
experiment were standard Micron Semiconductor S2 design
[21], and were segmented with 24 annular strips, each with
1 mm pitch, on the junction side and eight 45° sectors on
the Ohmic side. The silicon detectors were calibrated with
a 2»Ra « source, followed by a secondary calibration using
known, strongly-populated levels in the (p,d) reactions on the
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FIG. 3. An example of a AE-E particle identification plot. The
data shown here are for a scattering angle of 20° and were taken
over one hour. Scattered protons, deuterons, tritons, 3He, and “He,
produced in the corresponding proton-induced reactions on nuclei in
the target, are visible and well separated. The intensity, ranging from
single counts (blue/dark grey) to thousands of counts (yellow/light
grey) per bin, has not been normalized.

various targets. The AE and E detectors of the telescope were
positioned 28 mm downstream from the target, covered an
angular range of 20-50° in the laboratory, and were 150 um
and 1500 um thick respectively. The silicon telescope was
used for particle identification and provided a clean gate on
deuterons produced in the 32S(p, d)3'S reaction as shown in
Fig. 3. The angular segmentation of the telescope allowed
for the measurement of the scattering (polar) angle of the
charged particles with an angular resolution of ~1 degree in
the laboratory frame. A single 500-um thick silicon detector
was placed 34 mm upstream of the target and was used for the
detection of protons emitted from proton-unbound states in
31S. This configuration of charged-particle detectors, summa-
rized in Table I, allowed for the detection of reaction-decay
coincidences across an angular range of 90°-180° between
the two particles. The data acquisition system master trigger
required an event in both the AE and E detectors of the silicon
telescope. Events measured by the upstream silicon detector
and HPGe clovers that came in coincidence with AE-E events,
within a 5-us gate, were recorded.

The y-ray detection efficiency was measured using mul-
tiple standard sources of known activity (‘*’Eu, *’Cs, and
0Co) placed at the target location. The efficiency was then
fit using Eq. (1):

e(Ey)=co+ clEy_C2 — 3¢ “Er (1)

The y-ray sources available for calibration were limited to
y-ray energies <1.4MeV. However, y rays up to 6-7 MeV
were expected in the experiment. The fit to the measured
source efficiency was extrapolated to the higher energies. To
verify the validity of the extrapolation, y rays from the de-
excitation of ''C, following the 12C(p, d)'"'C reaction were
used. The efficiency measured in the beam-on, reaction setting
was found to be in good agreement with the extrapolation of
the fit to source data, as shown in Fig. 4.
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TABLE I. List of the charged particle detectors used in the Hyperion setup for this measurement. Twelve of the 14 HPGe clovers in the
standard formation were utilized in the current paper. For additional details, the reader is directed to Ref. [20].

Detector type, description Det. thickness (um)

Micron S2, E layer 1500
Micron S2, AE layer 150
Micron S2, decay protons 500

Location Angular range (degrees, laboratory)
28 mm, downstream 20-50
28 mm, downstream 20-50
34 mm, upstream 17-43

III. ANALYSIS

Deuteron spectra are generated by gating on the PID plot
and using the known 2-body kinematics to convert the mea-
sured energy and angle of the deuteron into 3'S excitation
energy. Figure 5 shows the deuteron singles spectrum, for
all angles, from the main experimental target in black, with
normalized deuteron spectra from the mylar and zinc foils
in blue and red respectively. By comparing these spectra it
is possible to identify deuteron peaks that are the result of
the 32S(p, d)3'S reaction and reject structures that are arising
from reactions on other nuclei in the target. Peaks correspond-
ing to the population of states in 3'S with excitation energies
above the proton separation energy were identified in the
spectra at each laboratory angle and fit using a Gaussian (or
sum of Gaussians) of set width along with a linear background
term. Some example angular distributions are plotted in Fig. 6.
In some cases contaminant peaks, due to the stoichiometric
components of the target material (mainly carbon; reactions
on the zinc did not populate discrete levels) or due to en-
vironmental contamination (such as nitrogen) were not able
to be resolved from peaks of interest. However, due to the
differing kinematics, these peaks did not interfere at all angles.
Angles at which the separation of the peaks was clear were
used to inform the intensity of the interfering peaks at angles
where the two peaks could not be resolved. This was possible
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FIG. 4. Gamma-ray detection efficiency curve. Fits for source
data only (blue/light grey outer band) and source data plus in-beam
data (red/dark grey inner band) are shown, with the corresponding
uncertainties. Including both source and in-beam data allows for
more accurate extrapolation to higher gamma-ray energies.

because the angular distributions of the contaminant peaks
were measured with the carbon and mylar (nitrogen-rich)
targets and used to constrain their intensity when they were
unable to be resolved from the peak of interest.

