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Experimental study of 8-delayed proton decay of 2*Al for nucleosynthesis in novae
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The B-delayed y and proton decay of 23 Al has been studied with an alternative detector setup at the focal plane
of the momentum achromat recoil separator MARS at Texas A&M University. We could detect protons down to
an energy of 200 keV and determine the corresponding branching ratios. Contrary to results of previous S-decay
studies, no strong proton intensity from the decay of the isobaric analog state (IAS) of the 2*Al ground state at
E, = 7803 keV in Mg was observed. Instead we assign the observed low-energy group E, ., = 206 keV to
the decay from a state that is 16 keV below the IAS. We measured both proton and gamma branches from the
decay of this state at E, = 7787 keV in Mg, which is a very rare case in the literature. Combining our data with
its measured lifetime, we determine its resonance strength to be wy = 1.47)3 meV. The value is in agreement
with older direct measurements, but disagrees with a recent direct measurement. This state is the most important
resonance for the radiative proton capture 2?Na(p, y)**Mg in some astrophysical environments, such as novae.
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I. INTRODUCTION

Classical novae are explosive events that appear on interact-
ing binary systems where hydrogen-rich material accretes on a
white dwarf from its low-mass main-sequence companion. The
accreted hydrogen-rich matter compresses, leading eventually
to a thermonuclear runaway [1]. An understanding of the
dynamics of nova outbursts and of the nucleosynthesis fueling
them is crucial in testing our understanding of the dynamics
of stellar phenomena in general. A few classical novae per
year are detected in our galaxy, making them a relatively
frequent phenomenon, being observed throughout the whole
electromagnetic spectrum, and therefore our models can be
compared more easily with observations. The composition of
the nova ejecta between 2°Ne and 2’Al depends greatly on
the cyclic nuclear-reaction chains beyond the carbon-nitrogen-
oxygen (CNO) cycle: namely, the so-called neon-sodium
(NeNa) and magnesium-aluminum (MgAl) cycles. The MgAl
cycle is crucial for the synthesis of Al (T}, = 0.7 My) and
the NeNa cycle is relevant for the synthesis of *Na (T, =
2.6y). Both 2°Al and *’Na could be detected by space-based
y-ray telescopes through their characteristic y-rays following
B decay. The short half-life of *’Na raises the possibility
of detecting it as a pointlike source since it decays before
spreading away from the site of its synthesis. The amount
of 22Na created in novae may also be relevant for explaining
nonstandard 2*Ne abundances in the Ne-E meteorites [2].
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So far, there are no confirmed observations of y rays
of novae origin [3,4]. However, there is a recent, disputed
report about the possible detection of the 1275 keV line from
22Na decay, but it appears to originate from a diffused (not
pointlike) source, most likely from the photo-activation of
22Ne by cosmic rays [5]. The NeNa cycle, illustrated in Fig. 1,
proceeds along the path of stable nuclei via the reaction
chain *Ne(p, y)*'Na(B*v)*'Ne(p, y)*Na(B*v)?Ne(p, y)
BNa(p, «)*°Ne. When the temperature rises, however, proton
capture starts to compete with 8 decay, and the proton-capture
reactions move the reaction products higher in mass, bypassing
22Na. This leads eventually into the MgAl cycle and to a re-
duced abundance of *’Na in the end products. The rates of these
depleting reactions have been of considerable interest, and
recent studies include ?'Na(p, y)**Mg [6,7], *Mg(p, y)* Al
[8—10], *Na(p, y)**Mg [11-18], 2Na(p, y)**Mg [19], and
BMg(p, y)**Al [20]. It is believed that novae could become
the first type of explosive process for which all the nuclear input
to the nucleosynthesis calculations is based on experimental
data [21].

At typical nova peak temperatures (0.1-0.4 GK), the main
destruction channel for *’Na is thought to be the radiative
proton capture 2*Na(p, y)**Mg. This reaction rate is domi-
nated by the capture through narrow and isolated low-energy
proton resonances, which correspond to the excited states
near the proton-separation threshold in 2*Mg. The presently
accepted reaction rate for 2?Na(p, y) is based on challenging
direct measurements with a radioactive 2*Na target [11,14]
supplemented by information from indirect measurements, via
reaction [12,16,22] and S-decay studies [13,15,17].

