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Background: Properties of proton-unbound 3'S states determine the **P(p, y)3!S reaction rate, which has a
significant impact on explosive hydrogen burning in classical novae and type-I x-ray bursts. Despite several
previous studies, uncertainties still remain with respect to the nuclear structure of 3'S near the proton threshold.
Purpose: The level structure of 3!'S has been presently investigated via a charged-particle spectroscopy expeti-
ment using the *2S(p, d) 'S reaction.

Method: Deuterons corresponding to 3'S excited states with 3.285 < E, < 10.8 MeV were momentum
analyzed via an Enge split-pole spectrograph at six laboratory angles between 10° and 62°. Differential cross
sections of the ¥S(p, d)3'S reaction were measured at £, = 34.5 MeV. Distorted-wave Born approximation
calculations were performed to constrain the spin-parity assignments of several of the observed levels.

Results: We have detected 72 excited states of 3'S, out of which 17 are within the astrophysical region of interest
corresponding to the temperature range of 0.1-1.5 GK. We have resolved the discrepancy in the spin and parity
of an excited state with E, = 6542 keV, showing that is it not J* = 3/27, and therefore the contribution of
this state to the *°P(p, y) reaction rate is likely much less significant than previously thought owing to the larger
angular-momentum transfer required to populate this excited state. Moreover, our measurement results help
consolidate the spin-parity assignments for the 6377 and 6636 keV states in 3'S.

Conclusions: This work presents the most comprehensive spin-parity assignments to date from a single-neutron
transfer reaction on 32§ to 3'S excited states in the region between 6 to 7 MeV excitation energy. This region
is significant for the determination of the 3°P(p, y)3°S reaction rate over the temperatures characteristic of

explosive hydrogen burning in novae.

DOI: 10.1103/PhysRevC.102.045806

I. INTRODUCTION

Explosive hydrogen burning in classical novae occurs in
close binary star systems, where extreme temperatures and
densities are achieved on the compact accreting stars. In such
binary systems consisting of a white dwarf as the compact star,
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hydrogen-rich matter is accreted onto the surface of the white
dwarf from a main sequence companion star overflowing its
Roche lobe. Gravitational compression heats the bottom lay-
ers of the accreted envelope. When the temperature of these
layers increases to ~20 MK [1], the hydrogen starts fusing
into helium. The generation of a large amount of energy as a
result of nuclear reactions finally triggers explosive hydrogen
burning via a thermonuclear runaway in the accreted enve-
lope, which leads to a classical nova outburst. Simulations
[2] of oxygen-neon (ONe) novae show that peak temperatures
reached in the thermonuclear runaway are typically in the 0.1—
0.4 GK range, and the nova ejecta shows significant nuclear
processing. Classical nova outbursts are thought to be the
major source of >N, 70 and to some extent *C in the galaxy
[3] and contribute to the abundances of other species with
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masses up to A ~ 40, including °Al, which is synthesized in
ONe novae.

The nucleosynthesis of ONe novae has been simulated
via postprocessing [2,4] and hydrodynamic [5,6] nucleosyn-
thesis models. These studies have consistently found the
0Pp(p, y)3'S reaction rate to be the driver for nuclear activity
in ONe novae in the mass region above A = 30. Therefore,
the 3°P(p, y) reaction is known to be one of a few whose
rate uncertainty over the temperature range of interest for
novae significantly affects the abundances of a large number
of observable isotopes [7].

The effects of the uncertain thermonuclear rate of the
39p(p, y)3!S reaction on our understanding of classical no-
vae, and their nucleosynthesis modeling have been extensively
reviewed in Ref. [8]. In particular, a previous uncertainty of
four orders of magnitude in the °P(p, y)3'S rate [2] resulted
in a factor of ~800 spread in the predicted abundance of
303j (see Table 7 in Ref. [2]). The *°Si / 28Si abundance ratio
serves as an important marker for identifying novae as candi-
date sources for presolar meteoritic grains [9]. Furthermore,
the 3°P(p, y)3'S rate uncertainty affects some of the nova
thermometers, e.g., the O/S, S/Al, O/P, and P/Al abundance
ratios, by factors of ~3-6 [10].

In addition, variations in the 3°P(p, y)3'S reaction rate
have a large impact on the Si/H abundance ratio. The latter
is, in turn, used as a nova mixing meter [11] to infer the
degree of mixing that occurs between the outer layers of the
underlying white dwarf and the accreted envelope prior to
the thermonuclear runaway. It is shown [11] that the mix-
ing meters are generally robust with regard to variations in
thermonuclear reaction rates. However, the Si/H abundance
ratio is an exception due to the uncertainty in the *°P(p, y)3'S
reaction rate.

Beyond the aforementioned effects in novae, the
30p(p, y)3!S reaction also becomes important for simulations
of nucleosynthesis in type-I x-ray bursts, which, in addition
to classical novae, are among the astrophysical sites where
explosive hydrogen burning takes place.

Type-I x-ray bursts result from thermonuclear runaways in
hydrogen- and helium-rich material accreted onto the neutron-
star surface in an x-ray binary system [12,13]. The nuclear
fuel is consumed through the ap and rp processes [14—16].
The 3°P(p, y)3!'S reaction rate is a significant input for rp-
process calculations [17] and has been shown to be one of the
main reactions governing the flow as the burst temperature
approaches its peak (T ~ 1.5 GK) [18].

