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The 2 Al(p, y)*Si reaction plays a key role in accurately modeling and understanding the nucleosynthesis
of the long-lived radioisotope ** Al observed throughout the galaxy by y-ray telescopes via the detection of its
1.809 MeV y-ray line. The ZAl(p, y)?°Si reaction is responsible for redirecting the flux of nuclear material
away from the ground state of the long-lived radioisotope 2°Al (**Al#) in favor of its short-lived isomer (**Al™)
which bypasses the emission of the 1.809 MeV y ray, but is observed in, for example, an excess of the
isotopic abundance of Mg in meteorites. Uncertainties in the *>Al(p, ) **Si reaction rate are dominated by
the nuclear properties of low-lying proton-unbound states in *°Si. A high-sensitivity spectroscopic study of *°Si
was performed at the John D. Fox Accelerator Laboratory at Florida State University, using a neutron/y -ray
coincidence measurement with the **Mg(*He, ny)*Si reaction. The present measurement solves previous
discrepancies in the existence and location of the relevant resonances in 2°Si. Furthermore, the high sensitivity of
the study allowed for a direct estimate of the 3} y-partial width. The present experimental information combined
with previous works provide an updated rate of the 2 Al(p, ) 2°Si reaction at nova temperatures.
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I. INTRODUCTION

The satellite-based observation of the long-lived radioiso-
tope %Al (12 = 7.17 x 10° yr), the first of its kind made in
space via the detection of characteristic y-ray lines, has long
been recognized as direct evidence that stellar nucleosynthesis
processes are ongoing in the galaxy [1]. The observation of
26 Al via the 1.809 keV yp-ray line also explains the excess
of 2Mg found in presolar dust grains on meteorites [2,3].
The spatial distribution of 2°Al y-ray intensity mapped by the
COMPTEL [4] and INTEGRAL [5] space missions estimate
an equilibrium mass of ~2-3 solar masses of 26Al currently
present in the Milky Way, with °Al been accumulated in
regions of star formation and corotating with the plane of the
galaxy.

The understanding of the nucleosynthesis of galactic 2°Al
is elemental in various research areas and has the potential of
being used as, for example, a high-resolution chronometer of
events during the time of planetary formation in the galaxy
[6]; a method to estimate the rate of core collapse super-
novae (CCSN) explosions [7]; to identify the stellar origin of
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presolar grains with high inferred 2°Al/% Al ratios [3]; or to
benchmark models of massive star nucleosynthesis [1,8].

The suggested sites for production of 2°Al are predomi-
nately massive Wolf-Rayet (WR) stars and their subsequent
CCSN phase [1,8]. However, the observed 6OFe/%Al ratio
of their y-ray fluxes is significantly smaller than theoretical
predictions when compared to CCSN models, supporting the
hypothesis that there are other important sources of 2°Al in the
galaxy [3,9].

Classical nova explosions, one of the most frequent types
of thermonuclear explosions in the galaxy (x40 per year
[10]), are expected to contribute up to 30% to the nucleosyn-
thesis of 2°Al [11]. In classical novae, 2°Al is produced via
the >*Mg(p, y) P AI(BT) PMg(p, y) 2° Al reaction chain [12].
However, a key uncertainty in novae nucleosynthesis models
for understanding 26Al is the »° Al(p, y) *°Si reaction, which
competes with the B decay of 2>Al at peak nova burning
temperatures [13].

The 2 Al(p, y)?Si reaction and the subsequent 8 decay
of ?°Si leads predominantly to the population of 2°Al in
its short-lived isomeric state (*Al™, 1, 2 = 6.4 s) rather than
its ground state (*°Al8, #;, = 7.17 x 10° yr). °Al"™ (07) B
decays directly to the ground state of Mg (0T), bypass-
ing the 1.809 MeV y-ray emission. Therefore, it is possible
for 2°Al to contribute to the Mg abundance measured in
pre-solar grains and meteorites without space telescopes ob-
serving its associated y ray. Hence, a reliable calculation
of the rate of the >Al(p, y)?Si proton-capture reaction is

©2022 American Physical Society
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TABLE I. Properties of the first five proton resonance states in
28i. Adapted from Ref. [18].

