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Abstract. Measurements of angle-integrated cross sections to discrete states in 2”Si have been performed
studying the 26Al(d7 n) reaction in inverse kinematics by tagging states by their characteristic y-decays
using the GRETINA array. Transfer reaction theory has been applied to derive spectroscopic factors for
strong single-particle states below the proton threshold, and astrophysical resonances in the 26 Al(p, v)?"Si
reaction. Comparisons are made between predictions of the shell model and known characteristics of the
resonances. Overall very good agreement is obtained, indicating this method can be used to make estimates
of resonance strengths for key reactions currently largely unconstrained by experiment.

1 Introduction

Hydrogen-burning reactions play a critical role in nuclear
astrophysics. A major challenge has been to find ways to
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determine reaction rates at energies relevant for burning
in the stellar environment, known as the Gamow window.
A particular challenge is presented when the astrophysi-
cal reaction of interest involves a radioactive species. Here,
even with the advent of new generation radioactive beam
facilities, relatively few reactions have been measured di-
rectly at the energies of astrophysical interest. This is
mainly due to limitations in the radioactive beam intensity
and the sub-barrier nature of the reactions. Of particular
importance are radiative proton-capture, (p,7y) reaction
studies. The 26Al(p,~) reaction represents an important
example, since it destroys the cosmic v-ray emitter 26 Al
in the interior of stars and decreases the amount of 26 Al
produced in these events. The reaction operates in the qui-
escent hydrogen burning phase of Wolf-Rayet stars prior
to core collapse, and in the explosive burning conditions
of novae [1]. 25Al was the first cosmic y-ray emitter to be
discovered [2]. It showed nucleosynthesis is ongoing in our
galaxy since its lifetime (=~ 1 Myr) is short on cosmic time
scales. Detailed observations by satellite missions of the
distribution of 26 Al flux across our galaxy by the CGRO,
and more recently, INTEGRAL satellite missions [3], and
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understanding its abundance relative to ®*Fe [4,5], present
a challenge to nuclear astrophysics to reduce uncertainties
in the 26Al(p, v) reaction rate. In the present paper, we de-
scribe a new approach to estimating resonance strengths
in proton capture reactions using (d, n) transfer reactions
in inverse kinematics. The method is here first applied to
the case of radioactive 26 Al. The states of interest are iden-
tified with high resolution and efficiency by their charac-
teristic y-decay signatures, and measured in coincidence
with forward-moving 27Si recoil ions produced in thick
targets. Resonance strengths and spectroscopic factors are
derived by comparing angle-integrated (d, n) cross sections
for these states with theoretical calculations.

The lowest energy resonance strength measured di-
rectly for the 26Al(p,7)?7Si reaction is at 189keV [6,
7] (higher energy resonance strengths were reported in
ref. [8]). The first resonance strength measurement was
performed with a radioactive target [6], and more re-
cently in inverse kinematics using a radioactive beam [7],
with reasonable agreement obtained between the two ap-
proaches. The study of Ruiz et al. [7] using the DRAGON
recoil separator represents a benchmark for such studies
since a very high radioactive beam intensity (=~ 10° pps)
was available and only a few counts were observed over a
running period of a few weeks. Lotay et al. [9,10] used the
Gammasphere germanium detector array [11,12] to make
spin and parity, J7, assignments for y-decaying states
in 27Si, including states above the proton threshold en-
ergy (S, = 7463.25(16) keV [13]). In particular, they re-
ported that a state corresponding to a resonance energy
of 127keV had J™ = 9/27 and therefore could destroy the
5% ground state of 2Al by [ = 0 proton capture in the
low-temperature burning conditions of Wolf-Rayet stars
(T ~ 0.05GK). The 127keV resonance is, however, at
too low an energy, and has therefore too low a cross sec-
tion for a direct measurement to be presently feasible. A
(3He, d) transfer reaction study on a 26Al target set a (I-
dependent) limit on the spectroscopic factor C2S for the
127keV resonance [14], and inferred an upper limit on its
strength (since Iy > I, it is I}, that determines the reso-
nance strength, w7). In the work of Lotay et al. [10], states
in 27Si were paired with analog states in the stable mir-
ror nucleus 27 Al. Margerin et al. [15] and Pain et al. [16]
studied the 26Al(d, p) differential cross sections in inverse
kinematics to determine C2S values for states in 27Al. The
mirror assignments of Lotay et al. [9,10] were then used
to estimate resonance strengths for the analog states in
27Si. The C25(I = 0) value obtained for the analog of the
127keV resonance indicated this resonance would domi-
nate the destruction of 26Al in Wolf-Rayet stars. For the
analog of the 189keV resonance, thought to control de-
struction in the environment of novae, Margerin et al. [15]
inferred the state was 11/27, and therefore its resonance
strength determined by [ = 1 proton capture, in contrast
to ref. [9] where 11/27 is assigned.