Over the temperature ranges characteristic of explosive
hydrogen burning in novae and type-I x-ray bursts, the prop-
erties, e.g., resonance energies, partial widths, and spin-parity
assignments, of 3°P +p resonances corresponding to 'S ex-
cited states in the energy range of about 6 < E, < 7.5 MeV
are crucial for evaluating the rate of the °P(p, y)*'S reaction
[Q0 = 6130.9(4) keV [19]].

30p is radioactive (terrestrial f; 2 =2.498(4) m [20]), and
a beam with sufficient intensity (>10% pps [7,21]) at the
energies of astrophysical interest is currently unavailable.
Therefore, the level properties of 'S have to be investi-
gated with indirect methods. Extensive experimental work
has already been performed [7,22-35] to investigate the level

properties of the astrophysically important resonances. Ref-
erence [8] has reviewed all the relevant experimental and
theoretical work which has been performed up to 2014. De-
spite these measurements and simulations, the *°P(p, y)3's
reaction rate remains uncertain due to the incompleteness of
and inconsistencies in the data available in the literature.

To address inconsistencies and improve our current un-
derstanding of the levels of *'S above the proton threshold,
we have measured the *2S(p, d)3'S reaction. It was part of a
dataset acquired when measuring *2S(p, t) [36-38].

The results of our *’S(p, d) measurement could help facili-
tate the analysis of two recent measurements performed at the
Texas A&M Cyclotron Institute [39] and at TRIUMF [40].
The former experiment measured the 32S(p, d)3'S reaction
(at essentially the same energy as that of our measurement) to
study the y rays and proton decays of the deexciting 3'S states.
The experiment at TRIUMF measured the SHe (s, ay)3's
reaction in inverse kinematics to study lifetimes of 'S states.
Both of these measurements suffered from relatively poor
excitation energy resolution. Consequently, one of the chal-
lenges of the data analysis is understanding which states are
observed in single-neutron-removal reactions from 2S. The
present work will shed light on this issue.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

The experiment was performed between 2008 and 2010
at the Wright Nuclear Structure Laboratory (WNSL) at
Yale University. Protons were accelerated by the extended
stretched transuranium (ESTU) tandem Van de Graaff accel-
erator to 34.5 MeV (AE/E ~ 6 x 10~*) with intensities of
up to 90 enA, and focused to a spot size of 2 mm diameter on
target.

Two types of targets were employed: 249 4 25 ug/cm? of
CdS evaporated onto a 20-.1g/cm?-thick natural carbon foil,
and a 55.9 + 5.6 ug/cm? isotopically pure (99.9% enriched)
12 foil implanted with 10.4 & 0.4 ug/cm? of 8.

The thickness of the CdS target was determined prior to
our experiment by measuring, using a silicon surface barrier
detector, the energy loss of « particles from the decay of a
241 Am source passing through this target. The uncertainty in
the target thickness was estimated to be 10% from a con-
servative estimate of the uncertainty of stopping powers of
helium in CdS from SRIM [41], where no experimental data
are available. The thickness of the sulfur content of the CdS
target was determined to be 53 £ 5 ug/cm? through measure-
ment of elastic scattering of an 8 MeV *He beam off of the
CdS target. This experiment was performed separately prior
to our (p, d) measurement. The aforementioned thickness of
the sulfur content was later used in the determination of the
differential cross sections of the 3!S excited states discussed
in this work. The implanted target was fabricated [42] specif-
ically to reduce the relatively flat background produced by
the "™Cd (where nat refers to natural isotopic abundance)
component of the CdS target. The thickness and chemical
composition of the implanted target were determined via
a Rutherford backscattering spectrometry measurement per-
formed prior to this work (see Refs. [37,42]). In addition to
the aforementioned targets, we used a natural silicon target
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for calibration purposes, and a "Cd foil supported by a
natural carbon substrate, together with isotopically enriched
12¢ and 3¢ foils for background-subtraction purposes. These
targets and the method of measuring their thicknesses are
described in Ref. [37]. Finally, no evidence for peak broad-
ening and/or a change of peak shape was observed during
the experiment, indicating that there was no target degrada-
tion over time. Moreover, there is published evidence [43]
that sulfur-implanted carbon foils do not degrade under beam
bombardment.

Deuterons were dispersed according to their momentum-
to-charge ratio with a high-resolution Enge split-pole mag-
netic spectrograph, the technical specifications of which are
given in Refs. [36,38]. The horizontal and vertical solid angle
acceptances of the spectrograph at each laboratory angle were
determined by using two sets of micrometers as slits, whose
positions were carefully calibrated prior to our experiment.

The beam current was integrated by using a beam current
integrator module together with a beam stop, located inside
the target chamber, which was biased at +600 V in order to
reabsorb the electrons boiling off the beam stop after stopping
the beam.

The study was carried out at multiple laboratory angles of
10°, 20°, 22°, and 62° using the CdS target, and at 22°, 27.5°,
and 45° using the implanted target.

The detection system is described in detail elsewhere
[36-38]. Identification of deuterons was carried out by mea-
suring their energy loss, residual energies, and positions
along the focal plane of the spectrograph. The spectra of the
deuterons’ momenta were then plotted for each spectrograph
angle (see Figs. 1 and 2). Deuteron peaks corresponding to 'S
excited states in these spectra were clearly identified through
kinematic analysis.