Resonance E,. (keV) JT E, (keV)
1 5517.3 £ 0.8 4r 3.54+09
2 56752+ 1.4 17 1614+ 1.5
3 5890.0 + 0.8 OF 3762+ 1.0
4 5927.6 £ 1.0 37 413.8 + 1.1
5 5949.7 £ 5.3 @i, 05 4359 +5.3

critical to the understanding of the net production of 2°Al in
the galaxy [14].

Direct measurements of astrophysical reactions at stellar
energies are very challenging, if at all possible, due to the very
small cross sections of the reactions of interest and the ra-
dioactive nature of nuclei involved [15]. Indirect methods are
commonly used to calculate the rate of the reactions in explo-
sive stellar environments as is the case for the 2 Al(p, y)2°Si
reaction, which is dominated at nova temperatures (7" ~ 0.1—
0.4 GK) by low-lying resonance states in *°Si (S, = 5514
keV [16]). Considerable experimental and theoretical efforts
have been aimed to identify the relevant resonances and their
nuclear properties [13,14,17-35]. However, these efforts have
not been without controversy. In the most recent compilation
by Chipps [18], five low-lying proton resonances in 2°Si were
highlighted that could play a role in the calculation of the
B Al(p, y)?Si reaction rate at nova temperatures. The prop-
erties of these resonances are summarized in Table I. These
values are taken as averages over all the reported findings.

The 4: state has been confirmed at 5517.3(8) keV [20].
However, the contribution of this state to the astrophysical
reaction rate is negligible due to its location just a few keV
above the proton threshold in 2°Si, placing it well below the
Gamow window for novae temperatures. Most recent exper-
iments [13,19,21-25] are in good agreement regarding the
location and spin-parity of the 17, 0%, and 3% states, plac-
ing them at E,, = 5675.2(14) keV, E,, = 5890.0(8) keV, and
E.. = 5927.6(10) keV, respectively.

Significant experimental efforts have gone into measuring
the partial width of the 3% state [13,19,21,23,26] giving that it
has the largest resonant strength, which makes the reaction
rate strongly dependent on it. The y partial width for this
state has only been recently observed in two independent
B-decay studies of 2°P [19,23] by detecting the 37 — 37
y-ray transition (E, = 1741 keV) in coincidence with the
B decay. The resonant strength extracted from these studies
are 23 + 6(stat) meV and 34.5 {79 (stat) meV, respectively.
However, this transition has not been observed in other reac-
tion studies due to the state’s extremely small (*2%) ratio of
y-partial width to the total width of the state (I, /T").

Additionally, conflicting evidence of a possible resonance
near E,, = 5950 keV and its spin-parity assignment still re-
mains. A state at this energy was first observed by Caggiano
et al. [35] in 2002 (assigning a 3%) and was later iden-
tified in 2004 by Parpottas et al. [26] as a 0% using the
2*Mg(*He, n) reaction. Theoretical studies do not predict two
closely spaced 0" states in this region [28,30]. It has been

suggested by Ref. [18] that possible “intruder” states could be
present, which to date has not been considered in theoretical
calculations. From mirror assignments, one expects another
4% to be near this region, but the analysis of the data from
Ref. [26] ruled out a J = 4 assignment. A 2" resonance is
not expected in this region [18,30], eliminating the possibility
of an even-parity assignment for this state. Most recently, a
study performed on the stable Mg mirror system by Canete
etal. [27] suggested that this state could be the lowest 1~ state,
adding to the discrepancies and uncertainties on the nuclear
properties of resonances in 2°Si.

The experimental discrepancies in this energy region even
among studies using the same reaction mechanism performed
at similar energies, point out to a misinterpretation of the ob-
served states. The (*He, ) reaction study in 2004 by Parpottas
et al. [26], identified the 0 at E,, = 5946(4) keV, and the
3t at E,, = 5916(4) keV. Recent (*He, ny) reactions studies
[22,24,25], which ran at the same energy as Ref. [26], placed
the 0 at E,, = 5890.0(8) keV, contradicting the placement
by Ref. [26]. Moreover, Parpottas et al. did not report a state
at £, = 5890 keV which has been observed in subsequent
similar studies. A possible explanation could be a shift in en-
ergy calibration by Ref. [26] of around ~26 keV in this energy
region. This shift would reconcile the energies of the states
reported by Ref. [26] with the ones reported by other (*He, 1)
reactions [22,24,25]. It should be pointed out that a flip in the
spin assignments by Ref. [26] would also be needed for full
agreement of the different data sets. Additional evidence for
the energy and spin assignments of states in 2°Si comes from
a (p, t) experiment performed in 2010 [34]. This experiment
also observed a state at 5921(12) and 5944(20) keV, but was
unable to assign a J”. The existence and spin-parity of a sate
near E,, = 5950 keV in ?Si is still an open question.

