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Background: Nuclei around °Ne exhibit an interplay of different excitations caused by different aspects of
nuclear structure, including single-particle and multiparticle configurations and collective rotations. One-nucleon
transfer reactions selectively probe single-particle structures in these nuclei. These nuclei are also important to
astrophysics, with a number of important reactions proceeding through this mass region.

Purpose: Energy levels approaching the a-particle threshold in 2! Ne are of importance to nuclear structure. The
2Ne(d, p)*'Ne reaction was measured and the corresponding spectroscopic nuclear information was extracted.
Method: States in 2'Ne were populated using the 2’Ne(d, p) >'Ne reaction in forward kinematics. Protons were
identified in the Triangle Universities Nuclear Laboratory (TUNL) Enge split-pole spectrograph and angular
distributions were extracted. Spin-party assignments were made and neutron partial widths were determined
based on distorted-wave Born approximation (DWBA) analysis.

Results: Several new energy levels were observed at energies of 7176, 7235, 7250, and 7337 keV, and spin-
parities are reported which generally agree with previous results where literature was available. Spin and parity
assignments are reported for several energy levels along with estimated neutron widths for those states above the
neutron threshold (S, = 6761 keV).

Conclusions: Results from this study are placed in context with a review of the available literature on all known

436 R Longland®,”8 C. J. Barton,' C. Aa. Diget,’

states in this energy region of ?!'Ne.

DOLI: 10.1103/PhysRevC.109.044323

I. INTRODUCTION

The region of the nuclear chart around *°Ne features an
interplay between different degrees of freedom in nuclear
excitation. The strongly deformed nucleus *’Ne exhibits ro-
tational excitations of its ground state and a-particle shape
isomers at higher energies, probably related to 4p-4h excita-
tions [1]. In the region around 2°Ne, weak-coupling especially
of 4p systems with one-particle or one-hole structures has
been observed [2-5]. For example, the mirror rotational bands
built on the first J* = %7 states in '’Ne and '°F are well de-
scribed as a p1 neutron (proton) hole coupled to an «a-particle
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excitation. More complex structures, such as the 5p-2h config-
uration of the E, = 4033 keV state in '*Ne [6], critical to the
50(a, y) " Ne breakout reaction in x-ray bursts, have been
observed with implications for various astrophysical systems.

This strong interplay of few-body with collective excita-
tions makes this region of the nuclear chart difficult to tackle
from a theoretical basis, requiring models which can treat
excitations from the 1p shell! into the 2s1d region. Better
nuclear data are valuable for disinguishing these different
origins of nuclear excitation, especially those data which can
investigate the microscopic structure of these nuclei using
single-nucleon transfer reactions or data which are sensitive
to the collective properties of nuclei in this region such as
Coulomb excitation, for example Refs. [7,8], or lifetime mea-
surements.

The nucleus discussed in this paper, 2'Ne, is also of im-
portance for nuclear astrophysics. In an earlier publication

'We use the convention that all nodes including that at the origin
are counted and so shells start at 1.
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[9], we focused on states above the « threshold, at 7384 keV,
relevant to the 7O(w, n) 2°Ne and 0(«, y)21Ne reactions,
which influence the synthesis of the heavy elements through
the s process in massive stars. In this context, the cluster
configurations of « particles with the 'O core potentially
enhance the 70O 4+« reactions and may be compared to the
190 +a cluster structures found in °Ne. In this paper we
report on the states around and below the « threshold detailing
the current understanding of these states and reporting the
experimental results obtained using the Triangle Universities
Nuclear Laboratory (TUNL) split-pole spectrograph [10].

II. EXPERIMENTAL TECHNIQUE

States in 2!Ne were populated using the neutron stripping
20Ne(d, p)*'Ne reaction at the Triangle Universities Nuclear
Laboratory (TUNL). Deuterons produced in the direct extrac-
tion negative ion source were accelerated though the TUNL
10 MV FN tandem accelerator, resulting in a beam with
an energy of 13.984(4) MeV. This beam energy was cho-
sen to balance the presence of background contamination
in the spectrum with the required stability of the acceler-
ator at high terminal voltages. The accelerated beam was
momentum analyzed through two consecutive 90° magnets,
producing a beam on target with small energy spread. The
beam intensity at the target location was monitored using an
electron-suppressed beam stop.