The present paper presents an approach to estimating
(p, ) resonance strengths using the (d, n) transfer reaction
mechanism to populate the states of interest, applied to
the 26Al(p,~) reaction. The (d,n) reaction has previously
been used as a surrogate for the (p, ) reaction [17] where
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the 2°Al radioactive beam was produced in-flight and an
angle-integrated cross section was measured by detecting
protons from the resonance of interest. In the present ap-
proach, using an in-flight 26 Al beam, the angle-integrated
(d,m) cross section is also measured. However, here the
resonance of interest is identified by its characteristic -
ray emission. For the states of interest where I, > I},
the cross section when compared with theory, determines
the C28 for the state. This can then be used to obtain
an estimate of the resonance strength. Critical to this ap-
proach is a prior knowledge of the v-ray transitions from
the astrophysical states of interest. In the present study,
this uses the data from the Gammasphere study of 27Si by
Lotay et al. [9,10]. A central assumption in this method-
ology is that the proton-unbound states are fed directly
in the (d,n) reaction mechanism and feeding by ~-decays
from higher-lying proton-unbound states is suppressed by
competition with proton decay. This might in principle
give slight systematic overestimates of the spectroscopic
factors and strengths. In contrast, the non-observation of
weak ~-branches would tend to underestimate the cross
section and derived spectroscopic factors and strengths.
Overall therefore, one can expect to obtain good esti-
mates of the spectroscopic factors and strengths with this
methodology. This is important for determining proton
capture reaction rates involving radioactive species. These
rates can be uncertain by several orders of magnitude
in astrophysical burning conditions due to the strengths
being largely unconstrained by direct reaction measure-
ments.

2 Experimental method

The experiment was performed at the National Super-
conducting Cyclotron Laboratory, Michigan State Uni-
versity. The 30 MeV/u 26A1'3* beam was produced in-
flight via fragmentation reactions using a primary beam
of 150MeV/u, 112pnA 35Ar'8* ions to bombard a
1960 mg/cm? thick Be target. The A1900 high-resolution
fragment separator [18] selected the ions of interest based
on the momentum/charge, p/q, ratio after they had passed
through a 600mg/cm? thick Al wedge. The 26Al beam
had a high purity (98(2)%) and an average intensity of
8.1(4) x 10° particles per second. The fraction of the
shorter-lived (Ti/, = 6.3s) 0" isomeric state of 20Al
in the beam was determined prior to the experiment as
14.3(23)% by stopping the beam in a 5.1mm thick Al
sheet and observing the decay of the 511keV ~-rays mea-
sured using GRETINA (Gamma-Ray Energy Tracking In-
beam Nuclear Array) [19]. The attenuation of the 511keV
~-rays was estimated using a GEANT4 simulation of the
GRETINA setup [20]. The overall uncertainty in the inte-
grated 26Al ground-state beam current was estimated as
+17%.

