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Study of the ?*Na™(d,p)*Na Reaction and the Influence of > Al™ isomer on rp-process
Nucleosynthesis

N. Gerken, S. Almaraz-Calderon, B.W. Asher, E. Lopez-Saveedra, L.T. Baby,

K.W. Kemper, A. Morelock, J.F. Perello, A. Volya, and 1. Wiedenhéver
Department of Physics, Florida State University, Tallahassee, Florida 32306, USA
(Dated: December 2, 2021)

A radioactive beam of 2*Na with 90% of its content in its 17 isomeric state (Eez = 0.472 MeV, t1/2
= 20.18 ms) has been developed and used to perform a measurement of the 24Nam(d,p)25Na reaction
at the John D. Fox Accelerator Laboratory at Florida State University. This reaction selectively
populated ¢ = 0 transfers, allowing the study of low-spin states in **Na. Mirror symmetry arguments
were then used to investigate the effects of the isomeric state of 24A1 (Eez = 0.426 MeV, ti2 =
130 ms) on the astrophysical rate of the *Al™(p,y)?°Si reaction. Experimental parameters were
extracted to provide, for the first time, an experimental reaction rate for the destruction of 2*Al via
proton captures in its isomeric state relevant to rp-process nucleosynthesis.

I. INTRODUCTION 55

56

The rapid proton capture (rp)-process occurs in hot *
hydrogen-rich environments at temperature in excess of 5
0.1 Giga-Kelvin (GK) [1]. X-ray bursts [2-4], novae and *
supernovae outbursts [1], and mergers between neutron
stars and main sequence stars [5], have been proposed as
sites for this nucleosynthesis process. 62

The rp-process starts at the breakout from the hot ®
CNO cycle into the Ne-Na region, proceeding up the *
proton-rich side of stability via a series of proton-capture ®
reactions and S-decays [2]. One of the nuclear reactions
along the rp-process path, out of the Ne-Na region is the
24 A1(p,7)?°Si reaction [6]. Variations in this rate affect ®
relative end-point abundances of 2829:30Gj 33,345 and ®
36Ar in ONe novae [7]. In particular, the abundances ™
of 2930Gi to 28Si are important in the identification of ™
presolar grains in comets and asteroids [8]. &

The effect of nuclear isomers in astrophysical processes "
is not well understood. A recent theoretical study con- ™
cluded that the presence of isomeric states in stellar nu- ™
cleosynthesis scenarios can significantly impact the cal- ™
culation of the reaction rates due to their unique nuclear ”
properties [9]. Such is the case of the 2*Al(p,y)?°Si reac- ™
tion. The existence of a low-lying isomeric state in 24A1™
(*Al™ | E,, = 0.426 MeV, t1/2 = 130 ms, J™ = 1) with
a large difference in spin from the ground state (24Al19%, "
ti/o = 2.053 hr, J* = 4%), complicates the calculation of *
this reaction rate. ¢

The main contribution to the ?*Al(p,y) reaction rate *
proceeds through low-lying resonances above the proton *
separation energy in 2°Si. It is expected that proton-
captures on 24A19% and 24Al™ proceed through different
resonances in 2°Si, therefore contributing separately to
the rate of destruction of 2*Al via proton capture reac-
tions, as was shown experimentally to be the case for the 8
26 A1™ (p,7)?7Si reaction [10, 11].

In rp-process nucleosynthesis, 2*Al is reached e
through the 23Mg(p,7)?*Al reaction as well as the o
2Mg(p,y) 2 Al(p,v)?4Si(8)?* Al reaction chain [2, 5. The «
correct calculation of the 2*A1™ (p,v)?°Si reaction rate is o

3

particularly important in the latter branch since the iso-
meric state in 24Al is strongly populated by the 8-decay
of ?4Si as shown by rate calculations of Ref. [9, 12].