The major contaminant peaks present in the spectra were
the ground state, the 2, 4.3, 4.8, 6.3, and 6.5 MeV excited
states [44] of ''C, populated via the >C(p, d)''C reaction,
and the 6.18 MeV excited state [45] of >0, populated via
the '°0(p, d) >0 reaction (see Figs. 1 and 2). According to
the simulations of positions of excited states along the focal
plane, a few more low-lying states of 'O could be on the
focal plane; however, we did not find any statistical evidence
of these states in our spectra. The ground state and the 6.3 and
6.5 MeV excited states of !'C were only observed at 62° and
27.5°, respectively, since the population of different states on
the focal plane depends on their cross section as a function of
the scattering angle at which the reaction is measured. Also,
the states were shifted on the detection plane when the spec-
trograph’s angle was changed, and thus the aforementioned
states were kinematically excluded at other angles.

Apart from a few deuteron peaks observed in the presented
spectra, which were fit by using Gaussian-plus-exponential
functions to account for their exponential tails, the rest of
the spectral analysis for deuteron peaks was similar to the
procedure used for triton peaks from the 32S(p, 1) °S reac-
tion, which is described in Refs. [36-38]. For the purposes
of fitting, we have assumed the states to be narrow com-
pared with the instrumental resolution. The energy calibration
was determined from a combination of known levels of *’Si
[measured with the 28Si(p, d) reaction using the Si-target],

"¢ (produced by the carbon substrate in both targets), and
31S. The adopted energies of 2’Si levels were weighted av-
erages of the previous work [46—48], and those of ''C were
taken from Ref. [44]. For 3'S internal calibration points,
we used the weighted average energies between the more
recent results of Refs. [7,23,24,26,27,29,33,35] for states
with 3285 keV < E, < 7051 keV; and the adopted energies
of Ref. [49] for the states with E, > 7051 keV. To derive the
weighted average energies, a 3 keV systematic uncertainty in
the results of Ref. [7] was also taken into account.

At each angle, polynomial least-squares fits of second or
third degree (0.9 < Xf < 1.4; 0.56 < p £ 0.71) of momen-
tum vs centroid channel were determined for these calibration
points. These fits were used to determine the 3'S excitation en-
ergies at each angle. The final excitation energy uncertainties
for the data at each angle arise from (1) statistical uncertainties
(on average <3 keV), (2) uncertainties in the thicknesses
of the implanted target (2 keV) and the CdS target (3 keV)
taking into account the uncertainty in the thickness of the "*Si
target used for calibration, (3) uncertainty in the Q values
of the 2Si(p, d) and ¥S(p, d) reactions (0.14 keV [50] and
0.24 keV [50,51], respectively), and (4) 20 keV uncertainty in
the beam energy (<0.4 keV uncertainty in excitation energy).
Therefore, apart from the statistical uncertainties, at each
angle the systematic uncertainties in 'S excitation energies,
when added in quadrature, were 3 and 2.1 keV for the CdS
and implanted targets, respectively. Lastly, to obtain the final
31§ excitation energies, a weighted average was calculated for
each state over all the angles, and thus over both targets. In a
few cases where the uncertainty in the weighted average was
smaller than the smallest uncertainty in the measured excita-
tion energies, the latter was adopted as the final uncertainty
only if the energy was measured at fewer than four laboratory
angles.

The energy resolution at full width at half maximum
(FWHM) was =38 keV and ~30 keV for the spectra obtained
with the CdS and implanted targets, respectively. Therefore,
our achieved energy resolution is a factor of two to four better
than those of the previous *2S(p, d)3°S measurement [24].
It should be noted that, as the scattering angle increases, the
energy resolution gets worse because of kinematic broadening
due to an increase in the energy straggling of the deuterons
through the target. The present energy resolutions are averages
over all angles measured with a given target.

III. RESULTS

In the present work, a total of 72 excited states of 3'S with
3.285 < E, < 10.8 MeV were observed (see Tables I and 1I),
of which (i) 17 are within the astrophysical region of interest
corresponding to the temperature range of 0.1-1.5 GK, and
(i1) 10 are tentatively new states all of which are above 9 MeV
in excitation energy and are thus not of interest to explosive
hydrogen burning at the aforementioned temperature range.

Most of the measured energies in the present work are in
agreement within 10—20 with those measured in the previous
325(p, d)>'S measurement [24], as well as with the adopted
energies of Refs. [7,26-29,33,35,49].
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FIG. 1. Deuteron spectra measured from the 2S(p, d)3'S reaction at (a) 62°, (b) 22°, (c) 20°, and (d) 10° obtained with the CdS target. 3'S
states are labeled with peak numbers corresponding to energies shown in Tables I and II. Contaminant peaks are labeled by their parent nuclei.
The shaded histograms are background spectra measured with a "' Cd foil supported by a natural carbon backing, scaled to the background
peaks of the 32S(p, d)*'S data. The background was not measured at 62°. For 10° and 20°, an aluminum plate along the focal plane blocked
the region corresponding to channels >2100, where elastically scattered protons reached the focal plane.