In the main experiment, the 26 Al beam impinged onto
a 10.7(8) mg/cm? thick deuterated polyethylene target
(CD3)y, with the GRETINA detectors positioned at lab-
oratory angles of 58° and 90°. Recoil products were iden-
tified with the S800 spectrograph [21] downstream of the
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Fig. 1. (Color online) Particle identification spectrum of reac-
tion products. The gate used as identification of 27Si reaction

products is highlighted.

GRETINA setup. The S800 was run in focused mode in
order to allow a large momentum acceptance. For 27Sit4+
ions, an acceptance of 95.2(9)% at the S800 focal plane
was determined. The data acquisition was triggered either
by recoil-vy coincidences between GRETINA and the first
scintillator at the focal plane of the S800 or by scaled down
(x1/6) recoil singles events. Figure 1 shows recoil events
at the focal plane of the S800 highlighting the 27Si ions
of interest clearly separated from other recoil species. The
GRETINA efficiency was calibrated with °°Co, '?Eu and
226Ra sources. The in-beam efficiency, assuming isotropic
emission in the frame of 27Si ions, was about 1.06(5) higher
than the efficiency obtained with a stationary source based
on simulations using the UCGretina GEANT4 simulation
package [20]. To account for background from (d,n) reac-
tions on carbon in the target, measurements were also
performed for an approximately equal duration with a
8.8(15) mg/cm? thick polyethylene target (CHaz),. Fig-
ure 2 shows Doppler reconstructed -ray spectra in coin-
cidence with 27Si recoils for obtained using the CDy and
CH; targets, with the latter scaled to match the thick-
ness and integrated beam on the CD; target. The yield is
significantly lower on the CHsy target, indicating that the
dominant production of 27Si ions is associated with deu-
terium (the radiative capture cross section on protons is
negligible at these energies). As expected, broadly speak-
ing similar states are populated in 27Si by the (d, n) strip-
ping reaction on C nuclei and deuterium.

3 Results and discussion

We consider first the state at 7651.9(6) keV corresponding
to the 188.7(6)keV resonance [9,10]. Two transitions
were observed from this state at energies of 2373(2)
and 3205(2)keV (see fig. 2.a). These energies are in
good agreement with the two main transitions from
this state reported by Lotay et al. at 2371.0(40) and
3204.1(1) keV [9]. Lotay et al. subsequently reported
the further observation of two weaker transitions but
these are not observed here [10]. In the direct study
of the 26Al(p,7)?"Si reaction by Vogelaar et al., the
3204 keV transition was reported as the dominant branch
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trum scaled to similar conditions (in blue).

(= 90% [6]). Here, our measurements are consistent
with a 86(14)% branch for the 3204keV transition, and
14(9)% for the 2371keV branch. The work of Lotay et
al. [9,10] did not report on intensity or branching ratio
measurements. The properties of the mirror analog state
at 7948 keV in 27Al [22] suggest the two weaker branches
can contribute at most ~ 10%. In table 1, the (d,n) cross-
section value for the 7652keV state in 27Si is calculated
based on the two dominant transitions observed here.

We now consider the excited state at 7739.3(4) keV [9,
10] corresponding to a resonance energy of 276.1(4) keV.
This state was studied by Buchmann et al. [8], where
a dominant y-decay branch of 62(9)% was measured
to the 7/2%7 state at 2164keV with four much weaker
branches also reported. Here we clearly observe in fig. 2.b
a transition at 5575(6) keV corresponding to this domi-
nant branch in agreement in energy with the energy of
5575.7(2) reported by Lotay et al. [9,10]. We also see some
evidence for the next strongest transition at 2454 keV re-
ported by Buchmann et al. as having a 12(4)% branch
from the resonance. However, in deriving our (d,n) cross-
section value shown in table 1, only the dominant branch
is used.