This work reports on a measurement of the
2*Mg(®He, ny)?0Si reaction using a highly sensitive
neutron/y-ray coincidence measurement to populate
low-lying resonance states in 26Si at the same reaction
energy as Refs. [24-26]. The nonselective nature of
the (*He, n) reaction allowed population of all relevant
resonances in 2°Si. A set of high-purity germanium detectors
measured y rays from de-excitations of populated states
in 26Si. The neutrons from the reaction were measured in
a state-of-the-art deuterated liquid scintillator array, which
provided pulse-height capabilities additional to the traditional
pulse-shape-discrimination and time-of-flight methods
resulting in an increased sensitivity from previous similar
studies. These results allow the resolution of outstanding
discrepancies in the calculation of the 2> Al(p, y ) %°Si reaction
rate in novae environments.

II. EXPERIMENT

The experiment was performed at the John D. Fox Ac-
celerator Laboratory at Florida State University (FSU). A 10
MeV stable *He beam from the FN Tandem accelerator was
used to bombard an enriched, 492 ug/cm? self-supported
Mg target, which was placed inside a thin, cylindrical,
aluminum reaction chamber. The beam was bunched with a
period of 82.5 ns, with a width of 1.7 ns. Typical intensi-
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ties of the *He beam on target of ~15 nA were observed
during the duration of the experiment. The unreacted He
beam was dumped 2 m downstream from the target onto a
beam stop consisting of a thick graphite block. The beam stop
was surrounded with borated polyethylene, water, and lead
sheets to reduce beam induced background. Neutrons from
the 2*Mg(*He, ny ) ?°Si reaction were measured with neutron
detectors from the compound array for transfer reactions in
nuclear astrophysics (CATRiNA). The CATRiNA array con-
sists of 16 C¢Dg deuterated liquid scintillators of the type
EJ315 [36]. The scintillating material in the CATRiNA detec-
tors is encapsulated in a 4 in.-diameter x 2 in.-deep aluminum
cylinder coupled to a photomultiplier tube. Additional to the
pulse-shape discrimination (PSD) and time-of-flight (ToF) in-
formation capabilities of traditional liquid scintillators, the
CATRINA detectors provide pulse-height (PH) information
due to the anisotropic nature of the d + n scattering, which
can be related to the energy of the incoming neutrons. Details
on the CATRINA detectors can be found in Ref. [37].

CATRINA was placed at a distance of 1 m from the target,
covering an angular range of £40° (solid angle of 130 msr)
and centered at 0°. The beam-pipe ran through the center of
CATRINA towards the beam stop, so the neutron detector
closest to the beam axis was located at 14°. y rays from
the de-excitations of populated states in 2°Si were measured
with a set of three FSU high-purity germanium (HPGe) y -ray
detectors (FSU Clovers), which were placed at 90° from the
target and provided high-resolution y-ray detection. For the
present measurement, the signals from the CATRiNA and
FSU Clover detectors were coupled using registered events
in CAEN V1725/V1730 digitizers [38,39]. Four boards were
dedicated to the detectors and were operated in self-triggering
mode, where events were built offline using the timestamps of
the signals. The clocks of all digitizers were synchronized to
the internal clock of the first board (master).

The energy and efficiency calibrations of the Clover de-
tectors were performed using a calibrated '3?Eu source. For
the energy calibration, a linear function was fit to several well
known y rays (2.7 keV resolution at 1408 keV) and was later
verified using higher energy y rays from room background
and induced activities with negligible deviations (less than
1 keV) at 4.2 MeV. For the efficiency calibrations, the eight
strongest y rays from the '>?Eu source were used [40], yield-
ing a relative efficiency log curve.