The relative differential cross sections in the labora-
tory system were obtained from the procedure presented in
Ref. [37] (see Chapter 3) and Ref. [38]. The measured differ-
ential cross sections in the laboratory system were converted
to those in the center-of-mass system following the formal-
ism presented in Appendix C of Ref. [52]. The uncertainties

in the experimental differential cross sections are dominated
by the statistical uncertainties in the areas under each peak.
The systematic uncertainties in the differential cross sections
are dominated by the target thickness uncertainties, which
amount to 9% for the sulfur content of the CdS target and
4% for the implanted target. The uncertainties in other factors
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FIG. 2. Deuteron spectra from the 32S(p, d) 'S reaction measured at (a) 45° and (b) 27.5° obtained with the implanted target. 3'S states
are labeled with peak numbers corresponding to energies shown in Tables I and II. Contaminant peaks are labeled by their parent nuclei.
The shaded histograms are background spectra measured with an isotopically enriched '>C target, scaled to the background peaks of the
328(p, d)3'S data. For 27.5°, an aluminum plate along the focal plane blocked the region corresponding to channels between ~2300-2500,
where elastically scattered protons reached the focal plane. The 22° spectrum obtained with the implanted target is not shown due to low

statistics.

such as solid angle and total accumulated charge are
negligible.

The only angle at which the experimental differential cross
sections were measured using both targets was 22°. The spec-
trum obtained at this angle with the implanted target suffers
from low statistics. Therefore, we only calculated differential
cross sections for the well-populated calibration peaks. The
results are consistent with those measured at the same angle
using the CdS target.

To obtain the spin-parity assignments of 3!S states
observed in the present work, the theoretical angular distribu-
tions of the cross sections were computed via distorted-wave
Born approximation (DWBA) calculations using the one-
step finite-range transfer formalism via DWUCKS5 [53]. These
calculations were carried out only for those 3'S states of as-
trophysical interest observed in the present work over at least
four laboratory angles.

The distorted waves in the entrance and exit channels were
calculated for optical interaction potentials, the parameters of
which were taken from Ref. [54] (and references therein), and
are given in Table III. Furthermore, to describe the interac-
tion of 3!'S 4+n — 328, a volume Woods-Saxon potential with
the addition of the Thomas spin-orbit factor was used (see
Table III). Reference [24] seems to have used this same poten-
tial for the p + n — d interaction. We, on the other hand, have
used the widely used Reid soft core potential [55] to derive
the deuteron wave function, as well as the p-n interaction. In

addition, in our DWUCKS input files, according to the instruc-
tions presented in Ref. [53], we have reduced the strength
of the imaginary potential for surface absorption (Wp) by
4a;, where a; is the imaginary diffuseness parameter. This
may not be the case in Ref. [24], which could be one of the
factors (apart from different beam energies) that explains the
difference in the present J”™ = 1/2% theoretical DWBA curves
vs those of Ref. [24].

Deuteron angular distribution plots are shown in Fig. 3.
The theoretical deuteron angular distribution curves were
scaled to the experimentally determined center-of-mass dif-
ferential cross sections using linear fits with zero intercepts.

For ¢ > 0 transfers, since the angular distributions depend
very weakly on the total angular momentum, we could not
differentiate between ¢ @ s transitions, where s is the spin of
the transferred neutron.

In the following, we discuss our spin and parity assign-
ments for some of the states observed in the present work and
briefly review some of the observed states.

IV. DISCUSSION

The 5156.3 keV level. This level is known to be a 1/2%
state [26,29,35], and our deuteron angular distribution data are
consistent with J* = 1/2% [see Fig. 3(a)].

The 5301 keV level. This state is another 'S state whose
spin-parity was established previously to be 9/2% [26,29].
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TABLE 1. Weighted average (over all angles) excitation energies (in keV) of 3'S from the present work in comparison with those measured in selected previous works. States used in
the present work for energy calibration are marked with an asterisk. The astrophysical region of interest for explosive hydrogen burning in novae and type-I x-ray bursts (0.1 < 7 < 1.5
GK) corresponds to 6 MeV < E,(3'S) < 7.5 MeV. The states in square brackets are states with tentative detection. Peak numbers are displayed in Figs. 1 and 2.