The deuteron angular distributions for states above the
proton separation energy were compared qualitatively to
distorted-wave Born approximation (DWBA) calculations for
different angular momentum transfer values ¢, performed with
TWOFNR [23] with the optical model parameters found in
Table II. ¢ values up to 3 were considered, as larger or-
bital angular momentum transfers are suppressed, and result
in rather featureless distributions inconsistent with the data.
These comparisons are shown in Fig. 6. For the state at
7036(7) keV excitation energy in 3'S, data from two previous
measurements of the 32S(p, d)3'S reaction were available
[13,14]. Those data are shown with the data from the present
work, in Fig. 6, and found to be in good agreement. A nor-
malization of the present differential cross section data to the
measurement by Kozub et al. [13] at i, = 29° was used to
obtain the absolute cross section.

Decay protons from states above the proton separation
energy in 3'S were measured in the upstream detector in
coincidence with deuterons measured in the downstream
telescope. Using the calculated 2-body kinematics of the un-
detected recoil nucleus, the decay proton energy in the 3'S rest
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FIG. 5. Deuteron singles spectrum corrected for the the kinemat-
ics of the *2S(p, d) 'S reaction. The black histogram is the spectrum
observed from the ZnS target. The ground-state peak resolution is
on the order of 150 keV. The blue and red histograms are the spectra
observed from the mylar and zinc foils respectively, which have been
normalized to the sulfur spectrum for visual clarity. Background runs
on a carbon foil were also taken, but are not shown here as the peaks
arising from reactions on carbon are already apparent in the mylar
target data.
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FIG. 6. Deuteron angular distributions for the (a) 6872(6)-keV,
(b) 7036(7)-keV, and (c) 7171(8)-keV states. The data from this
measurement are shown as black circles. For the 7036(7)-keV state,
two previous measurements reported deuteron angular distributions
(Kozub et al. [13] and Ma et al. [14]) and these data are shown
along side the present work. The different color curves represent
DWBA calculations with different amounts of transferred angular
momentum. The calculations were performed using TWOFNR [23]
with the optical model parameters found in Table II.

TABLE II. Optical model and neutron bound state parameters
used for the DWBA analysis. The three rows are for the incoming
proton channel, the outgoing deuteron channel and the binding po-
tential of the transferred neutron in 32S. The proton parameters were
obtained from Kozub ef al. [13] and the deuteron parameters from
Cowley et al. [22].

ro(fm) Vo(MeV) ro(fm) ao(fm) V:(MeV) ri(fm) a;(fm)

p 118 47.1 1.18 0.66 6.87 1.18  0.66
d 1.18 90.0 1.25 0.62 25.0 1.30 0.8
n 1.20 0.65

frame can be calculated. The difference between the decay
proton energy and the resonance energy provides the ex-
citation energy of the final state in 3°P populated by the
decay. Figure 7 is a matrix showing the final 3°P excitation
energy deduced from the proton decay versus the 3'S exci-
tation energy as calculated from the deuteron produced in
the original reaction. The horizontal bands represent different
final states in *°P and moving to the right along these bands
represents proton emission from higher energy states in 3'S.
Unfortunately, due to the efficiencies for high-energy gam-
mas, combined with small gamma branching ratios, gammas
from levels above about 6.2 MeV excitation energy were
not observed, and hence only proton branching ratios were
extracted for these states.