The beam was focused to a 44-ug/cm? natural carbon foil
implanted with 2°Ne located at the target position of the split-
pole spectrograph [11]. The initial atomic abundance ratio of
neon/carbon was determined to be 4.3 £ 0.3% by performing
a separate Rutherford Backscattering spectrometery (RBS)
measurement, also at TUNL [12]. Target stoichiometry as a
function of depth was modelled and fit to the RBS spectrum
using the software package SIMNRA [13]. It was found that
changing the layer contents by around 5% significantly de-
graded the quality of the fits and so an uncertainty of 5% in
the neon content was adopted. The deuteron beam was peri-
odically returned to achieve approximately 90% transmission
through a 1-mm-diameter collimator at the target position to
ensure that the same region of the target was used throughout
the experiment. Furthermore, a set of feedback steering ele-
ments on the spectrograph beamline prevented any drift in the
beam position.

Reaction products passed through a 0.54 £ 0.01 mSr aper-
ture into the split-pole spectrograph. The small aperture was
chosen to minimise variation in the differential cross sec-
tion across the aperture. Particles that traversed the split-pole’s
field region were then detected by the focal-plane detector,
which consisted of two position-sensitive sections, a AE gas
proportional counter and a full-energy scintillator detector.
Further information on the TUNL split-pole spectrograph and
focal-plane detector can be found in Ref. [10]. The position
resolution of the focal-plane detector corresponded to approx-
imately 10 keV (FWHM) for the present experiment.

Measurement angles were chosen to maximize the dis-
tinction between transferred ¢ values and ensure a reaction
described by surface effects (and thus the distorted-wave Born
approximation). Data were collected at laboratory scattering
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FIG. 1. Energy deposited in AE against front position on the
focal plane detector for laboratory angle 20°.

angles of 10°, 15°, 20°, 25°, and 38°. Beam intensities on the
target varied from 300 to 575 nA with beam intensities lower
for the 10° data, between 70 and 95 nA, to reduce detector ex-
posure to beam. At each angle, a measurement was also made
using a natural carbon target for background characterisation,
including the identification and characterisation of the 5.084-
MeV 70 state, an anticipated source of background in the
experiment. Between each angle, the spectrograph was placed
at a laboratory scattering angle of 25° for elastic scattering
measurements to monitor target degradation. After normal-
izing to the beam current, the total counts in the elastically
scattered carbon peaks were extracted, and it was found that
there was no statistically significant change in the abundance
of carbon in the target over the course of the experiment. The
integral of the ’Ne elastic peak was taken in ratio with beam
on target during each elastic run, and used to account for target
degradation.

III. DATA ANALYSIS

Utilizing the data acquisition software package JAM [14],
gates were made based upon the AE and position, shown in
Fig. 1. Two-dimensional (2D) cuts were chosen to remove
deuterons, seen at higher AE component energy deposition,
while removing minimal protons. Following this, additional
2D cuts were placed on the AE-E spectrum as shown
in Fig. 2.

Having removed deuteron contamination, the spectra were
internally calibrated. Initially, carbon peaks were identified
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FIG. 2. Energy deposited in AE detector against energy de-
posited in E detector at a laboratory angle of 20°, ungated but with
AE-E gate shown.
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FIG. 3. Focal plane spectrum for protons at 6,,, = 10°. Red indi-
cates the carbon spectrum.

corresponding to the '3C excited states at Ex = 3089, 3685,
and 3854 keV. These were then used to visually identify
peaks corresponding to known *'Ne states using kinematic
predictions. For example, the 5334.4(10)- and 6609.0(10)-
keV states as reported in Ref. [15] were trivially identified
due to their intensities. Excitation energies were obtained by
fitting the focal plane using a quadratic model and a Markov
chain Monte Carlo method. This method is similar to that
described in Ref. [10], and allows extraction of excitation
energy uncertainties including intrinsic detector scatter com-
ing from delay-line nonlinearity, calibration uncertainties, and
channel uncertainties. Relativistic kinematics and target strag-
gling effects were included. The states used for this internal
calibration were 6609(1), 7420(1), 8069(2), and 8189(2) keV
[15]. A weighted average was used to combine extracted ener-
gies over all measurement angles, but with final uncertainties
conservatively constrained to be no smaller than the angle
with the smallest measured uncertainty.

Figures 3—7 show the focal-pace excitation energy spectra
for the fitted excitation-energy range of 2! Ne for angles of 10°,
15°, 20°, 25° and 38°, respectively. Note in the 25° data the
substantial background from the p(d, p)d reaction. Localized
fits were made to subregions across the focal plane to better
characterize and fit the background.

Differential cross sections were extracted for those states
seen at multiple angles. Key sources of uncertainty in the
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FIG. 4. Focal plane spectrum for protons at 6,,, = 15°. Red indi-
cates the carbon spectrum.
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FIG. 5. Focal plane spectrum for protons at 6,,, = 20°. Red indi-
cates the carbon spectrum.

differential cross sections included the target density, ~7%,
beam intensities, ~7%, and the uncertainty on the number of
protons, which was determined by the statistical uncertainties
in the fit. Data acquisition dead time was accounted for using
a 10 Hz clock signal.