(p, d) [24] (*He, t) [7] (o, ny) [27,29] 2013 Evaluation [49] (d, 1) [28] (By) [33,35] (p, d) Present Work Peak
E, (keV) Jr E, (keV)* JT E, (keV) Jr E, (keV) Jr E, (keV)® E, (keV) Jr E, (keV) Jr Adopted J*  Number
3284.7(2) 5/2% 3284.67(16) 5/2)* 3283.76(31) 5/2% 3284.7% 1
3351.3(2) 7/2% 3351.30(19) 7/2)* 3349.30(32) 7/2% 3353(5) 2
3433.3(5) 3/2+ 3435.7(3) 3/2+ 3434.90(33) 3/2* 3438(3) 3
4085(2) 5/2% 4086.1(16) 5/2* 4080.0(100) 3/2%,5/2* 4085.4(8)  5/2% 4083(3) 4
4208.3(5) 3/2+ 4209.15(18)  (1/2,3/2,5/2)* 4207.7(31)  3/2F
4446(6) 7/2- 4449.6(3) 7/2~ 4450.65(25) (7/2)" 4450(3) 5
4527.8(2) 3/2% 4520.5(3) 3/2% 4519.63(32) 3/2" 4518(6) 6
4583.4(3) 7/2% 4583.98(24) 7/2)*" 4580(3) 7
4707(3) 5/2% 4710.1(8) 5/2* 4707.0(30) 3/2%,5/2% 4717.72(32) 5/2* 4712(2) 8
4867.5(3) 1/2+% [4867.5 4] (1/27,3/27) 4866.2(6) 1/2%
4988(8) 3/2° 4971.2(20) (1/27,3/27) 4971.0(30) (3/2)" 4970.709)  3/2° 4975(4) 9
5023.9(3) 5/2* 5022.0(30) 5021.95) 5/2* 5023(3) 10
5155(5) 1/2* 5157.5(20) 1/2% 5157.5(3) 1/2% 5156.1(6) 172+ 5156.3* 172+ 1/2+ 11
5331(5) 9/2+ 5301.7(3) 9/2% 5300.7(3) 9/2%) 5301(2) 7/2%,9/2% 9/2% 12
5401.5(8) 5/2% 5408.2(9) 5402(2) 5/2(2) 5/200) 13
5439.0(30) 5435.9(9)  3/2*
5497(10) 5/2+ 5518.3(3) 5/2* 5518.0(30) 3/2%,5/2% 5517(2) 3/2%,5/2% 5/2* 14
5675.8(6) 7/2% 5678.0(30) 5678(3) 15
5781(5) 5/2% 5775.0(30) 3/2+,5/2% 5775.4(4)  5/2* 5775(2) 16
5824.0(30) 5829(4) 17
5959(10)¢  (3/2%,5/2%) 5891.5(20) 3/2%F 5896.0(30) 3/2%,5/2* 5890.3(8)  3/2* 5893(3) 18
5959(10)¢ 9/2%) 5977.2(7) 9/2%) 5977.9(7) 9/2%) 5979(3) 19
6136(3) 9/2 6138.3(21)  (3/2,7/2)* 6138.6(6) (7/2%) 6129.3(10) 5/2* 6139(4) 20
6160(3) 5/2 6158.5(5) 7/2% 6160.0(6) (5/27,7/2%) [6159(3)] 21
6267(5) 1/2% 62603)  1/2* 6255.3(5) 172+ 6255.0(6) 172+ 6255.6% 172+ 1/2+ 22
62843)  3/2* 6280.60(16) 3/2+ 6279.006)  3/2*
63293) 172" 6327.0(5) 3/27 6327.0(5) 3/2)
6356(3)  3/2* 6357.3(2) 5/2~ 6357.32(22) (5/27) 6356(2)
6378(3) 9/2 6376.9(4) 9/2~ 6376.7(3) 9/27) 6377(3) 9/27,11/2~ 9/2~ 23
6392.5(2) 5/2* 6392.43(22) (5/2%) 6390.2(7)  3/2* 6390.8(17)  3/2%,5/2F  3/2%,5/2F 24
6395(4) 6394.2(2) 11/2+ 6394.36(22) (11/2%) 6394(1)
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TABLE 1. (Continued.)

(p,d) [24] (*He, t) [7] (e, ny) [27,29] 2013 Evaluation [49] (d, 1) [28] (By) [33,35] (p, d) Present Work Peak
E, (keV) Jr E, (keV)* Jr E, (keV) JT E, (keV) Jr E, (keV)® E, (keV) Jr E, (keV) JT Adopted J*  Number
6411(9) 11/2+ 6403(4) 6401.1(30) 6402(2)
6546(15) 5/2° 6543(3)  (7/2,9/2) 6541.9(4) 3/2° 6541.9(4) (3/27) 6543(2) 6542(3) (7/2%,9/27,11/2%) 7/2% 25
6586(3) 7/2 6583.1(20) (5/2,7/2)~ 6582.9(20) (7/2) 6584(1) 6585(3) 26
6637(3) 9/2 6636.1(7) 9/2~ 6636.3(3) 9/27) 6636(2) 7/2+,9/2% 11/2% 9/2~ 27
6720(3) 5/2 6720.0(20) (5/2) 6720(1) 28/29¢
6749(3) 3/2% 6749.0(20) 3/2% 6748(3) 28/29¢
6848(9)° 11/2~ 6835(3) 11/2 6833.2(3) (11/27) 6833.9(12)  7/2%,9/27,11/2=  9/27,11/2~ 30
6848(9)°  (3/27,5/2%) 6870(3) 11/2 6872.0(20) (11/2) 6869(2)
6936(4) 6937.020)  (1/2%,3/2%,5/2%) 6935(2)
6958(4) 6961.0(30) 6958(2) 6960(4) 31
6971(4) 6975.0(30) 172+ 6971(2)
7044(6) 5/2+F 7030(4) 7037.0(20) 3/2%,5/2% 7035.4% 3/2%,5/2% 3/2%,5/2% 32
7049(4) 7052.0(20) 7050.0(8) 1/2*
7144(16)  (3/2,5/2)* 7156.0(20) 3/2%,5/2+ 7149.8(9) 5/2% 7157.7(11) 3/2%,5/2+ 5/2* 33
7196.0(20) [7197(2)] 34
7304.0(5) (11/2%) 7306(9) 35
[7376.0(30)]
7469.0(30) 7469(3) 36
7501.0(30)
7510(6) 7517.0(30) 1/2%,3/2%,5/2% 7518(2) 37

#The £3 keV systematic uncertainty for the energies of Ref. [7] has been taken into account for the energies listed in this column.
"The excited states used for energy calibration in this measurement are not listed in this column.

¢Unresolved doublet [24].

9We observe evidence for this state but it is unresolved. For more explanation, see Sec. IV.
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FIG. 3. Deuteron angular distributions populating states of 3'S compared with the theoretical DWBA curves. The filled circles with error
bars (statistical in nature) are the measured relative differential cross sections in the center-of-mass system given in arbitrary units; and the
solid, dashed, and dotted curves are the theoretical angular distributions obtained using DWUCKS [53]. If not shown, the error bar is smaller
than the point size. The excitation energies (in keV) are given on the top middle of each plot.