The 22A19%(p,7)?°Si reaction rate has been the object
of few previous studies. In the recent work by Longfel-
low et al. [6], states in 2°Si were studied using v-ray
spectroscopy, refining the experimental information pre-
viously reported by Benenson et al. [13], and determining
~v-decays and branching ratios for several excited states
of °Si. Above the proton separation threshold (S, =
3.414(10) MeV) in the region of astrophysical relevance,
two states, a 9/27 at E., = 3.695(14) MeV and a 1/2*
at Ee, = 3.802(11) MeV, were identified. The results
of that study were used to constrain the rate of the
24 A19(p,y)?5Si reaction [6], showing that the contribu-
tion of the 9/2% state was a factor of 10 higher than the
one used in the previous network calculations performed
by Herndl et al. [14]. Knapton et al. [15] have studied
the 24Na(d,p)?*Na reaction to infer spectroscopic infor-
mation on the mirror nucleus 2°Si, with a beam that was
100% in the 24Na ground state. No information was pre-
viously available on the reactions of the 2*Na isomeric
state.

In this work, the 24Al™(p,y)?Si reaction was stud-
ied via the measurement of the 2Na™(d,p)?°Na reaction
using a ?*Na beam with 90% of its content in its iso-
meric state. Spectroscopic information of states in 2°Na
populated by single-neutron transfer on the ?*Na™ was
extracted. These states are mirror to states in 2°Si pop-
ulated by the 2*A1™(p,y)?°Si reaction. The reported ex-
perimental information constraints for the first time the
destruction rate of 24Al via proton captures on its iso-
meric state.

II. EXPERIMENT

The measurement of the 24Na™(d,p)?’Na reaction was
performed at the John D. Fox Accelerator Laboratory
at Florida State University. A primary beam of stable
23Na was accelerated by the FN Tandem Van de Graff
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accelerator followed by the linear accelerator (LINAC)
to an energy of 115 MeV. The primary ?*Na beam was
then sent to the RESOLUT radioactive beam facility [16],
where it was incident on a production target filled with
deuterium gas to produce a radioactive beam of 24Na via
the 2*Na(d,p)?*Na reaction in-flight [17]. The production
target was 40 mm long, with 2.5 micron HAVAR entrance
and exit windows, was cooled with liquid nitrogen to 77K,
and was kept at 350 Torr.

The resultant 2*Na beam was then tuned using the fo-
cusing elements of RESOLUT and sent downstream to
the reaction chamber. The 111 charge state of 2*Na ar-
rived at the target position with 85.5 MeV. The main
contaminant of the beam was the 10" charge state of the
primary 2?Na at 73.8 MeV.

The beam was incident on a 517 ug/cm? CD, target.
In the reaction chamber, a double-sided 300 pm thick
Micron S2 silicon detector was placed 10.5 cm upstream
from the target position to measure charged reaction par-
ticles at backward angles. The angular coverage of the sil-
icon detector was 161.6° to 173.7° in the lab frame. Out-
side of the reaction chamber, two Sodium Iodide (Nal)
detectors were placed at close to 90° above and to the
side of the target position to monitor the isomeric con-
tent of the beam via the detection of the 472 keV v-rays,;,,
from the decay of the isomeric state to the ground state,,,
(t1/2 = 20.18 ms) of the **Na beam [18]. Downstream,,,
from the target position, an ionization chamber collected,;,
the unreacted beam as well as the heavy reactants. The,,
ionization chamber had a 8 micron Kapton window, and,,
consisted of two 40 mm position sensitive sections, an 80,
mm section to measure energy loss (AE), and a 200 mm,,,
section to fully stop the beam (E). The ionization cham-,,
ber was filled with isobutane, and was kept at a pressure,,
of 45 Torr. The two position sensitive sections were not,,
used in the analysis of this experiment. A schematics of,,
the experimental setup is shown in Fig. 1. 163

The ?*Na beam and its main contaminant, the primary;s,
23Na beam, were well separated in the ionization cham-yes
ber by their energy losses as is shown in Fig. 2a. Time-ie6
of-flight information from the production target to the.s
detectors was also used to differentiate the beam com-ies
ponents. The ratio of 24Na to 22Na measured in theis
ionization chamber throughout the experiment was ap-i,
proximately 1:1. -