The accelerator’s 6.0625 MHz radio frequency (rf) signal,
used to obtain the neutron time-of-flight (ToF) information,
was registered in a V1730 [39] board that was externally
triggered by the OR of all CATRiNA signals. An offline event
builder, optimized for the present experiment, was used to cor-
relate the events, and build neutron and y-ray coincidences.
Only single crystal y-ray events were used since the BGO
signals from the FSU Clover detectors were VETOed in the
offline analysis. Further details about the experimental setup,
electronic logic, and event building can be found in Ref. [41].

III. ANALYSIS AND RESULTS

Neutron events were separated from y-ray interactions
in the neutron detectors using the PSD capabilities of the
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FIG. 1. Neutron-gated ToF spectrum obtained in the present ex-
periment with the CATRINA detector placed at 40°. Neutron groups
corresponding to states in 2°Si as well as groups from '°Q present in
the target are labeled (states in 2°Si are given in units of MeV). The
dashed vertical line indicates the proton separation energy in 2°Si.

CATRiNA detectors. A PSD threshold was individually set
for each neutron detector, which was placed around 350
keVee. ToF information was obtained using the rf signal of
the accelerator as reference, including events within a ToF
window of two beam bunches (165 ns). The prompt y-ray
peak was used to calibrate the ToF spectrum. A portion of a
neutron-gated, calibrated ToF spectrum for one of the neutron
detectors is shown in Fig. 1, where the prompt y-ray peak
was placed at 3.3 ns (not visible in the figure). Several neu-
tron energy groups corresponding to excited states in 2°Si are
identified in Fig. 1. Peaks from the main contaminant reaction,
160(3He, n), are also identified at higher ToF.

Using the Q value of the reaction (Q, 5. = 70 keV), a kine-
matic correction was applied to each neutron detector such
that a total Q-value spectrum from all detectors is obtained. A
reconstructed Q-value spectrum from all 16 neutron detectors
is shown in Fig. 2. The Q-value axis closely approximates
the negative of the excitation energy in *°Si (E,, = —Q + 70
keV). The proton-separation energy in 2°Si (S, = 5514 keV)
is shown by the dashed vertical red line. States to the left of
the S, line correspond to resonances in 2°Si.
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FIG. 2. Reconstructed Q-value spectrum of the
2*Mg(*He, ny)*Si reaction for all CATRiNA detectors. The
dashed vertical line indicates the proton separation energy in 2°Si.
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FIG. 3. The neutron-y matrix built using data from the CATRINA detectors (neutron Q value in the y axis) and the FSU Clovers (y-ray
energy in the x axis). Several well-known transitions in °Si are identified. The horizontal red dashed line indicates the proton separation energy

(S,) in 2Si.

A two-dimensional n-y matrix containing information of
y-ray events in coincidence with neutron events was built with
the Q value of the neutrons in the y axis and the the energy of
the y rays in coincidence with these neutron in the x axis.
A portion of this n-y matrix is shown in Fig. 3, where several
well-known transitions in 2°Si are identified. Resonance states
in 2°Si, the emphasis of this work, are located above the
proton-separation energy, which is below the negative Q-value
region indicated by the red-dotted line in Fig. 3.

In this region, we observed two clear transitions from the
0F state (0 — 27, E, = 3103 keV and 0 — 2], E, =
4092 keV) and one from the 1] state (1] — 2, E, = 3879
keV). It is important to notice that these two states in 2°Si
can only be separated given the high resolution of the y-ray
detectors since the neutron detectors alone would not be able
to distinguish between them.

By gating on the highest energy transition from the OI
state (E, = 4092 keV) and projecting the data to the Q-value
axis (as shown in Fig. 4) we obtain the energy of this state
in ?°Si to be E,, =590 £0.15 MeV (E; = Qy5. — Qo+ =
0.07 MeV +5.83 MeV = 5.9 MeV), which is in agreement
with the previously identified state by Dohetry et al. [25] using
y-y coincidence analysis. Similarly, gating on the 3879 keV
y-ray associated to the 17, we find a Q value of —5.62 MeV,
placing this state at E,, = 5.69 & 0.18 MeV, in good agree-
ment with the most recent (3He, ny) experiments [22,24,25].
A y-ray spectrum gated on neutrons with Q values corre-
sponding to resonance states in 2°Si (states below the red line
in Fig. 3), is shown in Fig. 5. The transitions from the 4;

(E, = 1072 keV, 1330 keV, 2733 keV), 0f (E, = 1751 keV,
3103 keV, 4092 keV), and 1] (E, = 2890 keV, 3878 keV)
resonance states are clearly visible. The excitation levels from
y rays and neutrons (not available for the 4™ and 3%), along
with observed y-decay energies of low-lying resonances are
summarized in Table II.