For the lower energy 126.9(9)keV resonance, corre-
sponding to an excited state at 7590.1(9) [9,10] there
are no direct capture measurements and no branching
ratios known. The work of Lotay et al. [9,10] identified
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Table 1. Experimental (0csp) and theoretical (o¢heor) cross sections and spectroscopic factors C?S(d,n) determined in this
work. Errors given for C2S(d,n) are entirely estimated from experiment. The spectroscopic factors from (*He, d) [14] and (d, p)
measurements [15] and from the shell-model calculations (for positive parity states both USDA/USDB calculation predictions
are shown) are listed for comparison assuming a single [-transfer. The (d, p) values are assigned as analog states in the mirror

nucleus 27Al [10,15].

E, (keV) Eres (keV) J7 I Oexp (D) Otheor (ub)  C2S(d,n) C?*S(®*He,d) C?S(d,p) C?Ssum
5547.3(1) 9/2t 2 520(110) 850 0.61(13) 0.44/0.42
6734.0(2) 11/2% 2 390(90) 1104 0.35(8) 0.50/0.50
7129.0(2) 13/27 2 630(130) 1262 0.5(1) 0.77/0.74
7590.1(9)  126.9(9) 9/2% 0 <37 375 <0.10 < 0.002 0.0093(17) 0.011/0.017

2 <37 757 <0.05 - 0.068(14) 0.053/0.052
7651.9(6) 188.7(6)  11/2~ 1 280(70) 1260 0.22(5)  0.16 0.14(3) 0.067

3 280(70) 2517 0.11(3)  0.49 - 0.480
7739.3(4) 276.1(4)  9/2F 0 70(30) 370 0.19(9)  0.087 - 0.019/0.011

2 70(30) 746 0.10(5) 0.124 - 0.0092/0.011

9/2= 1 70(30) 982 0.07(4)  0.064 - 0.038
3 70(30) 2070 0.035(16)  0.199 - 0.11

a number of ~-transitions from this state with a‘“high-
intensity” transition at 5425.9(1) keV. We see no evidence
for this high-intensity transition or any of the other weaker
branches and set an upper limit (at 20 level) for the (d, n)
cross section to this state in table 1 assuming a 60(8)%
branch for the 5425.9keV transition based on measured
decay branches from the 7806 keV state identified as the
analog in 27Al [10,22].

The theoretical cross sections shown in table 1 were
computed within the finite-range adiabatic approxima-
tion [23]. This three-body method incorporates deuteron
breakup and has been proven to provide a good descrip-
tion of the transfer process when compared to exact so-
lutions of the three-body problem [24]. For the nucleon-
target optical potentials we use CH89 [25] and for the
NN interaction ref. [26]. In order to produce the desired
p—26Al final state, we use a central real Woods-Saxon po-
tential with a radius » = 1.25fm, a diffuseness parameter
a = 0.65fm, and a spin-orbit term with V, = 6 MeV and
the same geometry as the central interaction. All states of
astrophysical interest are resonances, however, for conve-
nience, the depth of the p + 26Al interaction was adjusted
to produce a state bound by E = 0.001 MeV. We tested
our bound state approximation by introducing a resonance
at the exact experimental value, and constructing a bin
wave function, averaging the resonance over the width.
We found the total cross section to agree with that pro-
duced by the barely bound state £ = 0.001 MeV within
1%. The effective adiabatic potential was computed with
TWOFNR [27] and the transfer calculations were performed
with FRESCO [28]. There is uncertainty associated with the
choice of single-particle parameters. A reduction of the ra-
dius parameter by 3% (to match the rms radius produced
in state-of-the-art EDF calculations) produces changes in
the total cross section of up to 5% for the states considered
here. Based on a previous study [29], we estimate an error

up to 30% in our total cross-section calculations. Since the
ground-state spin of 26Al is non-zero (5%), two different
orbital-angular-momentum components can contribute to
the total (d,n) transfer cross section to a given state.