The isomeric content of the beam was determined us-i
ing sets of 2 minutes synchronized runs taken at variousis
points during the experiment. For this purpose, a thickiz
gold target was placed at the target position to fully stopas
the beam. The Nal detectors, placed close to 90° directlyis
outside the reaction chamber, measured the 472 keV 7-177
rays characteristic of the decay of the isomeric state inis
24Na to its ground state. Fig. 2b shows a typical spec-17
trum obtained with one of the Nal detectors during ais
gold target run. A peak corresponding to the 472 keVia
~-ray is observed. A no-target run immediately followedis
the gold target measurement. The target was removediss
allowing the full beam to pass directly to the ionizationis

Nal Detector

\ — lonization Chamber

Micron Type S2 Silicon Ring Detector

FIG. 1. Schematics of the experimental setup used during the
present 2*Na(d,p)**Na experiment. The beam enters the re-
action chamber from the left, and is incident on a CD» target.
Backward scattered protons from the interaction of the beam
with the target are measured in a silicon S2 detector. The
heavy products as well as the unreacted beam are measured
downstream in an ionization chamber. Two Nal detectors
were placed outside the reaction chamber at ~ 90° from the
target position and are used to monitor the isomeric content
of the beam via detection of the 472 keV ~-rays.

chamber to measure the total amounts of 2>Na and ?*Na.
Fig. 2a shows a typical spectrum taken in the Ionization
Chamber with no target. Additionally, during the no-
target runs, the Nal detectors measured the background
~-rays in order to filter out any non-target related con-
tribution to the 472 keV ~-ray spectrum. After the ex-
periment, calibrated sources were placed at the target
position to obtain the absolute efficiencies of the Nal de-
tectors. From the sets of synchronized runs, it was de-
termined that 90% + 10% of the 2*Na beam was in the
isomeric state.

In order to confirm the experimentally obtained iso-
meric content of the beam, Distorted Wave Born Ap-
proximation (DWBA) calculations were also performed
for the 22Na(d,p)?*Na reaction. The DWBA code Fresco
[19] was utilized to perform these calculations. The opti-
cal model parameters for the incoming 2>Na-+d and out-
going 2*Na+p channels were taken from Ref. [20].

The overall DWBA calculated yields for the isomeric
and ground states in ?*Na as well as the DWBA cal-
culated isomeric content are shown in Fig. 3. The ex-
perimentally determined isomeric content is also shown.
There is good agreement between the experimental mea-
surement and the DWBA calculated yields of the iso-
meric ratio. In addition, the DWBA calculations show
that as the energy varies, the isomeric content of the
beam varies smoothly, thus small changes in the produc-
tion energy will have no significant effect in the over-
all isomeric content of the beam. This observation con-
trasts that of the production of an isomeric beam in 26Al
(26 A1™) via the 2Mg(p,n) reaction [21].

The ?*Na(d,p)?Na reaction was measured using a 517
pg/em? thick CDy target which was bombarded with a
85.5 MeV 24Na beam. The absolute normalization of the
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FIG. 2. (a) Ionization Chamber Spectrum for a no-target twozos
minute run. The ?*Na beam as well as its main contaminant,os
the primary **Na beam, are indicated. The ratio of *Na, tos;
2Na was about 1:1. (b) Typical spectrum of one of the Nal,y,
detectors taken during a gold-target two minute run. The,,
peak indicated in red correspond to the 472 keV ~y-ray in