The B decay of >Al populates excited states of 2*Mg that
can decay by both proton and y emission. Proton emission
following the B decay of 2* Al was reported by Gough et al. in
Ref. [23], where a single proton line at £, . ,, = 870(30) keV,
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FIG. 1. (Color online) NeNa cycles and possible depleting reac-
tions for stable (black boxes) and S-emitting (red boxes) nuclei.

with T/, =470(30) ms, was reported. Since then, three
studies have been reported for the 8 decay of 22Al[13,15,17].
Tighe et al. [13] used the helium jet technique with AE-AE-E
Si telescopes, and reported four proton groups with E, 1 =
223(20), 285(20), 560(5), and 839(5) keV, with a very high
intensity for the lowest line, which was assigned to the decay
from the isobaric analog state (IAS) of the ground state of
23 Al Perijirvi et al. confirmed these groups and added a few
more by using a AE-E gas-Si telescope with the Ion Guide
Isotope Separator On-Line (IGISOL) technique [15], giving
a total of six proton groups at E, 15, = 200(20), 270(20),
400(20), 554(7), 839(6), and 1931(14) keV. In addition, five
y rays, including one attributed to the decay of the IAS, were
reported. However, contrary to the previous study, they did
not observe a high intensity for the lowest-energy proton
group, which was also assigned to the decay of the IAS.
The most recent study was by lacob er al. [17], in which
B-delayed y rays were measured in close geometry from
a high-purity source produced with a recoil separator. The
ground-state spin and parity of Al were determined to be
5/2%, in agreement with a 8-NMR study [24], and the half-life
was improved to 77, = 446(6) ms. This study also identified
both the 7787(2)-keV and the 7803(2)-keV (IAS) states at
the same time, though both had been observed separately in
previous studies [14-16].

In this paper, we report an alternative measurement to
address the discrepancies in proton intensities around 200 keV
above the proton-separation threshold in 2Mg, and to deter-
mine absolute proton-decay branchings by combining our data
with the results from an extended analysis [25] of the decay
data published originally in [17]. Implications of our results
on the >Na(p, y) reaction rate are discussed.

II. EXPERIMENTAL TECHNIQUE

The experiment was conducted at the Cyclotron Institute of
Texas A&M University. The K500 superconducting cyclotron
and the momentum achromat recoil separator (MARS) [26]
were used to produce the nuclei of interest and implant
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FIG. 2. (Color online) Secondary-beam identification with the
AE-E target telescope at the focal plane of MARS. The vertical
bars represent the position of the momentum-defining slits in MARS
during the production of ?*Al. This setting yields Ap/p = +0.6%
and a purity of better than 90%.

them in our detector setup. The 2Al secondary beam was
produced the same way as it was in our earlier experiments
described in Ref. [17] (and references therein). We used the
'H(>**Mg, >} Al)2n reaction in inverse kinematics by bombard-
ing a 2.5 mg/cm?-thick, liquid-nitrogen-cooled H, target at
1.6 atm pressure with a >*Mg beam at 48 MeV /u. The resulting
reaction products were guided through a dipole-quadrupole-
dipole momentum achromat, a Wien filter, and a final dipole, to
yield a beam of up to 4000 23 Alions /s at 42 MeV /u with purity
of better than 90% and a momentum spread Ap/p = £0.6%.
See Fig. 2.

The implantation chamber, which was installed into the
focal plane of MARS, housed a rotatable degrader system
and our detector setup. A schematic presentation of the setup
is given in Fig. 3. The radioactive species in the beam were
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FIG. 3. (Color online) Schematic representation of the detector
setup at the focal plane of MARS: (1) Separator XY slits, (2) AE-E
detector for beam tuning, (3) Rotatable aluminum degrader, (4)
45° wedge with the detector stack, (5) HPGe detector, (6) Cabling
connections, and (7) Cooling system. See text for more details.
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first identified with reduced beam intensity in a AE-E target
telescope placed in front of the detector setup. After the
separator had been adjusted so that only the wanted activity
went through the last pair of slits, the telescope was moved
away and the beam was allowed to pass into the implantation
chamber. The beam then traveled through an 820-um Al
degrader, which we used to control the implantation depth
into the detector stack. The angular resolution of the rotating
degrader system is 0.1°.

The detector stack consisted of a double-sided silicon strip
detector (DSSSD) and a thick silicon pad detector. The DSSSD
we used was a 69-um-thick Micron W1 with 16(x) 4+ 16(y)
3.1 x 50 mm? strips, and the Si pad was 998-um thick, with a
surface area of 50 x 50 mm?. The detector stack had cooling
capability and was mounted on a platform at a 45° angle in
order to increase the effective implantation thickness and allow
for a good gamma-ray efficiency for a 70%-relative-efficiency,
high-purity germanium (HPGe) detector installed outside the
chamber as close as physically possible (11 cm).