The decay proton and deuteron coincidence spectra for
the individual branches is generated by placing a horizontal
gate around the final state of interest in *°P and drawing the
coincident (decay-proton-gated) deuteron spectrum. Figure 8§
shows the decay proton and deuteron coincidence spectra
derived from Fig. 7. The py (blue), p;, (red), p3 (green),
pa (purple) are compared to the deuteron singles spectrum
(black). The coincident spectra have been scaled up by a
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FIG. 7. Proton decay matrix for the emission of protons from
excited states in 3'S. The excitation energy of the final state in °P
is shown vs the excitation energy of the initial state in 3'S. Horizon-
tal red dotted lines are drawn at the known excitation energies of
low-lying states in 3°P. The low-level background is due to random
coincidences within the data acquisition coincidence timing window.
Intensity scale (blue/dark grey to yellow/light grey) displays raw
counts.
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threshold), p;, (red), p; (green), and p, (purple, highest energy threshold) proton-decay branches. All of the deuteron-proton coincidence
spectra have been scaled up by a factor of 10 for visual comparison with the singles spectrum. The correspondingly-labeled dashed lines

indicate the threshold for that decay channel.

factor of 10 for visual aid. The p; and p, branches have been
grouped together as the final levels are only 31 keV apart and
could not be individually resolved in the particle spectra. For
the purposes of investigating the *°P(p, y)>'S reaction rate at
classical nova temperatures, only proton emission populating
the ground state of 3P is of interest.

Broadly, the proton branching ratio is determined for each
31§ state by dividing the number of times the level decayed
(the number of proton-gated deuterons) by the number of
times the level was formed (the number of deuterons), after
correcting for the detection efficiencies. The efficiency cor-
rected data from the proton decay channel to the ground state
of 3P are plotted (cf. Fig. 9) as a function of the center-of-
mass angle between the decay proton and reaction deuteron,
in order to derive an angular correlation function. The de-
tection efficiency for decay protons was determined with a
monte-carlo code in which a proton, with an energy defined
by the populated 3'S level and a direction sampled from
an isotropic distribution of vectors in the rest frame of the
recoiling 3'S nucleus, was simulated. Each unique trajectory
of the recoiling nucleus was considered by the corresponding
deuteron trajectories available for detection in the individual
segments in the telescope. The velocity of the proton in the
rest frame of recoiling 3'S nucleus was subsequently boosted
into the laboratory frame and its trajectory was traced to deter-
mine if it intersected with a segment of the active volume of
the upstream detector. The efficiency was independently cal-
culated for each resonant state (for more detail, see Ref. [3]).
For different 3'S excitation energies, the recoiling nucleus has
a different energy leading to a different detector solid angle
in the 3'S rest frame. The number of protons generated for
each 3'S trajectory was weighted by the number of detected
deuterons populating that particular resonance (e.g., the num-
ber of times the resonance was formed).

Figure 9 shows the angular correlation data for the six
lowest-lying observed proton decays to the 3°P ground state.

These data have been normalized by the number of times the
resonance was formed. The shapes of the angular correlation
data are described by a series of even-order Legendre poly-
nomials [Eq. (2)], where the number of terms included in
the expansion is related to the angular momentum transferred
in the formation of the resonance and the subsequent decay.
These data are fit with increasing orders of Eq. (2) until a
fit, which satisfied a statistical p-value test is produced, after
which no higher orders are included; this determines the min-
imum angular momentum of the angular correlation function.
A fit was determined to have been statistically significant if the
p value was greater than 0.05, following the procedure used
in a previous analysis of proton decay angular correlations as
presented in Ref. [15]. The proton decay branching ratio is the
result of the integration of the angular correlation fit over 47
steradians:

we)= > %anP,,(cos 0). )

n=0,2.4,...

IV. DISCUSSION

Individual levels populated in the current work are dis-
cussed in more detail below.

Ey = 6255(2) : Epes = 124(2) keV: The single direct
gamma-ray transition to the ground state from a proton-
unbound level in 3!'S was observed at 6254.4(16) keV, as seen
in Fig. 10. (As the gamma branches of particle-unbound levels
are diminishingly small, the current experiment was statistics
limited and did not reliably observe any peaks in the gamma
spectra above this one.) This y was seen in coincidence with
deuterons in the broad structure between excitation energies
of 6150-6350 keV. However, the deuteron peak originating
from the first excited state in carbon also fell in this region,
preventing a clean angular distribution from being observed.
Because of this, no gamma branching ratio could be reliably

045805-6



DEVELOPING THE ...