24Na which was used to determine and monitor the isomericij

content of the beam.
212

213

214
24Na beam was performed using the 2*Na(d,p)?*Na reac-us
tion, which has been previously studied in Refs. [20, 22],.:
and which was measured through the 2)Na component,;,
of the beam. Two states strongly populated by thess
ZNa(d,p) reaction in **Na at E., = 1.34 MeV, J™ =,
1% and E,, = 1.846 MeV, J™ = 2% were observed in the,,,
silicon detector when gating on the **Na beam compo-,,

nent. -~

Cross sections for these states were extracted andes
normalized using DWBA calculations with the opticalzs
model parameters and spectroscopic factors given inzs
Refs. [20, 22]. The total amount of ?*Na beam waszs
then obtained by taking into account the target thick-zr
ness and solid angle coverage of the silicon detector inzs
the present experiment for both states. The absolutezs
24Na beam normalization was then calculated using thesso
24Na to 23Na ratio measured throughout the experimentas
in the ionization chamber. The typical intensity of thezs
24Na beam was determined to be ~800 pps. 233
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FIG. 3. DWBA calculations for the production of *Na beam
via the 2‘Q’Na(d7p)24Na reaction. The production cross sec-
tion as a function of the beam energy for the ground state
(short dashed line), isomeric state (long dashed line), and to-
tal production of **Na (solid line), are shown. In the inset,
the DWBA calculated isomer ratio, or isomer to total ratio, is
shown by the solid black line. The experimentally determined
isomeric ratio is shown by the single point. Good agreement
is observed between DWBA calculations and the experimen-
tal data point.

III. RESULTS

States in 2°Na populated in the present experiment via
the 2*Na(d,p) reaction with a beam of ?*Na with 90% of
its content in its isomeric 17 state were measured in the
silicon detector in the angular range of 6;,, = 161.6° -
173.7°. The energy of the measured protons was then
converted to apparent excitation energy in 2°Na using
the Q-value of the isomeric state in 2*Na.

Fig. 4a shows the ?°Na apparent excitation energy
spectrum obtained in the present experiment. A large
background peak can be seen at energies above 5 MeV
(low measured energies). This background peak arises
from the f-decay of the 24Na9% to 24Mg. Although most
of the beam is in the ?*Na isomeric state, it decays to the
ground state in ?*Na via the emission of a 472 keV ~-ray
with t1,, = 20.18 ms, where it subsequently (-decays
to 2*Mg with t;/o = 14.997 hr. Over the course of the
experiment, 2*Na in the ground state accumulated in the
reaction chamber, providing the source of this S-decay
background.

A run with no beam on target was taken to measure the
B-decay background in the silicon detector. The shape
of the B-decay spectrum shows good agreement with the
high-energy structure in the excitation energy spectrum.
This background spectrum was then scaled to the peak
observed in the high energy portion of the excitation en-
ergy spectrum (red solid line) and subtracted. Fig. 4b
shows the apparent excitation energy spectrum with the
[B-decay background subtracted.

The contribution of the ground state component of the
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24Na beam (10% of the total ?Na beam content) was
estimated using the results from Ref. [15], where the
24Na(d,p) reaction was measured using a pure 2#Na9*
beam. From that work’s results, we estimated that con-
tributions from the ground state component of the beam
were negligible given the low-intensity of our 2#Na beam.
The estimated contribution of the 24Naf*(d,p)?°Na to
the present experiment is also shown in Fig. 4b (blue
solid line). The ?*Na apparent excitation energy spec-
trum from our present ?*Na™(d,p)?°Na measurement is
shown in Fig. 4c, where both the contributions from the
[-decay background and the ground state component of
the beam have been subtracted.

The results in Fig. 4 show the high selectivity in the
states populated in the present 24Na™ (d,p)?*Na measure-
ment. Three states are observed to be populated by the
isomeric ?*Na beam, plus a fourth possible state. The
three observed states are identified as the 1.069 MeV J™
= 1/27 state, the 3.687 MeV J™ = 3/2% state, and the
the 4.289 MeV J™ = 1/27 state. Angular distributions for
these strongly populated states were fitted using DWBA
calculations with the code Fresco [19]. For the incoming
and outgoing channels, optical model potential parame-
ters were taken from Refs. [23, 24]. Fig. 5 shows the
angular distributions for these three states along with
the DWBA fits to the angular distributions. The spec-
troscopic factors were extracted using a chi-square fit to
the experimental data and are listed in Table I.

Even with the limited statistics of the present experi-
ment, the angular distributions confirm that ¢ = 0 trans-
fers are selectively populated in the present reaction.