The two Si detectors were used in two different modes: an
“implantation control mode” and a “measurement mode.” In
the first mode, we used them as a AE-E telescope to control
the implantation of the beam of interest midway into the
DSSSD by adjusting the implantation depth with the rotating
Al degrader and observing the beam spot to move first in
the two-dimensional, energy-loss-vs-energy plot relating the
signals from both detectors, and later in the DSSSD alone.
As a result of these measurements, we decided to reduce
the momentum spread of the beam from Ap/p = £0.6% to
+0.25% by closing the momentum-defining slits after dipole 1
of MARS. This both reduced the rate of > Al nuclei striking the
detector at 42 MeV /u down to 600-800 pps and narrowed the
depth distribution of the implanted 23Al to ~17 pm, full width
at half maximum (FWHM) (in agreement with the results of
our simulations). Under these conditions, we calculated that
protons emitted with energies E, < 1.4 MeV would be fully
stopped in the DSSSD. In the measurement mode, the thick Si
pad served as a 8 detector in our actual measurements.

During the experiment, the beam was pulsed: the desired
activity was implanted into the detector for one second,
followed by a 5-ms wait. Decays from the sample were then
recorded for one second, yielding a duty cycle of 50%. All the
data were collected with a condition of logical OR between
B-p coincidences and 8-y coincidences. The secondary-beam
intensity was limited to a few hundred ions per second, and
the implantation spot was spread over several strips to reduce
damage to the DSSSD. This helped also to keep the acquisition
count rate at around a few hundred Hz, which resulted in a
negligible dead time.

III. RESULTS AND ANALYSIS

A. Gamma-ray spectrum

We calibrated the energy and efficiency of the HPGe
detector with standard sources of ®°Co, '*’Cs, and *?Eu, and
checked it during the measurement with the known y-ray
lines from 2*Al. The resultant efficiency calibration had an
uncertainty of 1% in the 450-keV region and, since the y-ray
spectrum is very well known from previous experiments
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[17,25], this was sufficient for us to calibrate our full
spectrum. The B-gated y-ray spectrum from 23Al decay in
this experiment is presented in Fig. 4. In this spectrum we can
identify the strongest transitions at 451, 1600, and 2050 keV, as
well as the 5751, 7351, and 7801-keV transitions originating
from the IAS, and the 5736 and 7335-keV transitions from the
7787-keV state just below the IAS (see Fig. 5). Our measured
intensities for the y-ray lines at 1600 and 2050 keV, relative to
the line at 451 keV, agree with the previous studies [15,17,25].

The only impurity present in larger quantities in the stopped
beam, '*0, is identified in the y-ray spectrum through the
2313-keV line, which follows its 8 decay. There is also a tiny
amount of 2>Mg stopped into the thick Si detector, because
few tens of 583-keV y rays from 2*Na are observed without
any proton coincidences. The y rays that follow the g decay
of 2Mg, most notably the one at 439 keV, are also present
since this daughter activity stays in the detector. We do not
observe the 2317, 5055, 5067, and 5729-keV y -ray transitions
observed in Ref. [16]. This is not surprising since these
y-ray transitions originate from the states at 7769.2(10) and
7779.9(9) keV, whose spin assignments are 9/2% and 11/27F
respectively: Their population in 8 decay would be negligible.

B. Proton spectrum

Energy calibration for the DSSSD was done with known
B-delayed protons from the decay of 2!Mg [27], which have
energies of 1257(10), 1773(2), and 1939(5) keV (see Fig. 6).
The 554(6) and 839(7)-keV proton lines from the decay of
23 A1 [15] were also used as an internal calibration to obtain
a more reliable extrapolation down to the interesting energy
region around 200 keV. The 2! Mg beam, which is only a weak
byproduct of our reaction (see Fig. 2), has arange in Al of about
100 m longer than 23Al. By adjusting the energy degrader,
we could tune it into the middle of the DSSSD, albeit with
a meager rate of ~1 pps. The spectrum we obtained in one
8-hour measurement appears in Fig. 6. These lines altogether
yield a calibration that has an uncertainty of about 8 keV down
to the 200-keV region. The thick Si pad was calibrated with
known « energies from the S-delayed « decay of 2°Na.