PHYSICAL REVIEW C 105, 045805 (2022)

0.08} 6872(6) keV 7036(7) keV
oin=0 0.10 bnin= 3
0.06 | R
s s
o~ e
N IS N T T U S | - )
(0T o i o o i S o 0.06 } =g
0.02
0.02}1
(a) (b)
0 bt I Lol
100 120 140 160 180 100 120 140 160 180
_ 7171(8) keV 7744(5) keV
2 004 bin= 0 0.10 boin=1
Q bl
s B (S I
3 o003 g T
© 3, A (TR I $-2—| 0.06F )
S 0.02
° +
o
0.01 .02
(c) (d)
0™400 " 120 140 160 180 100 120 140 160 180
0.06 -
7912(9) keV 8071(11) keV
0.03
emin: 1 Kmln= 1
1| 004 | S P
0.02 | 1 P,
o001f | 0.02}1
(e) ®
1 J

0 0
100 120 140 160 180 100 120 140 160 180
6,,, (degrees)

FIG. 9. Deuteron-proton angular correlations for the six cleanly
observed py decay branches, increasing in excitation energy from
panels (a) through (f). The angular correlations, in number of decays
per steradian normalized to the number of times the resonance was
formed, are plotted as a function of the center of mass angle of the
decay. The red-dotted lines correspond to best fit to the data using
Eq. (2).

extracted from this data. Proton decays were not observed
from this state.

Ex = 6872(6) : E..s = 741(6) keV: A state with an exci-
tation energy of 6872(6) keV was observed in the deuteron
singles spectrum. Due to the presence of a much larger con-
taminant peak from the '>C(p, d)''C reaction at higher angles,
it was only possible to extract a deuteron angular distribution
for this state over a limited range. The shape of the angular
distribution was well matched with a mixed / =0 and / =2
transfer, with the mixing ratio being 50%, though the degree
of mixing does not impact the conclusions drawn here. While
the population of two distinct states cannot be ruled out,
the nonobservation of multiple states with similar excitation
energy in previous experiments supports the conclusion that a
single state was observed in this measurement. Based on this
conclusion, the spin-parity of the state is constrained to J* =
(1/2 —5/2)*. A proton branching ratio of I",, /T = O.53J_’8:?3
was measured in this experiment. A state with the same ex-
citation energy and a branching ratio of T',,/I" = 0.3770%%
was observed by Wrede er al. [15], however they were not
able to place a constraint on the spin-parity of this state. The
agreement in excitation energy and proton branching ratio
between the two experiments indicates the same state has been
observed. With the additional information from the deuteron

12C(p,d)C
10° (p,d)
2 6254.4(16) keV
X 102}
" l
P -
e r
}a -
5
3 10
O F
- Random Coincidences
1k

2000 3000 4000 5000 6000 7000 8000
v-Ray Energy (keV)
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FIG. 10. Deuteron-gated, doppler-corrected gamma spectrum
showing the 6254.4(16) keV direct to ground-state transition, as well
as peaks arising from the contaminant '>C(p,d)''C reaction. The
deuteron gate was set to energies corresponding to 'S excitation
energies between 6150 and 6350 keV.

angular distribution a new constraint on the spin-parity of the
6872(6)-keV state has been made.

Ex =7036(7) : Eres = 905(7) keV : The deuteron angular
distribution for the 7036(7)-keV state agrees well with the
DWBA calculation for a [ = 2 transfer. Kozub et al. [13]
measured a state with an excitation energy of 7050 keV and
with a characteristic / = 2 deuteron angular distribution. Ma
etal. [14] observed a state at 7044(6) keV and found it to have
a deuteron angular distribution indicating an [ = 2 transfer.
Both authors assign this state a spin-parity of J* = 5/27%. The
state measured in this work at 7036(7) keV is interpreted to be
the same state observed in both Kozub et al. [13] and Ma et al.
[14] based on the excitation energy and the good agreement in
deuteron angular distributions.