Shell model calculations were also performed using
the USDB interaction [25, 26]. From these calculations,
good agreement is found between the energies and spec-
troscopic factors of states predicted by the shell model
and the three observed states in the present experiment.
Good agreement is also obtained between the experimen-
tally extracted spectroscopic factors and the ones pre-
dicted by the shell model. A comparison between states
and energies extracted from the experiment and with
shell model calculations is shown in Fig. 6 and listed
in Table I. The additional fourth possible state at E., =
3.950 MeV has previously been reported Refs. [18, 27].
Using shell model calculations, this state is expected to
be a 3/27" state. Fig. 6 shows the apparent excitation en-
ergy spectrum for states populated by the isomeric com-
ponent of the beam with bars for the spectroscopic fac-
tors overlayed. The yellow bars show the spectroscopic
factors for the experimentally observed ¢ = 0 transfers,
and the dark red and orange bars show the shell model
calculated spectroscopic factors for £ = 0 and ¢ = 2 trans-
fers respectively.

The high selectivity of the present data allows us to
propose mirror level assignments for states in the 2°Na -
258 system. A diagram of the states in 2’ Na, 2°Si, and
shell model calculations with mirror level assignments us-
ing data from Refs. [6, 13, 18, 25, 27] is shown in Fig. 7.
For the shell model states, only those with C2S > 0.075
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FIG. 4. %®Na apparent excitation energy spectrum from the
24Na(d,p)25Na reaction using the Q-value from the isomeric
state, in the angular range of 0, = 161.6° - 173.7°, measured
in the present work. (a) The spectrum for states in 25Na pop-
ulated in the present **Na(d,p) reaction. The contribution of
B-decay background from the decay of the 2*Na¢® to Mg,
scaled to fit the data (red thick line) is observed at energies
above 5 MeV. (b) *Na apparent excitation energy spectrum
after the subtraction of the S-decay background contribution.
The contribution from the ground state component of the
beam is also shown (blue thick line). The ground state con-
tribution was estimated from the work by Ref. [15]. Given
the kinematics used, (Q-value of the isomeric state), states
populated by the ground state appear shifted up in energy by
472 keV. (c) The ?°Na excitation energy spectrum populated
by the 2*Na™(d,p)**Na reaction populated with only the iso-
meric component of the beam.



293

294

295

296

297

208

299

10°

~(a) 1.069 MeV, 1/2* 3
- C%8=0.19+0.10
—— DWBA L=0 -|

10

1 E
..... DWBA L=0 |
= DWBA L=1 ]
.............. DWRBA L=2
107" e e
~(b) 3.687 MeV, 3/2" -
- C?8=0.31+0.15
— DWBA L=0
0P =
h o = -
O 3
o i
\g -
3
B 10
o

10° +—+—++++++++———H e

B 4.289 MeV, 1/2" 7
C’$=044+022-
—— DWBA L=0

10

300

1.\.\...I.\.\..\I\..I...I\.\IH.\...I...

0 2 4 6 8 10 12 14 16 18 20
B.m(deg)

301

FIG. 5. Angular distributions for the states populated in the
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309

310
were used. The observed 1/2% states in 2°Na at E., =sm
1.069 MeV, and E., = 4.289 MeV are the mirror levelssi
of states in 2°Si at E., = 0.87, and E., = 3.802 MeVas
with spectroscopic factors for an £ = 0 transfer of C2S =su
0.19 and 0.44 respectively. The mirror level of the E. s
= 3.687 MeV state in 2Na (¢ = 0 C2S = 0.31) has notas
been observed in 2°Si. These states are predicted by shellsir

TABLE I. Spectroscopic factors for states observed in the
24Na™(d,p)**Na reaction. Both experimentally determined
and USDB shell model spectroscopic factors are shown. For
shell model states, only spectroscopic factors greater than
0.075 are considered.