Our deuteron angular distribution data are consistent with
this assignment but the J™ = 7/2% assignment is also equally
compatible with our data [see Fig. 3(b)]. Since J™ = 9/2"
assignment is already established, we disfavor J™ = 7/2% and
adopt J* = 9/2+.

The 5402 keV level. The spin of this state was tentatively
determined [26], based on mirror assignments, to be between
a wide range of 3/2 to 7/2 with an unknown parity. Recently,
Doherty et al. [29] assigned this level to be a 5/2% state. The
present forward-angle deuteron angular distribution data are
reasonably consistent with this spin assignment but are best
fit with a negative parity instead [see Fig. 3(c)].

The 5517 keV level. Similar to the 5402 keV state, the spin
of this state was determined [26], based on mirror assign-
ments, to be within J* = 3/2-7/2 with an unknown parity.
In the recent work of Ref. [29], its J* value is firmly given
as 5/2%, which agrees well with our present deuteron angular
distribution data [see Fig. 3(d)].

The 6139 and 6159 keV levels. The energy difference
between these levels is less than our experimental energy res-
olution. We observe a somewhat wider than usual peak at 60°
(labeled as peak 20/21 in Fig. 1). When fit with a doublet, the
energies are consistent with these levels. At 45°, we observe a
small peak whose width is consistent with that of a single peak
in that spectrum and when calibrated, the energy is consistent
with the 6159 keV state. The 6139 and 6159 keV states seem
to have disappeared at 22° and 20° and are obscured by the
carbon contamination of the target at 27.5°. At 10°, we only
observe the 6139 keV state.

The 6255.6 keV level. We observe a prominent peak
at every angle, which we identify with this state. It is
known [7,24,26,34,35,56] to have J™ = 1/2%. The present
deuteron angular distribution data are best fit by an £ =0
angular-momentum transfer, which leads to an unambiguous
assignment (since the J™ value of the 32§ target is 0%) of
J™ = 1/27 to this state [see Fig. 3(e)].
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TABLE II. High-energy excited states of *'S measured in the
present work in comparison with those of the latest evaluation of
Ref. [49]. To make the table brief, those states not observed in the
present work are omitted. The states in square brackets are ones
with tentative detection, and those used in the present work for
energy calibration are marked with an asterisk. Being outside the
energy range of interest, we did not perform distorted-wave Born
approximation calculations for these states.

2013 Evaluation [49] Present work

E, (keV) J* E, (keV)  Peak number
7585(3) 7584(2) 38
7644.5(8) (1/2%,3/2%,5/2%) 7640(2) 39
7724(3) (1/27,3/2,5/2) 7724% 40
7744(3) [7743(2)] 41
7894(3) (1/2*,3/2%,5/2%) 7895(2) 42
7907(3) 1/2* 7907* 43
8022(3) (1/2%,3/2%,5/2%) [8024(2)] 44
8045(3) 1/2+,3/2%,5/2*F 8044.5(12) 45
8131(3) 8130(2) 46
[8209(3)] [8211(2)] 47
8229(3) [8221(4)] 48
8382(10) 8386(3) 49
8426(4) (1/2%,3/2%,5/2%) 8422(2) 50
8498(3) 1/2+ 8498 51
8562(8) 8563(2) 52
8702(17) (1/2%,3/2%,5/2%) 8746(3) 53
8789(6) 3/2%,5/2% 8788(3) 54
8813(15) 8815(3) 55
8878(22) (1/2%,3/2%,5/2%) 8904(6) 56
8969(20) 8973(4) 57
9004(20) 9001(3) 58
9155.2(12) (13/2%) 9155.2* 59
[9293(2)] 60
[9415(5)] 61
[9499(8)] 62
[9561(10)] 63
9606(14) [9612(4)] 64
[9641(4)] 65
[9777(2)] 66
9853(12) 9831(4) 67
10146.2(11) (13/27) 10146.2* 68
[10282(4)] 69
[10360(4)] 70
10577(13) [10610(5)] 71
[10800(5)] 72

The 6377 keV level. References [7,27,29,34] have assigned
the spin-parity of the 6377 keV state to be 9/27. The present
deuteron angular distribution data are best fit by an £ =5
angular-momentum transfer, which leads to assignments of
9/27 and 11/2~ for this state [see Fig. 3(f)]. Owing to the pre-
vious experimental results [7,27,29,34], we adopt J* = 9/2~
for this state.

The 6390.8 keV level. This state was observed at five
angles (see Figs. 1 and 2). On the focal plane at positions
corresponding to where this state appears at 6y, = 10°, 20°,
and 22°, a broad peak was observed, whose shape was best

TABLE III. Optical model parameters for DWBA analysis. For
p + n interaction, see text.

Wp ro a ry, o d o ro

MeV) (MeV) (fm) (fm) (fm) (fm) (fm) Aso

Reaction Vo
Channel

p+¥s 471 6.87 1.18 066 1.18 066 1.18
d+3's 90 25 125 0.62 130 058 1.18
n+3's 56 1.20  0.65 251°

#Thomas spin-orbit factor [24].

reproduced with a doublet consisting of this state and the
6377 keV state (see Fig. 4).