In a measurement of the *’Si(*He, n)3'S reaction by
Davidson et al. [24], a level at 7006(25) keV was observed.
This level was assigned a spin-parity of J™ = 1/27% based on
the neutron angular distribution being peaked at low angles,
indicating an /[ = 0 transfer. Davidson et al. [24] reason that
because the state was not observed in previous single particle
transfer reactions, for which population of an isospin T =
3/2 state was isospin forbidden, this state is likely isospin
T = 3/2. In addition, Davidson et al. [24] point out that shell
model predictions place an isospin 7 = 3/2 state around this
region of excitation energy and that this state is expected to
have a spin-parity of J* = 1/2%. Wrede et al. [15] observed a
level at 7036(2) keV with a proton branching ratio of I', /T" =
1.05“_“8:82, and based on the isotropic nature of the proton
decay angular correlation assigned the state a J™ = (1/2)%.
Using the spin-parity assignment inferred from the angular
momentum of the proton decay, Wrede et al. [15] interpreted
the state as being the isospin 7" = 3/2 state that was reported
at 7006(25) keV by Davidson et al. [24]. Wrede et al. [15]
point out that the 7036(2)-keV state is degenerate with the
J™ = 5/2% state observed by both Kozub et al. [13] and Ma
et al. [14], and therefore conclude the presence of a J* =
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(1/2)* state with isospin 7 = 3/2 and a J* = 5/2% state,
however, they conclude that the J = 5/2" state was weakly
populated in their measurement, and assign all of the proton
decay strength to the J* = (1/2)*, T = 3/2 state.

In the more recent B-delayed y-decay spectroscopy of
Bennett et al. [17], a direct ground-state transition correspond-
ing to a level at 7050.0(8) is observed. This decay is assigned
to be 1/2% — 1/2%, identifying this as the T = 3/2 isospin
level in the doublet. No evidence of a state around 7006 keV
is observed.

In the present paper, the population of a T = 3/2 state is
isospin-forbidden and therefore the strong population of the
state reported by either Davidson et al. [24] or Bennett et al.
[17] is unlikely. The state at 7036(7) keV had the strongest
proton decay branch observed in the present work with a value
of ') /T = 0.93f8:%3. This proton decay branching ratio value
is consistent with the value measured by Wrede et al. [15]
and therefore it is possible that the proton decay observed by
Wrede et al. [15] was indeed from the J” = 5/27 state and not
from the degenerate J™ = 1/2%, T = 3/2 state in line with
Ref. [25]. Due to the limited angular range for proton decay
angular correlations in the measurement by Wrede et al. [15],
it is possible that signs of the anisotropy were not observed.
This present interpretation also resolves the issue of the pg
decay being isospin-forbidden and therefore expected to be
small.

Ex = 7171(8) : E,es = 1040(8) keV: The deuteron angu-
lar distribution for the 7171(8)-keV state suggests an [ =
2 transfer implying J™ = (3/2,5/2)*. Wrede et al. [15]
observed two levels in the region at 7157(2) keV and
7196(2) keV. The peak observed in the present paper has
been interpreted as being more strongly correlated with the
7157(2)-keV state observed by Wrede et al. [15] (which may
be the same as the 5/2% 7149.8(9) keV level observed in
Ref. [17]). While the excitation energies do not agree within
lo, the angular momentum reported by Wrede et al. [15]
of J* = (3/2,5/2)%, is consistent with the present measure-
ment; the 7196(2) keV level is anticipated to be negative
parity. The previously reported proton branching ratio of
r,/T'= 1.04f8:é§ has a very large uncertainty, and the value
measured in this paper, while just outside of that uncertainty,
has a greatly reduced uncertainty. The nature of the large
discrepancy in proton branching ratio between the current and
previous papers is unclear.

Ex = 7744(5) : Ees = 1613(5) keV: The limited statistics
in the deuteron spectrum did not allow for a comparison with
DWBA calculations to infer the transferred angular momen-
tum. A state in 3'S with an excitation energy of 7744(3) keV
was reported by Wrede et al. [15]. The branching ratio mea-
sured in that experiment is consistent with the value measured
in this paper. Due to the good agreement in excitation energy
and branching ratio this state has been interpreted as the same
observed by Wrede et al. [15].