Excitation Experiment C*S| USDB SM C*S
Energy (MeV) J7 =0 =0 (=2
1.069 1727 0.19 £ 0.10 |0.303  0.001
3.687 3/2" 0.31 £0.15 ]0.2563  0.145
3.955 (3/2%)° 0.095 0.016
4.289 1/2Jr 0.44 + 0.22 ]0.329 0.017
“Spin from shell model calculations.
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FIG. 6. ®Na apparent excitation energy. The states in *°Na
populated in the present 2*Na™ (d,p)25Na reaction in the en-
ergy range E.,, = 0 -5 MeV are compared with shell model
predictions using the USDB interaction. Spectroscopic fac-
tors (right y-axis) extracted from fits to the experimental data
(yellow bars) and predicted by shell model (dark red bars for
¢ = 0 transfers, orange for ¢ = 2) are overlaid.

model calculations [25].

IV. ASTROPHYSICAL IMPLICATIONS

In order to evaluate the contribution of the 1% iso-
meric state in 24Al to the 2*Al(p,y)?°Si reaction rate,
we focused on the states in 2°Na that are mirrors to the
states above the proton threshold in 2°Si (S, = 3.414
MeV) which are expected to dominate the astrophysical
rate of the 24Al(p,7)?°Si reaction.

The observed 1/27 state at E., = 4.289 MeV in ?°Na
is mirror to the one at E., = 3.802 MeV in 2°Si. After
taking into account the energy of the isomeric state of
24Al (E., = 0.426 MeV), we find an energy with respect
to the isomer of E* = -0.038 MeV, making it a sub-
threshold resonance. The contribution of this state to
the reaction rate was calculated using a Breit-Wigner
sub-threshold resonance formalism as described by Refs.
[30, 31]. The effect of this 1/2% sub-threshold resonance
is shown by the red line in Fig. 8a, where the ratio of
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FIG. 7. Level schemes for 2°Si and ?*Na, and USDB shell model calculations for the A = 25 system. Level information for 2°Si
and ?*Na taken from Refs. [6, 18, 27]. USDB level information from [25]. The dotted lines indicate mirror levels determined
by Ref. [13]. The dashed lines indicate proposed mirror levels. The energies of the 5/2% state at 4.087 MeV in 2°Si and
4.429 MeV in ?°Na are based on the USDB shell model calculations with Thomas-Ehrman shifts of -0.479 MeV and 0.224 MeV

respectively [28, 29].

the rate calculated of the 1/2% resonance state at E7* =ss
-0.038 MeV in 2°Si to that of the current ground statess
REACLIB rate is shown, for a temperature range fromsss
0.01 GK to 10 GK. 349

In addition to our experimentally observed states, the*®
USDB shell model calculation [25, 26] predicts a 5/27%*
state that could contribute to the 24Al™(p,y)2°Si reac-**
tion rate. Using a Thomas-Ehrman shift of -0.479 MeV?**
on the proton single particle energy, we placed the un-3
observed state at E., = 4.087 MeV in ?°Si [28, 29]. Ac-3»
counting for the energy of the isomeric state of 24Al (E.,*
= 0.426 MeV), we find a resonance energy with respect3s?
to the isomer of EI" = 0.247 MeV. The mirror 5/2% statess
would be at E., = 4.429 MeV in ?°Na. Due to the lowss
statistics of the present experiment, and that this stateseo
would be populated by an £ = 2 transfer from the 17
isomer, we are unable to identify this state which wouldse:
be at the background level in our data. The shell modelses
spectroscopic factor for £ = 2 transfer to this state wasse
found to be C2S = 0.115 [25]. The resonance strengthses
of such resonance was calculated according to Ref. [32],s6
and was found to be wy = 0.735 meV. The effect thisse
resonance as well as the uncertainty in the resonance en-ses
ergy are indicated by the black lines in Fig. 8a, wherese
the ratio of the rate calculated with the shell model pre-so
dicted 5/27 resonance state at E™ = 0.247 MeV in 25Sisn
to that of the current ground state REACLIB rate as asn
function of temperature, is plotted. The energy of thess

predicted resonance has been varied by 4+ 100 keV to de-
termine possible effects of a shift in its location and it
is shown by the shaded region (the change in resonance
energy also changes the calculated resonance strength).
This variation in the energy was chosen based on the
resonance energy uncertainty given in the network calcu-
lations of Ref. [33] for the same state when populated by
the ground state.