The value of the spectroscopic factor, C2S, was extracted
by comparing the experimental differential cross section to the
differential cross section calculated using the distorted-wave
Born approximation (DWBA) using the code FRESCO [16]:

do - _ 20 (1)
dQep dQ2pwBA

An additional step in the analysis was needed to study
energy levels above the neutron threshold (6761 keV in >'Ne)
using DWBA. Following the method described in Ref. [17],
DWBA predictions for differential cross section were cal-
culated at a series of energies below the neutron threshold
to determine the trend of the predictions with energy. This
trend was then used to scale the sub-threshold predictions
for differential cross section to the desired excitation energy
for each unbound state of interest. This step was necessary for
analyzing the unbound states, since the form-factor integrals
for states in the continuum do not converge, because the
radial wave functions for such states decay too slowly with
increasing radius.
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FIG. 6. Focal plane spectrum for protons at 6}, = 25°. Note the
contamination occurring from the p(d, p)d. Red indicates the carbon
spectrum.
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FIG. 7. Focal plane spectrum for protons at 6,, = 38°. Red indi-
cates the carbon spectrum.

The global model potentials used in this analysis were
from Ref. [18] for the 2°Ne + 2H interaction and the Gaussian
shaped potential from Ref. [19] for the n + p interaction. The
20Ne +n, 2!'Ne + p,and 20Ne + p interactions are all calculated
from Ref. [20]. The choice of global optical model poten-
tials was made for consistency with Ref. [20]. The global
nucleon potential described in Ref. [19] was based on data
for nuclei A = 40-209. Since °Ne is below that mass range,
it was desirable to explore the reliability of the DWBA predic-
tions. Figure 8 shows a plot comparing the effects of varying
the optical model parameters for the 2°Ne +n, 2'Ne +p, and
20Ne +p interactions by 410%, while maintaining a constant
binding energy. As can be observed in Fig. 8, the DWBA
predictions are similar under 30°, which is the angular range
used for comparison with data.

The penetrability of the unbound states was calculated
using Eq. 2.162 from Ref. [21]. The dimensionless single-
particle reduce widths for each state were calculated from
the single-particle wave functions computed by FRESCO [16].
Values for C2S, 952, P,, and neutron partial widths were be
determined with Eq. 7 of Iliadis (1997) [22]. Just as in the
C2S determination, values for I',, were calculated at a series of

— 1.0 x Varner (1991)
— 1.1 x Varner (1991)
0.9 x Varner (1991)
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FIG. 8. A comparison of DWBA predictions for the 6609-keV
state (assuming 2J7 = 37), made by varying the global nucleon
potential [20] by +10%.

energies below the neutron threshold to find their trend with
energy, then extrapolated to the desired excitation energy. As
in Ref. [9], partial widths were evaluated at radius a, where
the 2°Ne +n wave function is at 99% of the asymptotic value
(see Refs. [23] for more details).

Where the measured width of a peak was greater than the
detector resolution (approximately 10 keV), the fitting pa-
rameters were allowed to vary such that the average standard
deviation of the fits could be extracted and used to calculate
the width of that energy level. In such cases, the upper limits
were set arbitrarily but always used the detector resolution as
a lower limit. Where such measurements were available, they
have been included in Table I.

Data were taken in this experiment at a number of angles,
including 38°. Previous experimental data [24] show that, at
higher angles, the calculated differential cross sections are
significantly below the experimental data. Calculations using
FRESCO were performed including the possibility of inelastic
excitation of the strongly deformed 2°Ne target followed by
transfer from this state as well as single-step direct transfer
from the ground state of *’Ne. These calculations were in
good agreement at smaller angles with calculations describing
only the single-step direct transfer from the ground state but
were markedly different at higher angles. For this reason, the
38° data were excluded from the DWBA analysis. The data
are still valuable for determining the excitation energies of
2INe levels.

IV. RESULTS AND DISCUSSION

Table I contains the results from this study. Spin-parities
are reported only for states that are observed at at least three
angles below 38°. The rest were observed at at least two
angles (including 38°) and their energies are reported. A brief
summary of each state in this region can be found in Table I,
including the results from this study. In the following sections,
the available literature on the 2! Ne states is summarized and
comparisons with the present results are made. Plots compare
different ¢ transfers, choosing only one of the possible J”
values for clarity, since this analysis cannot distinguish be-
tween different J™’s of the same ¢ transfer. In general, (d, p)
reactions struggle to discriminate between different transfers
with the same L and different J = L £+ % There is some evi-
dence in the literature that this is possible with measurements
at higher angles [27,28], but these effects are small and prob-
ably confounded in the current experiment due to the strong
effect of the deformation of the 2’Ne target, coupling through
which tends to change the cross section at higher angles
significantly.