Theoretical spectroscopic factor values shown in ta-
ble 1 were obtained from shell-model calculations. For
the positive-parity states, we used the sd-shell model
space with the USDA-cdpn and USDB-cdpn Hamiltoni-
ans. USDA /USDB refer to the isospin conserving inter-
actions obtained in ref. [30], and “cdpn” refers to the
addition of the Coulomb, charge-dependent and charge-
asymmetric nuclear Hamiltonian obtained by Ormand and
Brown in a proton-neutron basis [31]. These Hamiltonians
have been used for a series of (p,~y) rate calculations in the
sd shell [32-36]. For the negative-parity states we use the
1hw basis introduced in ref. [36] that allows for the exci-
tation of one nucleon from Op to 1s-0d or the excitation
of one nucleon from 1s-0d to Op-1f. The calculations were
carried out with the NuShellX code [37]. We use the WBP
Hamiltonian from ref. [38] that was designed to reproduce
the energies of 17w states for A = 10-20. WBP also con-
tains the sd-pf Hamiltonian from [39] that was designed to
reproduce energies of 17w states in nuclei with A = 35-43.
The Opy /2 single-particle energies were adjusted to repro-
duce the excitation energy of the lowest 1/27 states in
7Si and 27Al The 0f7/> and 1pz/o single-particle ener-
gies were adjusted to reproduce the excitation energies of
the lowest 7/2~ and 3/2~ states in 2°Si and 2°P. For the
Ops/2, 1p1/2 and 0fs /o energies we used typical spin-orbit
splittings of about 6 MeV from their partners.

In order to test our experimental approach, we ex-
plored three states at 5547, 6734 and 7129keV situated
below the proton threshold energy and predicted by the
shell model to have high single-particle strengths. These
states should be produced directly in the (d,n) reaction
with a relatively small contribution from feeding by -
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transitions from higher-lying states. In these cases, cross
sections were derived based on the identification of dom-
inant transitions from the states of interest (1100, 2637
and 5547 keV transitions for the 5547 keV level, 1450, 3824
and 4570keV transitions for the 6734keV state, and a
2681keV transition for the state at 7129keV, see fig. 2).
These cross sections are shown in table 1 and compared to
the theoretical cross-section calculations for [ = 2 transfer,
predicted to be the dominant component for these states.
The ratio of these values is then used to derive a spec-
troscopic factor, C2S, for each state, which is compared
with shell-model predictions in table 1. It can be seen from
table 1 that there is excellent agreement between exper-
iment and theory for these strong single-particle states,
giving confidence in our methodology.

Considering the 11/27 state at 7652keV, correspond-
ing to the resonance at 189keV, the present data agree
within errors, but give a relatively higher value, compared
with the C2S(I = 1) value obtained for the state in the

(®He, d) study [14], and the study of the mirror analog
state in the (d,p) reaction [15], assuming pure [ = 1
transfer (see table 1). The weighted mean value of the
resonance strength obtained from the two direct measure-
ments of 4571 eV [6,7] implies C2S(l = 1) =~ 0.1 (it is
the [ = 1 contribution that determines w+y). This would be
compatible with an [ = 3 contribution to the cross section
with C2S(l = 3) ~ 0.05. The shell-model prediction for
the C2S(l = 1) component is smaller than observed but
in reasonable agreement with experiment. However, the
dominant [ = 3 component of the wave function predicted
by the shell-model calculation is significantly higher than
allowed by experiment.