When a decay with proton emission happens in the middle
of the detector, the observed total decay energy is a sum of the
proton, the recoiling daughter nucleus, and the energy E g, that
the preceding 8 particle deposits in the detector. If we assume
that the decay takes place at rest and that the recoil from
B decay is negligible, then after proton emission, the recoiling
daughter nucleus has an energy equal to (M, /M) E,, where
M, and E, are the proton mass and energy and M is the
recoil nucleus mass. However, some of the kinetic energy of
the daughter nucleus is not recorded by the detector because
the heavy ion loses a fraction of its energy to the silicon
lattice rather than to charge-carrier formation (ionization). We
obtained this fraction k& from a TRIM [28] computation for
the relevant recoil energies. Thus we can write the energy we
measure in the detector as

Emeas = Ep + k Erecoil + E(ﬂ)

M[’
= (1+kg = ) Ep+ By (1

rec
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FIG. 4. The y-ray spectrum following the 8 decay of 23 Al from 0—4 MeV (upper panel, log scale) and 4-8 MeV (lower panel, linear scale).
Major y lines relevant for the states near S, are identified, as well as the only major contaminant present, '*O (E, = 2313 keV). See text for

more details.

As the Q values of the decaying systems are of the order
of several MeV and up, the majority of the B particles are
minimally ionizing particles and leave on average 13 keV ina
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FIG. 5. Partial level scheme of 2*Mg. The transition intensities (in
italics, percents relative to the 451-keV line) for the astrophysically
relevant 7787-keV state are shown; y intensities and energies are
from Ref. [25] and the proton intensity from this work.

half thickness of the DSSSD. Their spectrum is a continuum,
which produces a tail on the right-hand side of each proton
peak.

We could clean the proton spectrum considerably by
requiring that the multiplicity of each recorded event in the
DSSSD be one, and that the energies of the front and back sides
of the DSSSD be consistent with each other (i.e., Ex = E)).
This means that instead of looking at only 16 separate
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FIG. 6. A sample S-delayed proton spectrum obtained from the
decay of 2'Mg. The 2'Mg ions were deposited midway through the
DSSSD and the decay spectrum was acquired with one strip over
about 8 hours of beam time. The known 1257(10), 1773(2), and
1939(5)-keV lines [27] are highlighted with arrows.
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FIG. 7. (Color online) Full collected statistics for the Al data
(black solid line) and the Mg data (blue dashed line). The energy
is the total measured decay energy. The smoothed Mg spectrum,
scaled to match the Al spectrum at 150 keV, is shown with red
dots and corresponding uncertainties. The upper panel shows only
the low-energy part where the proton group at ~270 keV is clearly
visible on top of the B background, whereas the lower panel shows
the total spectra.

strips, we look into 256 separate pixels, each of size ~3.1 x
3.1 mm?. Still, the pixel volume of the DSSSD used was fairly
large and, as can be seen in the top panel of Fig. 7, its S
response yields a considerable background extending all the
way up to about 400 keV in the 23 Al proton spectrum. To look
for the astrophysically interesting proton energies, we had to
use background subtraction. In this case, we measured the 8
response of the detector by using Mg, which B decays to
excited states of >*Na emitting only y rays. Simulations have
shown that the energy-loss spectra of the emitted positrons
are very similar in the two cases, and the measurements
confirmed that. The measured B spectrum from *?Mg had
to be smoothed to get rid of the statistical fluctuations, and
then it had to be scaled to match the background from the
decay of 2Al. The background shape estimation, smoothing,
and scaling were done with standard tools found in the ROOT
data-analysis framework [29] and the result is shown in the
bottom panel of Fig. 7, where the total counts obtained for both
23 Al and Mg in the low-energy region are plotted together
with the smoothed *Mg spectrum before and after the scaling
operation.

The original data has a statistical error of /N for each
bin and the errors are propagated through the smoothing and
subtraction routine for each bin individually. The uncertainties
after the background subtraction are about three times larger
than the bare statistical error. This yields a more realistic esti-
mate for the uncertainties in the fitted peaks. The backgrounds
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FIG. 8. (Color online) Comparison of the p-delayed proton
spectrum of 23 Al obtained in this experiment (black solid line) and the
spectrum published in [15], which has been magnified 15 times (red
dash line). The peaks from this work are slightly higher in energy
because they represent the total measured decay energy, whereas
in [15], the spectrum was obtained from a detector outside the source,
which recorded only the proton energy. The original data for this plot
is courtesy of Perdjarvi [30].

were chosen to be matched around 150 keV, which is above our
worst noise conditions (and thus our trigger thresholds) and
low enough not to be in the region of the interesting proton
lines.

The intensities of the two strongest known proton lines
were used to check that no relevant data had been lost as
the different conditions were applied to the data, and the
background subtracted. No significant changes were observed.
Our simulations show that below E, = 1.0 MeV, we miss
less than 4%, and for 1.0 < E, < 1.5, we lose 5-10%, and
have corrected for it. The losses are due to the incomplete
charge collection of the events taking place in the interface of
the adjacent strips and for protons that leave the detector. The
uncertainty of these corrections does not add considerably to
the overall uncertainties. The resulting background-reduced
spectrum for the B decay of 23Al is presented in Fig. 8 and
compared with the one from Ref. [15]. The data from the
present work is clearly closer to the spectrum presented in
Ref. [15] than to the spectrum in Ref. [13], in which significant
noise at low energy was evidently interpreted as a peak at
Ep,lab = 223 keV.