5994 keV: This state was observed in this study and the
measured excitation energy of 5994(3) keV is in agreement
with the compilation value of 5992.56(8) keV [25]. The best
fitting angular distribution prediction, as seen in Fig. 9, was
£ =1, agreeing with the literature spin-parity of J* = %_
which was determined by Ref. [29] in a ’Ne(d, t)*'Ne re-
action study. It should be noted that ’>Ne(d, 1) *'Ne study
often displayed poor agreement between DWBA predictions
and measured data. Through analysis of an '*0(a, ny)*'Ne

044323-4
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TABLE I. A list of the energy levels observed in this study and a comparison to literature energies. Deduced spin-parities from this study
and from literature are also included where possible. The neutron separation energy of 6761.16 keV is marked by a line between rows. Where
a state has two possibilities for spin-parity, the results are listed with the smaller J value first; the options for C2S and I, values are listed in
the same order as their associated J™.

E, (keV) 2J" I,.(eV)
This work Literature® Cc*s £, This work Literature® This work Literature®
5994(3) 5992.56(8) 0.014, 0.024 1 (1,3)” 3~
6033.3(3) 9~
6096(3)°
6175(3) 6174.2(17) )"
6263(2) )
6268(2) 6267.0(16) 9t
6412.5(13) 7re
6448.3(10) (137)
6543.5(10) o+b
6549(1) 6554.2(7) 9
6609(2) 6609.0(10) 0.102,0.122 2 (3,5)* (3,5)"
6640.7(10) 9=)
6753(2) 6748.5(15) 0.008, 0.014 3 5,7
6761.11(3)
6853(20)
6901(1) 6901.16(4) 1~ 1120(160), 630(90) 861(29)
7004(2) 7008.7(23) 7
7022.8(13) %)
7041(1) 7043.9(11) 9"
7108(1) 7109(4) 0.104,0.120 2 (3,5)" 160(20), 120(10)
or or or or
0.145,0.132 3 6,7 2.9(2),2.5(2)
7156(1) 7154(5)
7176(1) 0.129,0.118 2 (3,5)* 300(20), 220(20)
7211.1(5) 1" 107 800(1100)
7218(2) 7226(5)
7235(1)
7250(2)
7294(20)
7320(5) ah
7337(1) 0.167,0.140 2 (3,5)* 960(50), 960(80)
7357(2) 7362.7(15) (71,9%)
7370.6(17) 7))

ANNDC [25] unless otherwise noted.
bPossible observation.
“Proposed in Ref. [26] but not recorded in NNDC [25].

experiment, Ref. [30] limited the lifetime of this state
to <10 fs.

6033.3 keV: The spin-parity for this state was assigned
by Ref. [31] using a '®0(e, ny) ' Ne experiment, with which
the studies of Refs. [32] and [26] are in agreement. The most
precise reported lifetime is 19(2) fs, measured by Ref. [33] in
an 2C(3C, ay)*'Ne experiment. Despite being observed in
past 2’Ne(d, p) *'Ne reactions [24] this state was not observed
in this study. A small peak in the 15° spectrum could indicate
its presence; however, this was the only angle for which a level
at this energy was observed and, without a second observation
at different angle, it was not possible to confirm that this
was not a background artifact. At 10° it is likely underneath
the background, and while several unidentified peaks appear
in this region on the 20° and 25° spectra, none are within

uncertainty of the expected energy. It is possible that the high
spin-parity expected from Ref. [31] meant that this state was
not strongly enough populated by a (d, p) reaction for it to be
reliably observed in this work.

6096 keV: No state has previously been reported at this
energy; however, a peak was measured on the proton spectrum
at two angles (20° and 25°) within 1 keV. The corresponding
differential cross section at these two angles drops by one
order of magnitude over 5°, a magnitude not observed in any
of the other energy levels investigated. Furthermore, since this
state was only observed at these two angles, it is possible that
it originated from the background, and therefore this state is
reported here as a possible observation only.

6175 keV: This state has been observed in many previous
studies using various reactions (including (d,p) experiments

044323-5
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FIG. 9. The differential cross section of the Ex = 5.994 MeV
state populated in the °Ne(d, p) 2'Ne reaction. The displayed curves
are (black) £ =1 to populate a J™ = %7 state, with x2 = 27.18,
(green) £ =2 to populate a J* = %Jr state, with x? = 33.58, and
(blue) £ = 3 to populate a J* = %7 state, with x? = 92.56. The best
fit for this energy level was £ = 1.

