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The *O(a,7)'Ne reaction is responsible for breakout from the hot CNO cycle in Type I x-ray
bursts. Understanding the properties of resonances between F, = 4 and 5 MeV in *°Ne is crucial in
the calculation of this reaction rate. The spins and parities of these states are well known, with the
exception of the 4.14- and 4.20-MeV states, which have adopted spin-parities of 9/27 and 7/27, re-
spectively. Gamma-ray transitions from these states were studied using triton-y-vy coincidences from
the F(*He,tv)°Ne reaction measured with GODDESS (Gammasphere ORRUBA Dual Detectors
for Experimental Structure Studies) at Argonne National Laboratory. The observed transitions
from the 4.14- and 4.20-MeV states provide strong evidence that the J™ values are actually 7/27
and 9/27, respectively. These assignments are consistent with the values in the 19F mirror nucleus

and in contrast to previously accepted assignments.

I. INTRODUCTION

The O(a,y)!"Ne reaction is an important breakout
reaction from the hot CNO cycle in explosive astrophys-
ical environments such as Type I x-ray bursts (XRBs).
Type I XRBs are thought to occur in close binary sys-
tems containing an accreting neutron star [I, [2]. The
hydrogen-rich material accreted onto the surface of the
star provides the fuel for the hot CNO cycle, which can
then break out into the rp-process, synthesizing isotopes
up to A ~ 100 [3]. Knowledge of the 50(a,y)!?Ne break-
out reaction is therefore critical to our understanding of
the nucleosynthesis occurring in this environment. It has
been shown that this reaction rate has a large effect on
the light curves observed from XRBs, and models do not
even predict explosions if the rate is near the lower limit
of its uncertainty [4, [5]. The reaction can not be mea-
sured directly in the important astrophysical tempera-
ture range due to the currently insufficient intensity of
radioactive 1°0 beams and small reaction cross section.
Therefore, the rate must be estimated by measuring the
properties of the important resonances in ?Ne.

The resonances in the reaction cross section correspond

to the energy levels in '?Ne above the alpha separation
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threshold at S, = 3.529 MeV. Many of the resonances
from energy levels between 4 and 5 MeV have been char-
acterized in previous experiments [6H9]. However, the
spins of two Ne states at 4.14 and 4.20 MeV remain in
question.

Over 45 years ago [10], these two levels were proposed
as members of the K™ = 1/2~ rotational band, with
negative parity, and the mirrors of the 3.998- and 4.032-
MeV levels, which have J™ values of 7/27 and 9/27,
respectively [I1]. A study of the *°O(°Li,t)'“Ne reaction
by Garrett et al. [10] first showed that the 4.14- and
4.20-MeV 1°Ne states had spin-parities of 7/2~ or 9/2~
and suggested that their assignments were reversed from
their order in the F mirror nucleus. Since that time,
evidence supporting both spin-parity assignments for the
4.14- and 4.20-MeV states has been found; the adopted
[11] spin assignments remain uncertain.

Gamma rays from the decay of the ?Ne 4.14- and 4.20-
MeV states were studied by Davidson et al. [12] using
the 7O(*He,nv)'"Ne reaction, where they reported the
observation of three transitions. For the 4.14-MeV state,
a single transition to the 1.508-MeV state was observed,
whereas for the 4.20-MeV state, transitions to the 0.238-
and 1.508-MeV states were reported. Based on the (rela-
tively weak) transition to the 0.238-MeV 5/27 state, the
4.20-MeV state was assigned J™ = 7/27, consistent with
the J™ assignment of the 3.998-MeV state and transi-
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tion to the 0.197-MeV state in the F mirror nucleus
(see Fig. [1). The analysis of triton angular distributions
from the °F(3He,t)'?Ne reaction study by Parikh et al.
[9] was also consistent with multi-step FRESCO calcu-
lations for a 9/2~ assignment for the 4.14-MeV state and
a 7/2~ assignment for the 4.20-MeV state.
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FIG. 1. (Color online) Partial level schemes of '°F and '°Ne
highlighting two states near 4 MeV and showing mirror con-
nections between levels (dashed lines); the mirror connections
updated in this work are shown in blue. The '°F transitions,
branching ratios (%), and energies (keV) are from Ref. [I1].
The *°Ne 4.14- and 4.20-MeV state y-ray transitions, branch-
ing ratios, and energies were determined in this work. The
two red transitions were first observed in this measurement.