In our measurement, B particles were always present
and summed up with the measured protons, resulting in
proton peaks that do not follow a pure Gaussian shape.
Instead the peaks have a tail on the high-energy side,
which can be described with a skewed Gaussian peak
shape,

F(E) ! NERTAY for E < ju+
= exp| —=< or X ao,
V2o P172 o H

fE) x |[E—pu|™ for E > pu+ao, )

where E is energy and all other symbols are parameters for the
peak shape and location. The background-subtracted spectrum
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FIG. 9. (Color online) Spectrum for 8-delayed protons from 2* Al
obtained after background subtraction. The energy shown is the total
measured decay energy. The fits appear as solid lines. The inset shows

the composite fit consisting of presumed peaks in the low-energy part
where significant background subtraction was required.

with fits to the identified proton lines is shown in Fig. 9. The
major peaks around 580 and 860 keV were fitted first to obtain
information about the peak-shape parameters. Then, assuming
that the peak shape is independent of decay energy, we used
the same parameter values for the other peaks.

The peak around 270 keV can be used as an additional check
for our background subtraction. This peak is visible as a clear
“bump” on top of the 8 continuum in the raw data presented
in Fig. 7, and it can be fitted with a shape described by Eq. (2)
on top of a simple background of an exponential shape. The
values for the peak centroid and area obtained by this procedure
were in excellent agreement with the results obtained from the
background-subtracted fit previously described. Based on this
test and the others already mentioned, we conclude that the
intensities of the proton peaks around 200 keV obtained from

PHYSICAL REVIEW C 83, 045808 (2011)

the background-subtracted spectrum have an uncertainty of
20% or better. The results obtained from our fits are presented
in Table I, where we give the observed peak centroids, deduced
center-of-mass proton energies, energies of the intermediate
excited states in 2’Mg, proton intensities relative to the
451-keV y transition, and absolute intensities from each
state. The uncertainties quoted for the decay energies are
quadratic sums of the uncertainties from the calibration and
the fit. Uncertainties from the calibration dominate in the
region where no background reduction was made, whereas
in the background-subtracted region, the fitting error impacts
the uncertainty. As the masses of the proton and of ?’Na
are known to high precision [31,32], their contributions to
the uncertainties in the emitted-proton energies are negligible
(though still included in the calculations). The energies of the
excited states in 23Mg are Eex(23Mg) =E,cm + S,,(23Mg),
where S,(**Mg) = 7580.9(7) keV [31-33]. We calculated the
relative intensities of the proton groups by normalizing the
fitted peak areas to the observed number of 451-keV y rays.
We then obtained the absolute branchings from the relative
intensities by using I,(451) = 43.3(10)% from Ref. [25],
which is a more refined analysis of work originally reported
in Ref. [17].

IV. DISCUSSION

A. Comparison with earlier data

It was shown in Ref. [17] that a doublet of states at 7787
and 7803 keV exists (see Fig. 5), of which the second was
demonstrated to be the IAS of the T = 3/2 Al ground
state. The energy we obtain for the lowest-measured proton
group indicates that these protons originate from a level
with an energy of 7787(11) keV instead of the IAS (Eex =
7802.64(48) keV [25,34]), the state to which it was assigned

TABLE L. Measured proton energies and intensities from the 8 decay of 2 Al. E.(**Mg) from the present work are
calculated with S ,,(23Mg) = 7580.9(7) keV [31-33]. The relative intensities are normalized to the observed number of
451-keV y rays, and the absolute branching is based on I, ,,s(451) = 43.3(10)% from [25]. See text for more details.

Eneas (keV) E,cm. (keV) Eex(**Mg) (keV) Relative intensity Absolute branching (%)
Present Adopted®
214(11) 206(11) 7787(11)  7786.86(53)" 0.32(6) 0.14(3)
273(9) 267(9) 7848(9) 7854.8(12) 0.42(8) 0.18(4)
341(15) 337(15) 7917(15) 0.08(2) 0.03(1)
446(15) 443(15) 8024(15) 8017.2(12) 0.04(2) 0.02(1)
579(8) 579(8) 8160(8) 8163.3(12) 0.65(2) 0.28(1)
861(8) 866(8) 8447(8) 8453(5) 0.95(3) 0.41(1)
1194(8) 1204(8) 8785(8) 8793(8) 0.04(1) 0.02(1)
1326(9) 1338(9) 8919(9) 8916(6) 0.06(1) 0.02(1)
1405(10) 1419(10) 8999(10) 8990(6) 0.04(1) 0.02(1)
1546(9) 1561(9) 9142(9) 9138(6) 0.06(1) 0.03(1)
1712(25) 1729(25) 9310(25) 9328(8) 0.04(1) 0.02(1)
1824(9) 1843(9) 9424(9) 9420(8) 0.11(1) 0.05(1)
¥ = 1.22(5 %