[24]). The literature spin-parity was determined to be J* =
%+ in an °0("Li, npy) 2INe experiment [26]. Reference [34]
reported the lifetime of this state in an '80(e, ny ) ' Ne exper-
iment as 35(18) fs, in mild tension with the results of Ref. [33],
which determined the lifetime to be 13(6) fs. This state was
observed in this experiment at angles of 20° and 25°.

6263 keV: This state has been observed in three previous
experiments: a '>C(13C, ay)?'Ne study by Ref. [35] and in
two '°O(’Li, npy)*'Ne studies by Refs. [26] and [32], that
all agree with a spin-parity assignment of J* = %+. A peak
at the correct energy was observed at 20° and may belong to
this state; however, without a second observation, it cannot
be reliably identified in these data. A spin-parity of J* = %Jr
would produce an ¢ = 4 transfer in a (d, p) reaction. High-
spin states such as 6263 keV were not strongly populated
in this experiment, given the low angular momentum of the
projectile (deuteron) and ejectile (proton). This could be the
reason why this state was not reliably observed in this study.

6268 keV: The literature spin-parity for this state was
determined to be J* = %Jr by two separate experiments:
Ref. [31] with an '80(a, ny ) ?'Ne experiment and Ref. [26]
with an '°Q(’Li, npy ) *' Ne experiment. Results from another
80(a, ny)*'Ne experiment by Ref. [36], conducted prior to

Ref. [31], indicated a spin of either J = g or (less likely) J =
%. Interestingly, Ref. [33] favored the assignment of J* = %+
based on an analysis of the intensities of y rays from their
2c(Bc, ay)?'Ne experiment. Reference [33] also measured
the lifetime of this state as being <20 fs, which agrees with a
previous '"80(a, ny ) *' Ne measurement by Ref. [30]. Another
lifetime measurement of 35(18) fs was made by Ref. [34]
though the large uncertainty means that there is some overlap
between that result and previous measurements. This state was
observed in this experiment at angles of 25° and 38° and so no

spin-parity could be determined for this state.

6412.5 keV: This state has been observed in two previous
190("Li, npy ) *'Ne experiments [26,32]. Reference [26] pro-
posed a spin-parity of J* = %Jr. Such a high spin-parity could
explain why this state was not observed in this study.

6448.3 keV: This state has been observed in several pre-
vious experiments using a variety of methods, significantly
in a previous (d, p) study [24]. The literature spin-parity
assignment for this state is from the '*0(a, ny)2!Ne exper-
iment by Ref. [31] and the lifetime measurement of <20 fs
is from an >C(13C, @y ) *'Ne experiment [33]. No level was
observed at this energy in this experiment, as can be seen on
Figs. 5 and 6.

6543.5 keV: This state was reported in the
160 (L, npy) 2INe studies of Refs. [32] and [26], with
both experiments agreeing on a J = g assignment and
Ref. [26] additionally proposing a positive parity. No state
was observed at this energy in this experiment.

6549 keV: A state was observed at this energy in this
study and is likely to be the state reported in compilations as
6554.2(7) keV [15,25] and in Ref. [37] as 6551.7(10) keV.
The literature spin-parity of g comes from a '*0(«, ny)*'Ne
experiment [31]. Ref. [33] constrained the lifetime of this state
to being <21 fs in a '>C('3C, ay)?!Ne experiment. Before
that, Ref. [30] had reported the lifetime of this state as being
45(30) fs based on results from their '*0(a, ny)>'Ne exper-
iment, and Ref. [34] found it to be <35 fs. Regrettably, in
this study the 6549(1) keV state was only observed at angles
of 20° and 25° and thus could not be used to estimate the
spin-parity.

6609 keV: This is a very prominent energy level on the
proton spectrum of 2’Ne(d, p) >' Ne experiments [24,38], as is
the case here. Reference [30] constrained the lifetime of this
state to <10 fs in an 'Q(«, ny)?'Ne experiment. Previous
studies found a best fitting spin-parity of J* = %+ or §+
[38], implying an £ = 2 transfer with which this study is in
agreement, as can be seen in Fig. 10.

6640.7 keV: This state has been measured several times
before and has an excitation energy of 6640.7(10) keV in
Ref. [25]. The spin-parity is recorded as g(_) with Ref. [31]
reporting the g and Ref. [26] tentatively adding a negative
parity. This state was not observed in this experiment; again,
this is likely due to high spin-parity states not being strongly
populated in (d, p) experiments.