A recent experiment by Canete et al. [27] performed on
the mirror 2°Mg suggested the existence of a 1 resonance
that would correspond to a state at E,, = 5.95 MeV in 26,
predicted with a I',, /T" of ~32%, which decays through the
17 — 05 transition in °Si (100% branching ratio) and emits
ay ray of E, = 2614 keV [42]. In the present experiment, we
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FIG. 4. Neutrons in coincidence with y rays at E, = 4092 keV
showing a state at Q = —5.83 (15) MeV, which corresponds to E,, =
5.90 MeV in *°Si.
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FIG. 5. y rays in coincidence with neutrons from resonance
states in 2°S (states below red line in Fig. 3) with energies below
2 MeV (top) and above 2 MeV (bottom).

did not find evidence of a y-ray transition with such energy
and intensity as shown in Fig. 5.

One of the longstanding questions in the structure of 2°Si
is the existence, and y-partial width of the 37 state. The 3] is
expected to undergo a 3] — 37 transition with the emission
of a 1741 keV y ray &70% of the y width based on data
from the mirror level in 2Mg [17,28]. Evidence of a peak at
E, = 1741 keV is observed when constraining the Q value

TABLE I1I. Excitation energy levels from y rays and neu-
trons (where available), along with y-decay energy of low-lying
resonances.

EY. (keV) E" (keV) E, (keV) J
5517(2) 1072(2) 4F
1330(2)
1763(2)
2733(3)
5676(3) 5690(180) 2890(4) 1+
3878(3)
5889(2) 5900(150) 1751(2) 0f
3103(2)
4092(3)
5929(3) 1741(3) 3F

B= Q-Value Gate
o Il Q-Value+PH Gate
0,—2; — Linear Background

2BSi

|

4,3

H\\‘\HI‘HH‘\HI‘HH‘HH‘HI\
(2]
ol+
(]
N+

%20 1730 1740 1750 1760 1770 1780 1790 1800 1810 1820
Energy (keV)

FIG. 6. Portion of the y-ray spectrum around E, = 1741 keV
corresponding to the 3} resonance state in %Si. A neutron gate
with neutrons that populated states near E, = 5.9 MeV, Q value
= —5.85+0.15 MeV is applied (gray). An additional gate on the
PH values centered on PH = 800 =+ 250 keVee, corresponding to
E, = 3.4-3.6 MeV, was applied (blue). A linear background fit to
the blue data is shown by the solid red line.

in the neutron detectors to a region around —5.85 MeV. A
portion of the y-ray spectrum gated with neutrons with Q
values in the range of —6.0 MeV to —5.70 MeV is shown
in Fig. 6 (gray). Near the region of 1741 keV, two known
transitions from resonance states in 2°Si are observed, the
E, = 1751 keV from the 0f — 2 decay and the E,, = 1763
keV from the 4; — 3] decay. To further determine if the
structure at £, = 1741 keV is associated with the E,, = 5.92
MeV state, the unique PH properties of the CATRiINA de-
tectors were used to place an additional gate on the data.
Neutrons from the 3; state have energies of E, = 3.4-3.6
MeV, depending on the angle of the detector. From a neutron
ToF-PH correlation matrix, the corresponding PH values for
these neutrons were found to be around of ~800 + 250 ke Vee,
as shown in Fig. 7 for a neutron detector at 40°. The result of
the additional neutron PH gate applied to the data is shown in
blue in Fig. 6. One can observe that, while the overall statistics

45
40

35

ToF (ns)

30

25

L Lt \
20 500 1000 1500 2000
Pulse-Height (keVee)