However, Some evidence suggests that the spin assign-
ments for the 4.14- and 4.20-MeV states could be re-
versed and, therefore, in the same order that they occur
in 19F. The lifetimes and a-decay branching ratios of the
states in Ne that are important in the O(a,y)!"Ne
reaction were measured at the University of Notre Dame
using the 7O (*He,n)°Ne and °F(3He,t)!?Ne reactions,
respectively [7, 13| 14]. For the 4.14- and 4.20-MeV
states, the lifetimes were measured to be 18f§ fs and
43182 fs, respectively |7, [3]. A comparison with the
measured lifetimes of the 3.998- (7 = 19=£7 fs) and 4.032-
MeV (7 = 67+15 fs) °F states suggested that the spin-
parities of the 4.14- and 4.20-MeV states in *Ne should
be 7/27 and 9/27, respectively, analogous to the 19F
mirror nucleus. It was also noted by Ref. [7] that the
resonance corresponding to the 4.14-MeV state may dom-
inate the 10(a,7)Ne reaction rate in a narrow temper-
ature range around 0.8 GK if the state has a sufficient
a-decay branching ratio.

In addition, in a study of the *O(a,y)!"Ne reaction
rate by Davids et al. [], the reduced transition proba-
bilities of the 4.14- and 4.20-MeV levels were calculated
and compared with those found for the 3.998-MeV state

in 19F. A transition to the 1.508-MeV (J™ = 5/27) state,
to which both Ne levels primarily decay, will be either
an M1 or E2 transition depending on the spin-parity. For
the 19F states at 3.998- and 4.032-MeV, the B(M1) and
B(F2) values are 0.001770 5010 MeV fm? and 904-20 MeV
fm®, respectively. If the spin-parity of the 4.14-MeV state
is assumed to be 7/27, this yields B(M1) = 0.00247 50509
MeV fm?, which is in good agreement with the '°F value.
Similarly, if the 4.20-MeV state is assumed to be 9/2~
yields B(E2) = 150fgg MeV fm®, which is also in good
agreement with 19F. The authors note that the reduced
transition probabilities calculated with opposite spin as-
signments did not agree, but the measured y-ray branch-
ing ratios still supported the tentative spin assignments
adopted in Ref. [I1].

II. EXPERIMENTAL SETUP AND ANALYSIS

To resolve these discrepancies of the J™ assign-
ments of the 4.14- and 4.20-MeV levels in '"Ne, the
19F (3He,tv)'°Ne reaction was measured at Argonne Na-
tional Laboratory using the coupling of the Compton-
suppressed high-purity germanium (HPGe) detector ar-
ray Gammasphere [I5] with the silicon detector array
ORRUBA (Oak Ridge Rutgers University Barrel Array)
[16], called Gammasphere ORRUBA Dual Detectors for
Experimental Structure Studies (GODDESS) [I7HI9]. A
30-MeV 3He beam was delivered by the ATLAS acceler-
ator onto a 938-ug/cm? CaFy target at the GODDESS
target position. A rendering [I7] of the GODDESS setup
can be seen in Fig. [2} a more in-depth description can
be found in Ref. [20].
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FIG. 2. (Color online) Rendering of the GODDESS setup
showing the beam direction, target location, and ORRUBA
in position inside Gammasphere [17].

The charged particles produced in the reaction were



detected in AE-E telescopes in the downstream half of
ORRUBA. In the barrel, the six telescopes consisted of
a 65-pm-thick BB10 detector in front of a 1000-pm-thick
Super X3 detector. Downstream of the ORRUBA bar-
rel, an endcap of two QQQ5 telescopes, consisting of
highly-segmented detectors with thicknesses of 100 and
1000 pm, was mounted. A 0.5-mm-thick aluminum plate
was mounted in front of the QQQ5 detectors to stop the
elastically-scattered *He beam. On average, the plate
reduced the triton energies in the endcap detectors by
approximately 1/3, allowing the tritons from the pop-
ulation of the *Ne ground state to stop in the QQQ5
telescopes. In total, ORRUBA covered laboratory angles
ranging from approximately 18° to 162° (though, only
laboratory angles less than 90° were considered during
the analysis). The triton spectrum populating excita-
tions in ”Ne can be seen in Fig. This spectrum
looks different than that of Ref. [I4] due to the differ-
ent bombarding energy, different angular coverage of the
detectors, and the existence of the previously mentioned
aluminum plate in front of the detectors.
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FIG. 3. Triton spectrum populating excitations in °Ne at
0105 = 20°. The shaded region corresponds to 9Ne excitation
energies between 3.8 and 4.4 MeV, which were gated on to
produce the results shown.