6753 keV: Reference [33] reported the excitation energy
for this state as 6748.5(15) keV and Ref. [31] as 6737(2)
keV in a 12C(13C,013/)21Ne study and an 18O(ot,rz)/)21Ne
study respectively. Reference [33] determined the lifetime as
being 14(5) fs. No value for spin-parity has previously been
reported. In this experiment this state was measured at an
excitation energy which disagrees with the two other studies.
On the 38° spectrum, this energy level was measured at 6747
keV whereas the other three observations (10°, 15°, and 25°)
all measured it around 6755 keV. Since these differences in
energy are significant and the energy calibrations were other-
wise in good agreement with literature across the spectra, it is
possible that there are several different levels close to one an-
other in energy being observed in this region that dominate the
fit at different angles of measurement. The differential cross
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FIG. 10. The differential cross section of the E, = 6.609-MeV
populated in the 2’Ne(d, p) ' Ne reaction. The displayed curves are
(black) £ = 1 to populate a J* = %_ state, with x% = 99.11, (green)
¢ =2 to populate a J* = %+ state, with x2 = 11.64, and (blue) £ =
3 to populate a J© = %_ state, with x2 = 46.78. The best fit for this
energy level was £ = 2. The 38° data point has been included in this

plot but was not used in DWBA analysis.

section measured in this study best fits a transfer of £ = 3,
which results in a spin-parity assignment of J* = %_ or; .
A comparison of these data with different possible ¢ transfers
is shown in Fig. 11. Since the ¢ transfer is deduced without the
38° point, this result would apply to the higher energy peaks
grouped around 6755 keV, if indeed there are two separate
states here.

6761.11 keV: This state has been measured in neutron

capture experiments such as Ref. [39], which placed the
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FIG. 11. The differential cross section of the E, = 6.753 MeV
state populated in the °Ne(d, p) *'Ne reaction. The displayed curves
are (black) £ =1 to populate a J™ = %_ state, with x2 = 95.05,
(green) £ =2 to populate a J* = %Jr state, with x? = 19.94, and

(blue) £ = 3 to populate aJ™ = % state, with x? = 2.54. The best fit

for this energy level was £ = 3. The 38° data point has been included
in this plot but was not used in DWBA analysis.
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FIG. 12. The differential cross section of the E, = 6.901 MeV
state populated in the 2°Ne(d, p) ' Ne reaction. The displayed curves
are (black) £ =1 to populate a J™ = %7 state, with x? = 15.08,
(green) £ =2 to populate a J* = %+ state, with y? = 1.27, and
(blue) £ = 3 to populatea J™ = %7 state, with x? = 4.79. The best fit
for this energy level was £ = 2. The 38° data point has been included

in this plot but was not used in DWBA analysis.

excitation energy at 6761.16(4) keV. Reference [40] placed
the excitation energy at 6760.8(15) keV and simultaneously
measured the y-ray spectrum of 2!Ne. This state was not
observed in this study, indicating that this state has a small
spectroscopic factor, or that it has a high spin-parity.

6853 keV: This state has so far only been measured
by Ref. [41] at an energy of 6853(20) keV with a
19F(3He, D) 2INe reaction. It was also included by Ref. [24]
in the fit of their 2’Ne(d, p)?'Ne reaction spectrum but no
spin-parity was reported, since the state appeared to have a
small spectroscopic factor in that study. A small spectroscopic
factor is a possible reason why this state was not observed in
this experiment.

6901 keV: Previous experiments assigned this state’s spin-

parity as J* = %_ [29] through a 22Ne(d, t) >'Ne experiment.
It should be noted that the *Ne(d, ) >' Ne study displayed sig-
nificant variation between the best fitting DWBA predictions
and the experimental data. The literature y-ray and neutron
widths were determined in a *’Ne(n, ) ?'Ne experiment as
')y =3.7(2)eVandI', = 861(29) eV respectively [42]. That
study, however, disagreed with another resonance neutron
capture study which reported a significantly smaller neutron
width [43]. This state was observed in this study. However, it
appeared on the 10° spectrum on the edge of a background
feature; the choice of different background function used
when fitting the spectrum resulted in different £ transfers best
fitting the data, and none of the background functions could
be justified over the others. Therefore, due to an inability to
properly control the background, the £ transfer for this state
could not be reliably deduced. Figure 12 shows the resulting
angular distribution when assuming a linear background func-
tion for the 10° spectrum fit of this state. Despite no result
for the spin-parity, it was decided that these data would be
used to calculate a neutron width and confirm agreement with

044323-7



C. ANGUS et al.

PHYSICAL REVIEW C 109, 044323 (2024)

\ =

—_

1
2
3

|

e
=

Differential Cross Section [mb/sr]

mmmmwmmmwmmmmmwmmwm L
0 10 20

30 40 50 60 70 80 90
0 [degrees]
c.m.