FIG. 7. ToF vs PH correlation matrix obtained in the measure-
ment of the **Mg(*He, ny ) *Si reaction for the CATRIiNA detector
placed at 40°. An additional gate on the PH values centered on PH =
800 +£ 250 keVee (shown in black), was applied to all the neutron
detectors. This gate corresponds to neutron energies of E,, = 3.4-3.6
MeV, that populate states around E,, =~ 5.9 MeV in 2°Si.
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in the spectrum are reduced by a factor of &~ x0.5, the peak
at £, = 1741 keV remains at 86% of its original value (seven
counts above background to six counts above background af-
ter PH gate), providing additional evidence that it corresponds
to the 3; — 3;“ transition of the state at E,, = 5.92 MeV in
26Si. For comparison, when applying the PH gate the neighbor
structure at 1729 keV is reduced to 20% (166 to 24 counts
above background) of its original value, while the 0", the 4T,
and the 2" remain at 56%, 48%, and 56% their original value,
respectively.

IV. LOW-LYING RESONANCES IN %Sj

In the present experiment, low-lying proton resonances
in 2°Si relevant in the calculation of the > Al(p, ¥)?Si re-
action rate at nova temperatures were populated via the
2*Mg(*He, ny)?°Si reaction. In the following, we summa-
rized the findings of the present experiment for each of the
five resonances discussed in Table 1.

(i) 4;. All reported y-ray transitions for the 4, state
were observed in this work. We place the energy level
of the 45( resonance in 2°Si at E,, = 5517(2) keV
by analyzing the transition energies. This result is in
agreement with recent y-ray experiments [20,24,25].

(ii) 17. Using the neutron Q value and the y-ray energy,
we report the IT state at E,, = 5676(3) keV in 2°Si.
This result is in good agreement with most recent
(*He, ny) experiments [22,24,25].

(iii) OZ. One of the open questions identified by Chipps
[18] was the location of the Oj( state in 2°Si. Parpottas
et al. [26] placed their OI state at E,, = 5946(4)
keV using a (®He, n) reaction at the same reaction
energy as the one used in the present measurement.
In this work, the OI state was observed in the neutron
detectors centered at Q value = —5.83(0.15) MeV
(Eery = 5.9 MeV). By using the added sensitivity of
the y-ray detectors, we report the OI state at E,, =
5889(2) keV in 2°Si, in good agreement with recent
(*He, n) experiments [22,24,25] and in disagreement
with the work by Parpottas et al. [26].

@iv) 33+. We observe evidence of the peak at 1741(3)
keV which agrees well with the reported value by
Refs. [19,23] for the 3; — 3; transition, placing
the state at E, = 5929(3) keV in ?°Si. The 1741 keV
transition had only been observed in S-decay exper-
iments. This peak was observed at neutron Q value
and in agreement with the previously reported values
by Refs. [13,21,32].

(v) State at E,, = 5950 keV. In the present work, we do
not observe evidence of a state at E,, = 5950 keV
in %°Si, in disagreement with Refs. [26,27]. The 0]
state reported by Parpottas et al. [26] was placed at
E.. = 5889(2) keV in this work, while the y transi-
tions suggested by Canete et al. [27] from a 1~ state
were not found.

In order to extract the y-partial width (I',) of the 37 reso-
nant state, we compared the intensities in the E, = 1741 keV

and E,, = 1751 keV peaks assuming the same y-ray and neu-
tron detection efficiencies for both states. The 1751 keV y
ray corresponds to the 0 — 27 transition with a measured
y branching of 16% of the total 0 y decay [33]. The 0}
resonance has an estimated I', /T" of 64%, calculated using
the T, obtained in this work (see Sec. V) and the I', reported
by [31]. The 3] — 3] transition is estimated to depopulate
the 37 state 71% of the time based on the y decay of the
mirror level in Mg [17]. Since the intensities of the 0 and
the 3" depend on the reaction mechanism used to populate
them and are obtained in this work from a (*He, ny) coin-
cidence measurement, they will be labeled as ny intensities.
Depending on the relative cross section for both the 37 and the
O;f states, the relative intensity between both states can vary.
Using the information observed in Parpottas et al. [26] work,
the 0] state (lowest energy peak) is populated 2-5 times as
much as the 3] state (highest energy peak), assuming that the
cross sections do not vary much between 8 MeV and 10 MeV
incident energy (the peaks are not resolved at 10 MeV). This
is the only experiment to provide (*He, 1) cross sections for
both states.