Latest evaluation of A = 23 (Ref. [34]).
"Weighted average of data from Refs. [25,34].
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TABLEIIL. Proton energies and intensities obtained in this work compared to the results from previous
B-decay studies. All energies are quoted as in the center-of-mass system. Here the intensities from the
present work and from Ref. [15] are quoted relative to the 866-keV line to conform with the convention

in Ref. [13].
E,cm (keV) Relative intensity
Ref. [13]* Ref. [15]* Present Ref. [13] Ref. [15]° Present®
233(20) 209(20) 206(11) 2.2(5) 0.10(8) 0.34(6)
298(20) 282(20) 267(9) 0.93) 0.13(9) 0.45(9)
337(15) 0.08(3)
418(20) 443(15) 0.13(9) 0.04(2)
585(5) 579(7) 579(8) 0.7(1) 0.73(49) 0.69(3)
877(5) 877(6) 866(8) 1.0 1.0 1.0
1204(8) 0.04(1)
1338(9) 0.06(1)
1419(10) 0.05(1)
1561(9) 0.06(1)
1729(25) 0.04(1)
1843(9) 0.11(1)
1939(14) 0.06(5)

#Originally reported as laboratory energies.

"Originally reported as intensities relative to 451-keV y line.

“Calculated from intensities presented in Table I.

in the previous works [13,15]. This identification is based on
the energy matching, the fact of the existence of these two
states that are 16 keV apart, and the strong population of the
lower state in 8 decay [17,25]. We believe this identification
to be better than the 85% confidence given by a standard
statistical analysis. A comparison of our proton energies
to those given in [13,15] appears in Table II. Both earlier
works assigned the protons as being from the IAS, and used
arguments based mostly on shell-model calculations with
isospin-nonconserving interactions to achieve large-enough
isospin mixing to allow isospin-forbidden proton emission
in competition with y-ray emission. With our improved
resolution and statistics, we do not see any substantial number
of protons originating from the IAS and therefore we cannot
support the extraordinarily large isospin mixing claimed in
Ref. [13]. Even in the extreme scenario in which the lowest
proton peak we see is from the decay of the IAS entirely, the
proton branching of that state would be 67 times smaller than
that published in Ref. [13]. When we add an extra peak to the
sum fit shown in Fig. 9 at the energy corresponding to protons
possibly originating from the IAS (E, .m = 230 keV), we
obtain a relative proton intensity that is consistent with zero
(otg-% per one-hundred 451-keV y rays). While with our
typical resolution of 30 keV (FWHM) in the DSSSD used
we cannot completely rule out some small contribution from
the TAS, we do not find a reasonable argument to believe that
of the two states in the doublet in question, the lower state
(T = 1/2 isospin) does not proton decay, while the (mostly)
T =3/2 TIAS would, given that the decay of the latter is
isospin forbidden. This is an additional argument for our
identification.

It can be seen from Table II that our measured relative
intensity for the two strongest proton lines agrees with the

results presented in Refs. [13,15], but the relative intensities
disagree in all other cases, especially with the lowest-energy
line as reported in Ref. [13]. Our proton intensities relative
to the 451-keV y transition are somewhat larger than the
ones presented in Ref. [15]. This discrepancy can be at least
partly due to the conservative AE-E gate used to produce
the Department of Physics, University of Jyviskyld (JYFL)
spectrum [30] and to poor statistics.

We observe all previously identified B-delayed proton
groups with emitted proton energy higher than 200 keV,
apart from the 1931(14) keV group, which was identi-
fied in Ref. [15]. In addition, we find a small peak with
Epcm =337(15) keV in the tail of the larger 267(9)-keV
peak. A higher statistics measurement with the same or
better resolution should be made to clarify its existence. In
previous reaction studies, the excitation-energy region of this
peak has either been covered by a contamination peak (in
ZMg(p,t) [35]) or been unobserved (in >*Mg(p, d) [22]).
We also identify six proton groups (£, > 1200 keV) from
levels that have only been observed so far in a 2Mg(p, 1)
measurement [35].