FIG. 13. The differential cross section of the E, = 7.108 MeV
state populated in the *°Ne(d, p)>'Ne reaction. The displayed curves
are (black) ¢ =1 to populate a J* = %_ state, with x2 = 130.90,
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(green) £ = 2 to populate a J™ = ‘; state, with x2 = 0.9, and (blue)

£ =3 to populate a J© = %_ state, with y? = 1.42. The best fit for
this energy level was either £ =2 or £ = 3, which could not be
discriminated between. The 38° data point has been included in this

plot but was not used in DWBA analysis.

literature. When assuming a literature spin-parity of £ = 1,
these data yielded a neutron width of ', = 1120(160) eV
or I, = 630(90) eV for J* = %_ or J¥ = %_ respectively,
similar to previous results.

7004 keV: The literature value for the J™ of this state
is %+ and comes from an 'Q(«, ny)*'Ne experiment [31].
The lifetime measurement of <17 fs for this state came from
Ref. [33]. This state was observed in this experiment at angles
of 10°, 25°, and 38°. As only the two lower states could be
used for DWBA analysis, this was not enough to reliably
determine a spin-parity.

7022.8 keV: The energy of state was reported by Ref. [35]
as E, = 7030(10) keV in a ">C("3C, @)*'Ne reaction and
again by Ref. [32] in an '°O(’Li, npy)>'Ne reaction. The
spin-parity assignment of %+ is given in the compilations
[15,25] and comes from Ref. [32]. It was assigned on the
basis that opposite parity structures are connected by strong
dipole transitions. This was, however, a tentative assignment
and so should be reported as (%+). No state was observed at
this excitation energy in this experiment, possibly due to the
high expected spin-parity.

7041 keV: Literature compilations tentatively report the
spin-parity for this state as J* = %+ [31,32]. Reference [33]
measured the lifetime of this state as being 19(4) fs. This state
was observed in this experiment at angles of 38°, 25°, and 20°,
thus it was not assigned a spin-parity.

7108 keV: The 7108-keV state has only been ob-
served twice prior to this experiment, by Ref. [41] in a
YF(*He, p) *'Ne study and by Ref. [34] in an '*0O(a, ny ) ?'Ne
experiment. However, no spin-parities were reported. This
state was observed in this study and it was found to fit both
£ =2 and ¢ = 3, as shown in Fig. 13. The low statistics of the
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FIG. 14. The differential cross section of the E, = 7.176 MeV
state populated in the *°Ne(d, p)>'Ne reaction. The displayed curves
are (black) £ =1 to populate a J™ = %_ state, with x? = 82.02,
(green) £ =2 to populate a J™ = %+ state, with x2 =9.67, and
(blue) £ = 3 to populate aJ™ = %_ state, with x> = 5.79. The best fit
for this energy level was £ = 2. The 38° data point has been included

in this plot but was not used in DWBA analysis.

data means that x? values from the fitting could not be used
to distinguish between £ = 2 and £ = 3.

7156 keV: This state has been observed in at least three
previous experiments. However, no spin-parity has previously
been reported [34,35,41]. The spectra in Figs. 5-7 show that
this peak was difficult to discern in these data due to a '“N
contaminant present in the target, nevertheless it was observed
at angles 38°, 25°, and 15°. Given that the 38° point is not
used in DWBA fitting, there were insufficient data points to
produce a reliable spin-parity.

7176 keV: This state has not been previously reported, but
forms a quite prominent peak in the proton energy spectra in
this experiment. That the excitation energy did not vary sig-
nificantly from angle to angle in this study implies that this is
not a contaminant peak intruding on the spectrum but is in fact
an energy level in 2! Ne. The spin-parity deduced from these
data best matches DWBA predictions for an ¢ = 2 transfer,

implying a J” of either %Jr or %+. A comparison of these data
with different possible ¢ transfers is shown in Fig. 14.
7211.1 keV: This state was reported by Ref. [42], which

used a neutron resonance scattering experiment to assign

the spin-parity as being %Jr and the total width as 107.8 +
1.1 keV. The positive parity assignment disagreed with that
previously reported by Ref. [29] although both papers agree
that the J value was % Ref. [29] used a *Ne(d, ) reaction
and also measured the width as being large (107 = 6 keV).
However, that analysis displayed significant variation between
predicted and measured differential cross sections. This state
was not observed in this study, possibly due to the relatively
large width making it difficult to identify above background.
7218 keV: While observed in this study, this state was
only measured at angles of 15° and 10°, so no spin-parity
assignment could be made. This state is close in energy to a
state previously reported in literature at 7226(5) keV [34,41].
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Since no state was observed in this study at 7226 keV, it is
likely that the 7218(2) keV observations belong to the same
state.