The ratio of the counts (?)—i) in the 1741 keV and 1751 keV
peaks was found to be (6.7 £ 1.3) x 1072, Using y-branching
values of 16% and 71% for the 0" and the 37, respectively,
a relative ny intensity of 1.50 & 0.28% is calculated. An
absolute ny intensity of 3.8 = 1.7% was estimated assuming
that the 37 is populated about 25-50 % as much as the 0,
as shown in the work by Parpottas er al. [26], where the
uncertainty in the relative cross sections is incorporated in
the error. Combining this information with the 64% I'), /T’
of the 0, we report a ') /T of 2.5 & 1.1% for the 37 state.
The use of the relative cross sections from Ref. [26] is the
largest uncertainty in this calculation. To reduce this, the cross
sections at 10 MeV and at the angles of interest are needed to
accurately extract a ratio between both states.

Previous I'y, values for the 33“ state obtained from B-decay
experiments by Bennett ef al. [23] and Liang et al. [19], are
40 £ 11 meV and 60.4439 meV, respectively. These values
used a I') = 2.9 & 1.0 eV reported by Ref. [13] in 2009. Us-
ing the same I',, wereporta I, = 71 4= 32 meV, which agrees
within error bars, with the two independent S-decay experi-
ments. This value is in rough agreement within one standard
deviation with the reported y-partial width by Canete et al.
[27] of 33 £ 5 meV, which was calculated using the lifetime
of the mirror state in 2°Mg. This discrepancy may be due to the
large uncertainty of the relative cross sections between the 0F
and 37 resonance states used to calculate I'), /T in this work,
as well as the ~35% uncertainty of the I, from Ref. [13] used
to extract I',.

V. THE *Al(p, y) **Si REACTION RATE

The results from the present experiment are used to cal-
culate the rate of the 2 Al(p, ) 2°Si proton-capture reaction.
From the five resonances listed in Table I, resonance 1 4;{
at E,, = 5517 KeV is well below the Gamow window at
nova temperatures, making its contribution negligible. In the
present experiment, we do not observe evidence for resonance
SatE,, = 5.945 MeV and it will not be included in the present
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FIG. 8. Contribution of the 0] states to the total 2 Al(p, y)**Si
resonant reaction rate. The relocation of the Oj( state, from E,, =
5.946 MeV (in black, Ref. [26]) to E,, = 5.889 MeV (in blue, this
work), raises the contribution of the 0 resonance up to 6 £ 2%.

calculation of the rate. Therefore, for the calculation of the
P Al(p, y) *Si reaction rate, only the 1], the 0, and the 37
resonances are taken into account.

The proton-partial widths for the 17 and 0] states are
obtained from the work by Wrede [17] and Hamill et al. [31],
respectively. The y-partial widths of the IT and OZ states were
obtained from the work of Richter et al. [30], after updating
the T, value for the 0] which depends on the energy of the
transition [17]. The difference is due to the location of the ()Zr
from E,, = 5.946 MeV [30] to E,, = 5.889 MeV measured in
this work, giving I', (0} ) = 7.49 meV.

A comparison of the contribution due to the 0} resonance
rate is shown in Fig. 8, where the energy level and the corre-
sponding proton- and scaled y-partial width of the resonance
is used from this work (blue), and the parameters used in
Ref. [26] (black). It is observed that by moving the location
of the state to E,, = 5.889 MeV, the total resonant rate con-
tribution from the 0 is increased up to 6 & 2% of the total
resonance rate, which agrees with the contribution percentage
reported by Ref. [31]. For the 37 state, the proton-partial
width (I",) by Peplowski et al. [13] is used along with the
I'), value derived in this work.

The resonance parameters used for the calculation of the
2 Al(p, y) ?Si reaction rate are summarized in Table III. The
total and individual contributions of each resonance are shown
in Fig. 9, along with the contribution from the direct-capture
(DC) to bound states obtained from the work of Iliadis et al.
[28]. The DC contribution to the reaction rate dominates at
temperatures lower than 0.053 GK, the IT state dominates the
reaction rate from 7 = 0.053 GK-0.177 GK, and at higher
temperatures (0.2 GK- 0.4 GK) the 3] resonance dominates
with contributions from the 0 up to 6% of the total resonant
reaction rate.