Ex =7912(9) : E;es = 1781(9) keV: A state at
7912(5) keV was reported by Ma et al. [14], and found
to have a deuteron angular distribution consistent with an
| = 0 transfer. Wrede et al. [15] observed a state with an
excitation energy of 7905(3) keV. The state measured in this
paper with an excitation energy of 7912(9) keV is interpreted

TABLE III. Summary of results for observed proton-emitting
states. The excitation energy of the state as measured by the deuteron
energy in this experiment and corresponding resonance energy are
reported. The proton branching ratios from the present paper are
compared with the results of Wrede et al. [15].

Present paper Wrede et al. [15]

E, (keV) JT E, (keV) T, /T r,,/T
6872(6)  (1/2—5/2)t  741(6) 0.5379% 0.3773%
7036(7) 5/2+ 905(7) 0.937%14 1.05+0%
7171(8) (3/2,5/2)* 1040(8) 0.30+:99 1.0470:1
7744(5) > 5/t 1613(5) 0.8875%  1.007558
7912(9) 1/2+P 1781(9) 0.20759 0.3410:12

8071(11) (1/2+ —13/27)* 1940(11) 0.4275%8 1.07+522

“Adopted from Ref. [15].
b Adopted from Ref. [14].

as the same state observed by Ma et al. [14] and Wrede et al.
[15]. The uncertainty in I',, /T" for this state has been reduced
significantly.

Ex = 8071(11) : Eyes = 1940(11) keV: This state was
weakly populated and therefore there were not enough
statistics at individual angles to extract a deuteron angular dis-
tribution. A state with an excitation energy of 8071(11) keV
was also reported by Wrede et al. [15]. The excitation energy
and branching ratio reported by both measurements agree
within uncertainty. The present work was able to significantly
reduce the uncertainty in I',, /I" for this state.

V. CONCLUSION

The *°P(p, y)3'S reaction rate is currently one of the
largest remaining source of uncertainty in ONe nova nucle-
osynthesis, and this uncertainty inhibits the usefulness of key
nova observables such as spectroscopy of ejecta and presolar
grain analysis. The 32S(p, d)3'S*(p)3*°P reaction has been
measured to obtain information about the resonant states that
are important for constraining the °P(p, y)3'S reaction rate.
A summary of the measured excitation energies and decay
proton branching ratios is presented in Table III. This ex-
periment was able to reduce the uncertainty in proton-decay
branching ratios for several states at higher excitation ener-
gies.

We conclude that a previous measurement by Wrede et al.
[15] may have incorrectly assigned the strong p, decay
branch of a state at 7036(2) keV to a T =3/2, J* = 1/2%
level previously placed at 7006(25) keV [24] or, more likely,
7050.0(8) keV [17]. The current study observed a simi-
larly strong po from a state with an excitation energy of
7036(7) keV and place it as the previously identified T = 1/2,
JT =5/2%[13,14].

The resonances observed in this experiment were all higher
in energy than the resonances that dominate the reaction rate
at classical nova temperatures; because of this, we do not
provide a recommended 3°P(p, y)3'S reaction rate. In addi-
tion, there were some difficulties in resolving states in the
region of interest and contributions from (p, d) reactions on
the other nuclei present in the target, limiting the range of

045805-8



DEVELOPING THE ...

PHYSICAL REVIEW C 105, 045805 (2022)

the derived angular distributions. Despite these challenges, in
these results, several assignments for states above the proton
separation energy in 3'S were confirmed and the uncertainties
for some proton decay branching ratios were reduced. For the
lowest-energy resonances, alternative techniques such as mea-
surements with gas-filled detectors [18] and mirror-symmetry
spectroscopy [26,27] may provide the critical branching ra-
tios, taking advantage of the spin and parity assignments and
other structure information derived in this and similar work.
The novel analysis techniques for proton decay measure-
ments developed in this work enables the extension of these
types of measurements to large solid angle charged-particle
arrays. A future measurement utilizing a different target and
reaction to populate states in 3'§ would benefit from the work
performed here in developing analysis techniques for use in
proton decay measurements with large solid-angle charged-
particle arrays. In addition, the extension of this analysis to the
P1.2, P3, and p4 branches is possible with data obtained in this
experiment. Future high-statistics experiments should provide
sufficient data to utilize particle-gamma or particle-gamma-

gamma coincidences to further constrain level energies and
branching ratios critical to our understanding of explosive
nucleosynthesis.
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