7235 keV: This state is not reported in the compilations
[15,25,37]. However, the state was observed in the present
study at angles of 38°, 25°, and 15°. Though close in energy,
this state is not the 7226(5) keV state reported in literature
since both peaks were simultaneously observed on the 15°
spectrum, with the 7226(5) keV state being measured at the
lower energy of 7218(2) keV.

7250 keV: This state is not recorded in the literature com-
pilations [15,25,37]. It was observed in this study at angles of
15° and 10°. A spin-parity assignment could not be made with
these data.

7294 keV: This was not observed in this experiment and
has only been reported once before at 7290(20) keV by
Ref. [41]. Due to the systematic error in that paper, the value
included in Ref. [37] was reevaluated as 7294(20) keV. Since
this state was in a region of the focal plane relatively clear of
background, it is likely that the reason for this state not being
observed here is that is has a small spectroscopic factor and/or
a high spin.

7320 keV: The excitation energy of 7320(5) keV was re-
ported in Ref. [34] in an '"*0(a, ny)?'Ne study. Ref. [44]

identified the J™ as %+ with a 2C(13C, 2'Ne) *He experiment.
This state was not observed in this experiment, despite the
expected low spin-parity, which should have meant that this
state would be populated in this study. Since the background
in this region is clear for most spectra, the likely reason for not
having observed this state is that it has a small spectroscopic
factor.

7337 keV: This is a newly reported energy level since, with
an uncertainty of 1 keV, it is significantly separated from its
nearest known neighbor at 7320(5) keV. Previously, Ref. [41]
observed an energy level at 7326(10) keV, which is usually
treated in compilations as a measurement of the 7320-keV
state; however, that 19F(3He, py)ZINe experiment suffered
from a systematic error that lowered the measured energies
[37]. Therefore, their measurement is likely higher than the
value reported in the original paper, meaning that that study
may have in fact been measuring this state. These data best
fit an £ = 2 transfer, as shown in Fig. 15, therefore the spin-
parity assignment is %+ or §+.

7357 keV: This state has been reported several times
previously with various reactions. The spin-parity assign-
ment of (%+, g+) in the compilations [15,25,37] originates
from the '®0(a, ny)?'Ne experiment of Ref. [31]. The
2¢(2c, *He) *'Ne experiment by Ref. [44] agrees with this
assignment. Reference [33] constrained the lifetime as being
<11 fs. This state was observed in this study at angles of 15°
and 25°.

7370.6 keV: This state has only been reported once: at
7370.6(17) keV in an "°O(’Li, npy)*'Ne experiment [26].
That work notes that the energy is significantly different from
the nearest other state (7357 keV). The spin-parity tentatively
assigned by Ref. [26] was J" = %_ which has a different
parity than the assignments for the E; = 7357 keV state.
The only other paper to report a state at this energy was

(=]
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FIG. 15. The differential cross section of the E, = 7.337 MeV
state populated in the °Ne(d, p) ' Ne reaction. The displayed curves
are (black) £ =1 to populate a J™ = %7 state, with x> = 77.27,
(green) £ = 2 to populate a J™ = %+ state, with x2 = 5.37, (blue)
£ =3 to populate a J™ = %7 state, with 2 = 53.45. The best fit for
this energy level was ¢ = 2. The 38° data point has been included in

this plot but was not used in DWBA analysis.

Ref. [34], which measured a state at 7375(5) keV. This is usu-
ally recorded as a measurement of the lower 7357-keV state,
which has been seen in other '*0(«, ny ) >'Ne reactions [31].
This state was not observed in this experiment, suggesting that
the spectroscopic factor for this state is small.

V. SUMMARY

Despite being stable, the level structure for >'Ne is rel-
atively incomplete. The neon isotopes lie at a region of
the nuclear chart with strong interplay between deformation,
clustering, and few-particle modes of excitation, and are an
important testing ground for structural models incorporating
all of these aspects. Here, the 2’Ne(d, p) > Ne reaction in for-
ward kinematics was used to study the energy levels of >'Ne.
This paper follows Ref. [9], which investigated energy levels
relevant for s-process nucleosynthesis. Here, results for those
lower energy levels not investigated in the previous work have
been presented following DWBA analysis. Agreement has
been established with literature for the well known, strongly
populated peaks below the neutron threshold, although there
is some disagreement with the spin-parity assignments for
higher energy levels. Spin-parities were calculated for the
energy levels at 6753, 710, 7176, and 7377 keV, for which
no spin-parities had previously been reported. Neutron widths
were also calculated for those states above the neutron thresh-
old. In addition to these results, a review of the available
literature for those states between the neutron and o thresholds
was conducted and has been summarized here.
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