The number of excited states in 3'S in the vicinity of
E. =64 MeV has been a matter of discussion [8,28].
The most recent mass-31 evaluation [49] considered three

300

250

200

150

Counts

100

50

140

100

Counts
®
o

1 1 1
1570 1580 1590 1600 1610 1620 1630
Channels

Counts

1 1 ] 1
1620 1630 1640 1650 1660 1670
Channels

FIG. 4. Partial deuteron spectra from the 32S(p, d)3'S reaction,
measured at (a) 22°, (b) 20°, and (c) 10°, which illustrate the indi-
vidual Gaussian fits (in blue and orange), the total fits (in red), and
the linear baselines (in green) for the states observed near E, = 6.4
MeV labeled with energies (in keV). Peak fitting was performed
by using the MINUIT package [57] for PYTHON [58]. The channel
numbers are different due to kinematics shift. The spectra are aligned
by eye for clarity. sz of the fits varies between 1.36 at G, = 10° to
1.58 at 6, = 22°. All spectra are obtained using the CdS target. The
6377 keV state is respectively observed with a statistical significance
of 1, 4.2, and 1.9 standard deviations at 10°, 20°, and 22° above the
background expectations, respectively.
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states in this region, namely, 6392.43(22) keV based on
Refs. [27,29], 6394.36(22) keV based on Refs. [7,23,26—
28,56], and 6401(3) keV based on Refs. [7,24,26,28]. More
recently, another state was observed at 6390.2(7) keV [33,35]
and most likely this state is not the same as the 6392.43 keV
state because their spin-parity assignments are determined to
be different. The J™ values for the 6390, 6392, and 6394 keV
states have been assigned to be 3/2% [33,35], 5/21 [27,29,34],
and 11/2% [23,27,29], respectively. The spin-parity of the
6401 keV state is still experimentally unconstrained. It is
tentatively estimated to be 7/2~ based on mirror state assign-
ments performed in Ref. [28], and such assignments for the
315-31p analog states are challenging and still quite uncer-
tain. Our experimental resolution is not sufficient to resolve
these states. Our observed state at E, = 6390.8(17) keV is
in agreement within 1o with both E, = 6392.43(22) keV
reported in Refs. [27,29] and E, = 6390.2(7) keV reported
in Refs. [33,35]. It is also consistent within 2o with the E, =
6394.2(2) keV from Refs. [27,29]. What we have observed
in our spectra may actually be a convolution of the 6390,
6392, and 6394 keV states. In that case, one would expect to
see that the angular distribution data does not match with the
individual J™ values (3/2%, 5/2%, and 11/2%, respectively)
but rather with the sum of the three. However, our angular
distribution data are fit best with J* = 3/2* and J* = 5/2%
[see Fig. 3(g)]. So it seems that the 6394 keV state may not
be present in our spectra, which could be the case if it is not
preferentially populated by a single-neutron removal process,
e.g., via the (p, d) reaction. Our result seems to indicate that
the (p, d) reaction tends to preferentially populate the 3/2%
and/or 5/27% states near 6390 keV.

The 6542 keV level. At 61, = 10° and 6y, = 20° in the
present work, this state is weakly populated as a doublet
with another state at 6585(2) keV. The latter level vanishes
at Oy = 22° and O = 45°, leaving the 6542 keV state as
a singlet which is most prominently populated at 6y,, = 45°
(see Fig. 2). Reference [27] reported that the contribution of
this state to the *°P(p, y)>!S rate is significant. However, two
measurements [7,27,29] have derived inconsistent J” values
for it. This source of ambiguity in the data available in the lit-
erature should be addressed because it reduces the confidence
in the determination of the corresponding resonance strength,
required for the rate calculation, as pointed out in Ref. [8]. The
spin-parity of the 6542 keV level has been tentatively assigned
to be (7/2,9/2) in Ref. [7]. But Refs. [27,29] assigned a
firm J* = 3/27. More recently, Ref. [34] assumed the J7
value of this state as 7/2% (based on a recent re-analysis of
light-ion transfer data [32]) and its contribution to the rate
was modest. The present deuteron angular distribution data
fit well with £ =4, 5, 6 transfers. Therefore, we tentatively
assign J™ = (7/2%, 9/27, 11/27") to this state, which is con-
sistent with the assignments made in Refs. [7,34] if we adopt
J® =7/2%. The J* =3/2~ can be clearly ruled out from
our data [see Fig. 3(h)], making the contribution of this state
to the 3°P(p, y)3!S reaction rate less significant since this
state cannot be populated with an £ = 1 angular-momentum
transfer. We would like to also point out that the present
angular distribution of this state and that of the 5402 keV state
appear to be rather featureless. Compound nuclear reaction

mechanisms may have a contribution to the populations of
these weak excited states giving the total angular distribution
profile shown by the data and resulting in total differential
cross sections that are relatively flat for these two states. How-
ever, we consider this contribution to be small at 34.5 MeV /u
beam energy, and therefore have not accounted for it. Ac-
cording to Ref. [59], the contribution from the direct reaction
begins to dominate at energies above 10 MeV. Therefore,
since the direct reaction contribution is most likely dominant
in our case, it is unlikely that any residual compound con-
tribution would make up for the difference between the 62°
data point and the 3/2~ DWBA curve for the 6542 keV state.
Likewise for the 5/2% assignment for the 5402 keV state.

The 6636 keV level. This state is populated weakly at four
angles in the present work (see Figs. 1 and 2). Its spin-parity
is tentatively established to be 9/2~ in Ref. [49] based on the
measurements of Refs. [7,23,27-29]. The present deuteron
angular distribution data are reasonably fit with J™ = 7/2%,
9/2%, and 11/2% [see Fig. 3(i)]. Since the spin-parity assign-
ment for this state is already tentatively established in the
literature, we adopt J* = 9/27.