The state at 7739 keV, corresponding to a resonance
at 276 keV was assigned as 9/2% by Lotay et al. [9], with
the spin being based on measured angular distributions,
whereas the parity was based on matching characteris-
tics with the analog state in the mirror nucleus 27 Al. The
measured resonance strength of 3.8(1)meV [8] requires
C?S(l = 0) ~ 0.02. Using the present data this would
require a dominant [ = 2 component in the (d,n) trans-
fer cross-section data with a value C2S(l = 2) =~ 0.1.
This would be consistent with the value obtained by Vo-
gelaar et al. in the (*He,d) study assuming pure [ = 2
transfer [14]. However, this is inconsistent with the shell-
model calculation which predicts approximately equal val-
ues for C2S(1 = 0) ~ 0.01 and C%S(I = 2) ~ 0.01. Alter-
nately, the cross section we measure here gives a derived
C?S(1 = 1) value in excellent agreement with the (*He, d)
study, assuming pure [ = 1 transfer, and is also consis-
tent with the measured resonance strength (which implies
C?S =~ 0.07). The C2S(Il = 1) shell model value is in good
agreement with both the (d,n) and (3He, d) experiments
assuming dominant [ = 1 transfer. However, a possible
[ = 3 contribution to the wave function must be signifi-
cantly lower than predicted by the shell model and smaller
than the | = 1 component to describe the (d,n) data.

The upper limit on the (d,n) cross section to the
7590 keV state gives a C2S(I = 0) limit consistent with
the limit obtained in the (*He, d) study [14] and the val-
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ues deduced from the (d, p) experiments [16,15]. The inte-
grated cross section is expected to be dominated by | = 2
transfer. The upper limit value of C2S(l = 2) ~ 0.05 (at
the 20 level) is only just compatible with the (d, p) data of
ref. [15] which gives a resonance strength of 0.025(5) ueV.

Overall, in considering the astrophysical resonances,
we can say that the method is able to reproduce very
well the characteristics of the resonances, with reason-
able agreement obtained with shell-model predictions of
the C2S values. There is some evidence that | = 3
components are overestimated by shell-model calculations
for negative-parity states. For theoretical negative-parity
states the theory is not so reliable in being able to com-
pare with specific states of a given J™ and excitation en-
ergy. For example, the shell model predicts three 11/27
states at 7.63, 7.90 and 8.33 MeV. The comparison of
the spectroscopic factors for the 7.74 MeV state in ta-
ble 1 is made with the 7.63MeV state prediction, how-
ever, the 7.90 and 8.33 MeV states are predicted to have
smaller C2S(I = 3) components (0.02 and 0.07, respec-
tively) that are more compatible with experiment. This
would then imply that there is mixing between these
theoretical states. For the positive-parity sub-threshold
states with very strong single-particle amplitudes excel-
lent agreement is obtained. This then gives confidence in
applying this method to important astrophysical reactions
where no direct measurements are currently possible, and
resonance strengths are completely unconstrained by ex-
periment. For example, the 2P (p, ) reaction cannot be
measured directly because of the unavailability of radioac-
tive beams of sufficient intensity at the required energy.
This reaction is important for understanding the elemen-
tal abundances of novae ejecta and isotope ratios in pre-
solar grains [40]. In such cases one can determine which
are the critical strong resonances (when combined with
spectroscopic data [40]), and then get the first estimates
of the resonance strength values. There remains some am-
biguity when the beam species has non-zero ground-state
spin since two [-amplitudes can contribute for a state of
given parity, with the low [-value being the critical one
for determining the resonance strength. However, for cer-
tain resonances the low [-transfer component will be domi-
nant and, from comparisons with theory, reliable estimates
of the strength will be feasible. Furthermore, there are a
number of cases where the radioactive species of interest
is an even-even nucleus with a 07 ground-state. In this
case there is only one [-contribution to the reaction cross
section.

In summary, we have measured the 26Al(d,n) angle-
integrated reaction cross section to discrete states in 27Si
using characteristic v-rays to tag the states of interest.
We have then applied reaction theory to derive spectro-
scopic factors for both astrophysical resonances and strong
single-particle states below the proton threshold. The re-
sults agree well with both shell-model predictions and with
previously known characteristics of the astrophysical res-
onances. This then provides a potentially powerful new
approach to address important astrophysical (p, ) reac-
tions where there is little or no direct experimental infor-
mation.
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