As discussed in Sec. IIT A, we do not observe any peaks
in our y-ray spectrum that correspond to a transition from
the 7769.2(10)-keV J™ = (9/2%) state. There is no evidence
either in our proton spectrum of a peak at 198 keV (laboratory
energy), which could arise from the decay of that state. In
our data, we could in principle detect, with present statistics,
at least a contribution from such a proton peak if it were fed
strongly. However, we do not see it. This is consistent with
the (9/27) assignment of Ref. [16] since the state then could
not be fed by B decay in our experiment. However, this spin
assignment also excludes this state from contributing to the
astrophysical reaction rate for radiative proton capture.
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B. Resonance strength of the 7787-keV state

We will discuss in more detail the state at E* = 7787 keV
because it makes the largest contribution to the astrophysical
reaction rate and because, to our knowledge, this is only
the second case in the literature in which both proton and
y-ray branches have been measured from the same state
simultaneously; the other case known is a state in 2C1
[36]. These situations are rare because of the exponential
dependence of the barrier-penetration probability on the proton
energy: for larger E,, most states decay by proton emission,
while at lower energies, proton emission is so much hindered
that y-ray emission predominates. Both decay modes are
observable only in a very narrow energy window, and it seems
that the 7787-keV state in 23Mg with E), cn. = 206 keV is
within that window.

Typical temperatures in ONe novae are in the region of
0.1-0.4 GK and therefore states up to about 0.9 MeV above
the proton-separation threshold in Mg may contribute to
the radiative proton capture in >*Na(p, y)**Mg. However, in
practice, the dominant resonances are in the lower end of
the Gamow window, where the total width is dominated by
the y-ray partial width. Here the meaningful region is in the
neighborhood of the IAS in *Mg.

The reaction rate for narrow isolated resonances is ex-
pressed as

Ny(ov) = 1.5399 x 10" (uTo) =2
X Z(wy)iexp(—11.605Ei/T9), 3)

L

where the units are cm®mol~'s™!, y is the reduced mass of
the colliding nuclei in u, 7y is the temperature in GK, E; is
the center-of-mass energy of the ith resonance, and wy; is the
resonance strength of the ith resonance, both in MeV. The
resonance strength is defined as

B 2J+1 r,r,
QL+ DRL+DT,+T,°

where I', and I',, are proton and y widths, respectively, of the
state. As stated earlier, for the low-resonance energies, the y
width dominates and thus the resonance strength depends only
on the proton width, i.e., oy ~ wI'p, when I', K T,

Since the 7787-keV state is fed in allowed B decay, the
positive-parity assignment is solid, as shown in Ref. [17].
Given the selectivity of 8 decay, the possible spins for this
state are 3/2, 5/2, or 7/2. A spin of 3/2 is excluded by the
observation of the proton emission to the J” = 3% ground
state of 2’Na, since that would require the proton to carry
away an angular momentum of L = 2. The 5/2%,T =3/2
IAS is only 16 keV higher than the 7787-keV state, and
another state with the same spin and parity would cause
strong mixing between these states. However, it has been
demonstrated that the A =23, T = 3/2 isobaric multiplet,
in which the state at 7803 keV is the T, = —1/2 member,
obeys the isobaric multiplet mass equation IMME) to a high
precision [33]. Therefore we rule out a spin of 5/2 for the
7787-keV neighboring state and assign it spin parity (7/2)%.
This is more restrictive than the currently accepted spin parity
for the 7787-keV state (7/2") [34]. Based on the proton

wy “4)
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intensity we observed for the decay of this state and the y-ray
intensities determined in Ref. [25], we obtain a proton branch
for this state of 3.7%, and y branchings of 78.2% and 18.1% to
the 451-keV and 2050-keV states, respectively. The relevant
part of the decay scheme is shown in Fig. 5 .

The lifetime of the 7787-keV state has been measured to
be T = 10(3) fs from in-beam y spectroscopy [16]. Using
that lifetime and our measured proton and y branchings, we
derive I', = 63(20), I', = 2.5(11), and a resonance strength
wy = 1.4Jj8:i meV. This resonance strength for the 7787-keV
state agrees with the old value of 1.8(7) meV from the direct
measurement reported by Stegmiiller ef al. [14]. However, it
differs substantially from the more recent direct measurement
by Sallaska et al. [18], who measured wy = 5.7:1):8 meV
for the 7787-keV state, which was 3.2 times the older result.
The difference between the latest direct measurement and the
earlier one are discussed in detail in Ref. [37]; we discuss here
only the possible sources of difference when compared to our
work.