Gamma rays from the decay of '”Ne were measured in
Gammasphere, in coincidence with the tritons from the
reaction between 19Ne excitation energies of 3.8 and 4.4
MeV (shaded region in Fig. . To calibrate Gammas-
phere, sources of 152Eu, °6Co, and 238Pu+13C were used,
which provided calibration v rays with energies ranging
from 122 to 6128 keV. The systematic uncertainties on
the energy calibration were estimated to range from 0.3
to 2.0 keV between energies of 100 and 7000 keV. These
uncertainties were combined in quadrature with the sta-
tistical uncertainties on each of the peak centroids to de-
termine the uncertainty on the transition energy. The
19Ne excitation energies were calculated for each detected
~-ray cascade if more than one cascade was placed. The
final excitation energy was determined by averaging each
value and weighting them by their uncertainties.

Since the lifetimes of the 4.14- and 4.20-MeV levels are
very short, the decay of these states occurred when the
9Ne nuclei were in flight. Therefore, the « rays from the
de-excitation of these states were found to be Doppler
broadened and a Doppler correction was applied to the
Gammasphere spectra for the transitions depopulating
the 4.14- and 4.20-MeV states. The angle and energy of
the '“Ne nuclei were calculated for each event using the
angle and energy of the triton detected in ORRUBA, and
the values of 8 used for the correction ranged between
0.005 and 0.025. The correction was applied assuming
the '"Ne nuclei did not lose any energy in the target
before decaying, since this assumption produced ~y-ray
peaks with the best energy resolution and signal-to-noise
ratio.

To further improve the signal-to-noise ratio, the dif-
ferences between the recorded Gammasphere and OR-
RUBA time stamps for each event were used to reduce
the random v-ray background. True coincidences appear
as a sharp peak in this time difference spectrum. Off-
peak timing was used to estimate the random-coincident
background present in the spectra. The random back-
ground generated using the timing was subtracted from
the spectra to produce the results presented in the fol-
lowing section.

III. RESULTS

In total, four transitions from the °Ne states at 4.14
and 4.20 MeV were identified in the data via triton-v-
~ coincidences. Using the transition energies, the levels
were determined to have energies of 4141.8+0.7 keV and
4199.84+1.1 keV, which are in good agreement with pre-
vious measurements [I1]. A comparison between the 1°F
and '"Ne partial level schemes and observed transitions
is displayed in Fig.

Figure[d]summarizes the justification for the placement
of the transitions depopulating the 4141.8- and 4199.8-
keV states. For the 4141.8-keV state, three transitions
were observed in the triton-gated ~-ray spectra. Figure
3a shows the 2527.2(10)-keV v ray from the de-excitation
of the 4141.8-keV state, which was produced by gating on
the v rays from the de-excitation of the 1616-keV state.
Figure 3b is gated on the two transitions that depopulate
the 5/27 1507-keV state; the two transitions observed
depopulate the 4141.8- and 4199.8-keV levels. The v-ray
spectrum shown in Figure 3c is gated on the 238-keV
5/2% to ground state transition, confirming the 3897.5-
keV transition depopulating the 4141.8-keV state. The
branching ratios for the transitions from the 4141.8-keV
state were determined to be 14(4)%, 68(4)%, and 18(4)%,
respectively.