The 6720 and 6749 keV levels. At all angles except 45°,
where this region is obscured by ''C, we observe a peak
(labeled as peak 28/29 in Figs. 1 and 2) whose energy is
consistent with (i) the 6720 keV state [49] at 27.5° and 62°,
and (ii) the 6749 keV state [49] at 10°, 20°, and 22°. The
FWHM of the peak we observe (peak 28/29) is comparable
to that of a single state but from the energies we obtain, it
seems to be an unresolved doublet. Therefore, we are unable
to provide independent energy measurements for these two
states from our data.

The 6833.9 keV level. The spin-parity of this level was first
assigned to be 11/27 in Ref. [23], which was excluded from
the tentative assignments of 1/2% to 9/2~ given to this state in
Ref. [26]. Parikh et al. later confirmed J = 11/2 for this state
in their 3'P(*He, 1) 'S measurement [7]. The present deuteron
angular distribution data agrees best with J* = 9/27, 11/27;
however, the fit obtained with J* = 7/2% assignment is also
reasonable [see Fig. 3(j)].

The 7035.4 keV level. We observe a prominent peak at
all angles except at Oj,, = 27.5°. Its spin-parity is tenta-
tively established to be (1/2, 3/2, 5/2)" from previous work
[24,56,60,61]. The present deuteron angular distribution data
do not agree with J™ = 1/27" but the fits obtained with J™ =
3/2% and J* = 5/2* are in good agreement with the data [see
Fig. 3(k)].

The 7157.7 keV level. This is a state observed at all six
angles measured in our experiment. It has been observed in
various previous experiments [23,24,26,35,56,61]. Reference
[26] provides tentative spin assignments of 3/2 and 5/2 with
a firm positive parity and Ref. [35] determines the J* value
to be 5/2%. This is in excellent agreement with our deuteron
angular distribution plot for this state [see Fig. 3(1)], so we
adopt the latter assignment.

V. CONCLUSIONS

Precise knowledge of energies and spin-parity assign-
ments of resonances above the proton threshold [S, =
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6130.9(4) keV [19]] in 3'S is required for an accurate deter-
mination of the 3°P(p, ) 3'S reaction rate at the temperature
range of 0.1 < T < 1.5 GK, corresponding to explosive hy-
drogen burning in classical novae and type-I x-ray bursts.
Understanding this rate, in turn, leads to a more complete pic-
ture of the origin of SiC presolar grains, which show excesses
in 39Si; an improved constraint of nova models; an advance in
understanding nova thermometers; a tighter constraint on the
abundance ratio of Si/H, which acts as a nova mixing meter;
and progress in accurately determining the nucleosynthesis
and energy generation of type-I x-ray bursts.

We have investigated the nuclear structure of 3'S via the
325(p, d)>'S reaction with a superior (> a factor of two)
energy resolution, when averaged over angles, with respect
to that of the previous (p, d) measurement [24], and have
observed 19 proton-bound states and 53 proton resonances in
315, With a few exceptions, our derived excitation energies are
in good agreement within one standard deviation with those
obtained in the previous work.

In particular, we have observed a state at 6390.8(17) keV.
Our measured energy is consistent within lo with E, =
6390.2(7) keV measured in a previous S-delayed y-decay
study [33,35], as well as with E, = 6392.43(22) keV mea-
sured previously using Gammasphere [27,29]. These two
measurements determine different spin-parity assignments to
these states but the present angular distribution (and therefore
our J” assignment) is consistent with both.

Spin-parity assignments were performed in the present
work for several *'§ states. This work specifically resolves the
discrepancy in the spin and parity of the 6542 keV state, show-
ing that it is not J* = 3/27 as determined in Ref. [29]. As a
consequence, the contribution of this state to the *°P(p, y)3'S
reaction rate is likely downgraded, consistent with what is
shown in Ref. [34]. In addition, our work helps solidify the
spin and parity assignments for the 6377 and 6636 keV states.

The most recent evaluation of the *°P(p, y)3'S reaction
rate was carried out in Ref. [34], where it was shown that
the rate is significantly smaller than the shell-model rate

calculated in Ref. [62] at low temperatures (0.1-0.17 GK).
At higher temperatures, the rate was dominated by the E, =
6390.2(7) keV, J* = 3/2* state, whose resonance strength is
currently relying on the theoretical calculations. Given that
the present 3!S excitation energies and J” assignments are
consistent with those of Ref. [34], we did not recalculate the
3p(p, v)3'S reaction rate.

Future work should focus on more progress in the determi-
nation of the spin-parities of the 6160, 6357, and 6583 keV
states (energies are taken from Ref. [49]) to try to con-
firm the tentative assignments of Ref. [34]. Furthermore, the
spin-parity of the 6401 keV state is still experimentally uncon-
strained. Consequently, Ref. [34] calculated the most recent
9p(p, y)3'S reaction rate excluding this state due to the
uncertainties involved with estimating its resonance strength.
Moreover, the proton widths and resonance strengths of many
of the astrophysically important 3'§ states are based on the-
oretical predictions. We would also like to note that a 1/2~
excited state has been predicted [30,62,63] to exist within the
astrophysical range of interest for novae in 3'S. However, this
state has not been observed so far. Future experiments should
shed light on these issues.
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