The resonance strength we obtained is based on indirect
information and combines data from several different experi-
ments. What are the uncertainties related to each source? The
lifetime of the 7787-keV state was determined by Jenkins
et al. [16], who used the Doppler-shift attenuation method
(DSAM) [38] under the assumption that feeding to this
high-lying unbound state is direct. DSAM is most sensitive in
the range from a few fs to a few tens of fs, which coincides with
the observed lifetime for the state. However, the uncertainty
quoted for this lifetime was 3 fs and represents the major
contribution to the uncertainty for the wy result derived in this
work.

The y-ray intensities for the 7787-keV state determined
in [17,25] were obtained with the same instruments and
techniques used for other high-precision S-decay branching-
ratio measurements (see, e.g., [39] and references therein).
The resultant y-ray branching ratios disagree only slightly
with those reported by Sallaska et al. [37]; but they differ
considerably from those determined by Jenkins er al. [16],
who attribute some of the y lines to a nearby state, which has
not been found in any direct measurement, nor was it observed
in any B-decay experiments.

The relative proton intensities determined in this work
may suffer from the fact that a significant background had
to be subtracted in order to analyze the low-energy peaks.
Nevertheless, as discussed in Sec. III B, the area determined
for the £, .m = 267 keV peak is not altered if a different
method is used in its evaluation. It is also worth noting that
our uncertainties for the low-energy proton peak intensities
are at best just under 20%, yet their contribution to the total
error of the resonance strength is small compared with the
contribution from the uncertainty in the lifetime. Furthermore,
our proton intensity relative to the 451-keV y-ray line is
already somewhat higher than Perdjirvi et al. [15], and it is
unlikely that we have lost any significant amount of the proton
intensity in the lowest-energy proton groups. Therefore, if the
resonance strength of the 7787-keV state is indeed as high as
claimed in Ref. [18], then the lifetime of the 7787-keV state
should be less than its present value.
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FIG. 10. Upper panel: The contribution of the 7787-keV state to
the 2Na(p, y) reaction rate at typical nova peak temperatures. Lower
panel: Ratio (R = N,(0v)/Ny{(0V)agopiea) Of the rate deduced in the
present work (see text) and the adopted rate [40].

All in all, given the discrepancy between the latest direct
measurement of wy, and both our result and that of Stegmiiller
et al. [14], more indirect data is clearly needed to settle this
issue. A new, more precise, level lifetime measurement for the
7787-keV state is called for. Moreover, a measurement of the
lifetime of the 7855-keV state would also be beneficial, since
its proton intensity is less sensitive to the background present
in our measurement.

As our resonance strength agrees with the value adopted in
the European Nuclear Astrophysics Compilation of Reaction
Rates (NACRE) compilation [40], it does not make a signifi-
cant change in the reaction rates presented in the compilation,
but rather confirms them and reduces their uncertainties
(see Fig. 10).

V. CONCLUSIONS

We have used an alternative detector setup to study
excited states in 22Mg populated in the B decay of >*Al, and
determined the absolute proton-emission branching ratios for
several excited states in 2*Mg. No anomalously high-intensity
proton line from the decay of IAS of 2*Al was observed,
in contradiction to previous studies [13,15]. Instead we have
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attributed the previously observed lowest-energy proton group
to the decay of the 7787-keV state, which lies 16 keV below
the IAS. Our observed intensities for low-energy proton groups
are lower than those appearing in Ref. [13], but higher than
those in Ref. [15]. The total proton-decay intensity of 1.15(6)%
agrees with an earlier estimate from B-delayed y decay [25],
but is higher than the value 0.46(23)% adopted in the Nuclear
Data Sheets [34].

Our data is consistent with the earlier high-spin assignment
of the state at 7769 keV, and therefore we confirm that it does
not contribute to the astrophysical reaction rate of the radiative
proton-capture reaction >’Na(p, y)**Mg. We have measured
both the proton and y-ray branches from the de-excitation
of the J™ = (7/2)" state at E, = 7787 keV, which is the
resonance with the largest contribution to the reaction rate of
the radiative proton-capture reaction >*Na(p, y)**Mg in hot,
astrophysical environments. The extracted resonance strength
of this astrophysically interesting state, wy = 1.4J_r8:i meV,
agrees with an old direct measurement [14], but disagrees
with the latest one [18]. Solving this discrepancy may require
further measurements for the lifetimes of excited states in
23Mg and its mirror nucleus >’Na. A new measurement of the
B-delayed protons from >3Al with a detector less sensitive to
B particles would help to clarify the existence and strength
of the states that are fed weakly. Also, improved reso-
Iution is needed to distinguish any possible contribution
from protons originating from the TIAS in »*Mg. Promising
technologies, such as active target systems or superconduct-
ing microcalorimeters [41], may make such improvements
possible.
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