In contrast to Ref. [12], there is no evidence in the Fig.
3c spectrum of a 3962-keV de-excitation from the 4199.8-
keV state to the 238-keV state. Since this spectrum was
also gated on tritons corresponding to excitation energies
between 3.8 and 4.4 MeV, if this transition did exist it
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FIG. 4. Random-subtracted Gammasphere spectra gener-
ated by gating on tritons corresponding to '°Ne excitation
energies between 3.8 and 4.4 MeV and 7-7 coincidences. (a)
Gated on the 1340-, 1377- and 1616-keV transitions depop-
ulating the 1616-keV 3/2- state. The 2527.2-keV transition
from the 4141.8-keV state is observed for the first time. (b)
Gated on the 1232- and 1269-keV transitions depopulating
the 1507-keV 5/27 state. (c) Gated on the 238-keV 5/2% to
ground-state transition. The 3897.5-keV transition from the
4141.8-keV state is observed for the first time. The transitions
labeled 4140 and 4364 keV are previously-observed transitions
from the 4378- and 4602-keV levels. The binning of the his-
tograms is 20 keV/bin, 8 keV/bin, and 16 keV/bin, respec-
tively.

should have been visible in this spectrum. In Ref. [12],
this transition is relatively weak in a spectrum only gated
on neutrons, with no excitation energy gate and no y-v
coincidences. Therefore, it is likely that the previously
observed, weak transition was incorrectly placed as de-
populating the 4199.8-keV state.

The de-excitations from the 4141.8-keV state to the
238- and 1616-keV states were first observed in this work.
The low spin-parity of the 1616-keV state (J™ = 3/27)
suggests that the spin-parity of the 4141.8-keV state is
7/27, instead of 9/27, based on the multipolarity of
the transition. In addition, an E2 (rather than higher
multipolarity) transition is consistent with the measured
(short) lifetime of this state. Since one 7/27 and one
9/2~ state is expected in this region, the spin-parity of
the 4199.8-keV state must be 9/27. These spin-parity
assignments are also supported by the transitions previ-
ously observed for the mirror states in °F (see Fig. [1]).
The ~-ray branching ratios obtained for the 4141.8-keV
state also match well with those found for the J™ = 7/2~

4

3998-keV state [11]: 18(4)%, 70(4)%, and 12(6)% for the
3998-keV 19F state compared to 18(4)%, 68(4)%, and
14(4)% for the 4141.8-keV °Ne state.

Figure [5|shows the fractional contributions of the 4.14-
and 4.20-MeV states to the *O(a,y)!"Ne reaction rate.
The calculated fractional contributions assume a-decay
branching ratios of B(a) = 1.2 x 1073, as found in Ref.
[7. From Fig. it is clear that the 4.14-MeV state
has less importance than considered previously with a
spin of 7/27, while the 4.20-MeV state is slightly more
important.
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FIG. 5. Fractional contributions to the **O(a,v)*Ne reaction
rate for the 4.14 and 4.20-MeV states assuming the two sets
of spin-parity assignments and branching ratios of B(a) =
1.2 x 1072 [7).

IV. CONCLUSION

The F(*He,t7)'°Ne reaction was measured with
GODDESS to provide additional information on °Ne
excitations important in nucleosynthesis. The 4.14- and
4.20-MeV states in Ne could provide important reso-
nances for the 1°0(a,7)!?Ne breakout reaction in Type I
x-ray bursts. However, conflicting information regarding
the spin-parities of these states made their potential con-
tributions uncertain. The °F(*He,tv)!°Ne reaction was
studied using GODDESS to search for y-ray transitions
that could resolve this discrepancy.

Using triton--vy coincidences, the two levels were con-
firmed at energies of 4141.8 and 4199.8 keV. Two new
transitions were observed from the 4141.8-keV state to
the 238- and 1616-keV states. In addition, two previously
observed transitions were also found from the 4141.8-
and 4199.8-keV states to the 1508-keV state. The decay
scheme from these states matches well with the decay
scheme previously observed for the two proposed mirror
states in °F. The present triton-gated 7-ray measure-
ments and the results from Refs. [7] [§] suggest that the
previously accepted spin-parities for these states should
be reversed. Therefore, we assign spin-parities of 7/2~



and 9/27 to the 4141.8- and 4199.8-keV states, respec-
tively. It was noted in Ref. [7] that the 4141.8-keV state
could have the largest contribution to the O(a,7y)!"Ne
reaction rate if it has a sufficient a-decay branching ra-
tio. Further studies targeting this quantity are necessary
to help constrain the rate further.
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