The ratio of the total isomeric contributions of the
24 Al(p,y)?°Si reaction rate determined in this work to
the ground state contributions is shown in Fig. 8b. The
upper and lower limits here are due to the uncertainty in
the energy of the 5/27 shell model predicted resonance.

The present calculated rate for the 24A1™ (p,v)?°Si re-
action is shown in Fig. 9. The red lines show the rate
for both the experimentally measured sub-threshold 1/2%
state at E™ = -0.038 MeV in 5Si (red long dashed line),
and the shell model predicted 5/27 state at E™ = 0.247
MeV in 25Si (red short dashed line), as well as their to-
tal combined contribution to the 24 A1™(p,v)2°Si reaction
rate (red solid line). The current REACLIB ground state
rate [14, 35] with the recent work of Ref. [6] is also in-
cluded for comparison (blue dotted line).

In the temperature range of interest to the rp-process
0.1 < Ty < 10 [1, 2, 5], the contribution of the sub-
threshold state in 2°Si to the rate of the 2*Al(p,y)2°Si
rate is negligible. For the shell model predicted resonance
state placed at E™ = 0.247 MeV in 25Si, it is observed
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FIG. 8. Ratio of the isomeric rates extracted in this work
to the current ground state REACLIB rate [34]. (a) Indi-
vidual isomeric rate contributions. The 1/2% sub-threshold
resonance at E* = -0.038 MeV (red line) and the 5/2" state
at E" = 0.247 MeV (black lines) as function of the temper-
ature. The resonance energy of the 5/2% resonance has been
varied by £ 100 keV (shaded area). (b) Total isomeric contri-
bution (1/2% + 5/2%) determined in this work. The shaded
area indicate the uncertainty in the energy of the 5/2% reso-
nance.

that its influence to the total reaction rate depends on
the exact location of its resonance energy as shown in Fig.
8b. Since variations in the energy of this state will cause
the overall contribution to change, further measurements
are needed to confirm the existence and location of this
state as well as the strength of the resonance to fully

determine its influence to the rate of the 2*Al(p,y)?5Si«r

reaction when populated by the isomeric state.

408

409

V. SUMMARY o

411

In summary, a radioactive beam of 2*Na with 90%au

of its content in the isomeric 17 state was developed,s

characterized, and used to perform, for the first time, ass

measurement of the 2Na™(d,p)?°Na reaction at Florida
State University’s John D. Fox Accelerator Laboratory.
States in ?°Na, up to E.; = 5 MeV in excitation en-
ergy, populated by ¢ = 0 transfers from the isomeric
state in 2*Na, were selectively observed in this experi-
ment. Spectroscopic information extracted from this ex-
periment was compared with USDB shell model calcu-
lations and showed good agreement between experiment
and theory.

Mirror symmetry arguments between 2°Na and 2°Si
were used to provide spectroscopic information of states
above the proton threshold in 2°Si and, for the first time,
constrain the contribution of the isomeric 17 state in
24A1 to the rate of the 24Al(p,y)?°Si reaction. The con-
tribution of an ¢ = 0 sub-threshold resonance was deter-
mined to be negligible. The presence of an additional
¢ = 2 resonance, predicted by the shell model but not
observed in the present experiment, could have a role in
the 24Al(p,7)?°Si reaction rate. Experimental informa-
tion on the exact location of this state in 2Si is needed
to evaluate its impact to the 2*Al(p,y)?Si reaction rate.
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FIG. 9. The rate of the 2*Al(p,v)?*Si reaction. The red lines
show the contributions from the 17 isomeric state in 2*Al
presented in this work, while the blue line shows the current
recommended REACLIB rate [34] with the state from the
work of Ref. [6] added in. The black line denotes the total
rate of the 2*Al(p,)?°Si.
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