TABLE III. Resonance parameters for the low-lying proton un-
bound states in 2°Si observed in this work used in the present
calculation of the 2 Al(p, y) ?6Si reaction rate. The resonance ener-
gies (E,) were calculated using a proton threshold of S, = 5514 keV
[16].

E.. keV) E,* (keV) J” I') (meV) ') (meV) wy (meV)
5676(3) 162(3) 1] 4.6 x 107633 120 1.2 x 1076
5889(2) 375(2)  Of 42+1.0 7.5 2.2 x 107!
5929(3) 4153) 37 2900+1000 71432 40 £ 17

“Obtained by using S, = 5514 keV [16].

The reaction rate obtained in this work was also compared
with the most recent recommended rates [17,19,29,34] in the
JINA REACLIB database [43]. Figure 10 shows the ratio of
the recommended rates to the present rate as a function of the
temperature. At peak nova temperatures, good agreement is
found between this work and the latest experimental work by
Liang et al. [19].

VI. SUMMARY

In summary, we performed a high-sensitivity neutron-y-
ray coincidence measurement to study low-lying resonance
states in 2°Si via the 2*Mg(*He, ny ) *Si reaction. Neutrons
from the reaction were measured with the state-of-the-art
CATRiNA neutron detector array, while y rays from the de-
excitation of states in 2°Si were measured with the HPGe
FSU Clover array. States in 2°Si above the proton-decay
threshold (S, = 5.514 MeV) are critical to the calculation of
the Al(p, y) *6Si reaction rate. The high sensitivity of the
present experiment allowed us to solve long lasting discrepan-
cies in the existence and location of the important resonances
in 2°Si, relevant at nova temperatures.

For instance, the existence and location of the OI was
placed at E,, = 5889(2) keV in disagreement with the work

=

o
°
n

._.
1)
&

1010 4

10715

10720

10725

Na<ov>(cm3mole~1s71)

Direct Capture
Total Resonate Rate
—-— Total Rate

107304 /

10735 +£ ; . T
107 108 10°
Temperature (K)

FIG. 9. Rate of the »Al(p, y)?Si reaction calculated in this
work. The total and individual contributions of the three resonances
within the Gamow window for nova temperatures are shown along
with the direct-capture contribution obtained from Ref. [28].
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FIG. 10. Comparison of the present calculated reaction rate (nu-
merator) to those reported by Wrede [17], Liang et al. [19], Iliadis
et al. [29], and Matic et al. [34] (blue, red, green, and cyan, respec-
tively) in the JINA REACLIB database [43] (denominator).

by Parpottas et al. [26], but in agreement with other (*He, n)
experiments [22,24,25]. The contribution of the OI to the total
calculated reaction rate is up to 6 & 2% higher than the one
calculated in Ref. [26].

The critical resonance parameters of the 3] resonance,
which dominate the reaction rate at nova peak temperatures,
extracted from this work were found to be in agreement with
recent B-decay studies [17,19], and in rough agreement with
a lifetime study of the mirror state in 2Mg [27]. In the present
experiment, we did not find evidence for y transitions cor-
responding to a state at E,, &~ 5.95 MeV in 2°Si. This result

is in disagreement with the location of the 0] suggested by
Ref. [26] and with the existence of the 1] state suggested
by Ref. [27]. Further experiments are needed to confirm the
existence or not of a state at E,, &~ 5.95 MeV in 2°Si. It is
possible that if a state at 5.95 MeV did exist and it has a very
small y width, then the present experiment would not have
the sensitivity to observe it. A possible high-sensitivity study,
such as a 2*Mg(*He, np), could provide additional data on the
existence of this state.

The largest uncertainty in the calculation of the rate in
this work arises from the relative cross-section between the
0" and the 3" obtained from the work of Ref. [26]. Further
experimental data on the >*Mg(*He, n) reaction at the same
beam energy, which focus on the total width of the resonance
states, will be needed to confirm these results.

The total reaction rate calculated in this work using the
updated values is in good agreement with the previous rec-
ommended experimental rates [19] in the JINA REACLIB
database [43] at relevant nova temperatures.
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