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Abstract. Conventionally, reaction rates relevant to nova nucleosynthesis are determined by performing
the relevant proton capture reactions directly for stable species, or as has become possible more recently in
inverse kinematics using short-lived accelerated radioactive beams with recoil separators. A secondary ap-
proach is to compile information on the properties of levels in the Gamow window using transfer reactions.
We present a complementary technique where the states of interest are populated in a heavy-ion fusion
reaction and their gamma decay studied with a state-of-the-art array of high-purity germanium detectors.
The advantages of this approach, including the ability to determine resonance energies with high precision
and the possibility of determining spins and parities from gamma-ray angular distributions are discussed.
Two specific examples related to the >’Na(p, v) and *°P(p,v) reactions are presented.

PACS. 26.30.+k Nucleosynthesis in novae, supernovae, and other explosive environments — 21.10.Tg Life-

times — 27.30.+t 20 < A < 38

1 Introduction

Two key issues relating to nova nucleosynthesis have been
recently identified. The former pertains to the probability
of making direct observation of nova explosions through
the detection of gamma rays following the beta decay of
certain nuclear species produced in the explosion such as
22Na and 26 Al [1]. In this respect, 22Na which decays, with
a 2.602y half-life, into a short-lived excited state of 2?Ne,
emitting a 1.275MeV ~v-ray, is seen as a particularly im-
portant diagnostic of nova explosions with the expectation
that explosions within a few kiloparsecs of the Sun might
provide detectable y-ray fluxes associated with 22Na de-
cay. Efforts are ongoing to detect such cosmic v-rays, in
particular, with the recently launched ESA INTEGRAL
mission [2]. In order to understand the likelihood of de-
tecting cosmic gamma rays from 2?Na, it is important to
quantify the processes responsible for the production and
destruction of 22Na in nova nucleosynthesis. Uncertainties
in the rate of production of 22Na have largely been lifted
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by a study of the > Na(p, ) employing a radioactive > Na
beam in inverse kinematics [3]'. Prior to the work de-
scribed here, there was rather more significant uncertainty
in the destruction rate via the 22Na(p, ) reaction.

A second area of inquiry is the location of the endpoint
for nova nucleosynthesis. Jose has identified the 3°P(p,~)
reaction as being the key determinant in this respect [5].
This reaction rate is determined on the basis of Hauser-
Feshbach calculations as no relevant experimental mea-
surements have been made. It is not known how reliable
such a methodology might be in this case since the level
density may not be high enough to make the necessary as-
sumptions about the availability of suitable resonances in
the Gamow window. Jose has shown that plausible vari-
ances in the reaction rate by a factor of 100 up or down
have dramatic consequences for the endpoint of nova nu-
cleosynthesis [5].

! We note that some of the remaining uncertainties in this re-
action have very recently been removed by a gamma-ray spec-
troscopy study of **Mg using the Gammasphere array [4].
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Fig. 1. Sum of double gates on the 450, 1600, 663 and 2739 keV
transitions in the y-v-y cube. Strong transitions in **Mg are
labelled with their energy in keV.
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2 Example 1: 22Na(p, v)

In the past, several methods have been employed in order
to obtain the astrophysical reaction rate for the 22Na(p, )
reaction [6,7,8,9]. The key to such an analysis is a detailed
knowledge of properties such as the excitation energy, spin
and parity of levels in the unbound region. The conven-
tional approach to this problem is to study the 2>Na(p, )
directly by bombarding a specially prepared radioactive
22Na target with protons and detecting the ~-rays follow-
ing proton capture [6,7]. We have pursued a complemen-
tary approach in which particle-unbound states were pop-
ulated in a heavy-ion fusion-evaporation reaction and their
subsequent v decay investigated with Gammasphere, a 47
high resolution ~v-ray spectrometer consisting of 100 large-
volume, high-purity germanium detectors comprising a to-
tal efficiency of around 9% for 1.33 MeV ~-rays [10]. This
work is reported in more detail elsewhere [11].

A 10 pnA beam of '2C was accelerated to 22 MeV by
the ATLAS accelerator at Argonne National Laboratory
and was incident on a 40 ug/cm? thick 12C target. The
resulting gamma decay was detected using the Gamma-
sphere array. The fusion channels observed were single-
proton, neutron or alpha emission leading to 2>Na, 23Mg
and 2°Na, respectively. A y-y matrix and a y-y-y cube
were produced and analysed to obtain information on the
decay schemes. The construction of the decay schemes was
straightforward given the small number of residual nuclei
produced and their well-known decay schemes at low exci-
tation energies [12]. An example of the quality of the data
obtained is given in fig. 1.

It is worthwhile to reflect that large y-ray spectrome-
ters are most commonly designed for the study of excited
states of heavy nuclei where high-multiplicity cascades
(~ 20 photons) and relatively low energies (~ 1 MeV) are
expected. By contrast, for the astrophysical application
described here, the relevant cascades have both a rela-
tively low multiplicity and v-ray energies which may be
above 10 MeV, meaning that particular attention needs
to be paid to both energy and efficiency calibrations.
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In obtaining accurate v-ray energies, we have applied
a correction for the non-linearity of the array as well as
the finite recoil correction for large-energy y-rays emitted
from a light nucleus. In cases where two coincident transi-
tions were crossed over by a third transition, the corrected
energy sum was compared and found to be in agreement
at the ~ 0.5-1keV level.

In order to assign a multipolarity to the observed tran-
sitions, a matrix was generated of ~-rays detected at all
angles against those detected at 90° and a matrix of all
~-rays against those detected at 32° and 37°. The ra-
tio (Rpco) of the intensities of transitions in these two
matrices when gating on the “all detector” axis was ex-
tracted. This ratio was around 0.9(1) for pure dipole tran-
sitions and around 1.7(2) for pure quadrupole transitions.
Mixed M1/E2 dipole transitions may have various val-
ues depending on the value of the mixing ratio. As well
as angular correlations, it was also possible to assign the
spin/parity of states in 2*Mg, on the basis of their simi-
larity in both energy and decay path to analogue states of
well-established spin and parity in 22Na [12], for which ex-
tensive additional spectroscopic information was obtained.

The high energy of many of the ~-rays observed im-
plies very short (femtosecond) lifetimes which are readily
extracted using the fractional Doppler-shift technique [13]
since it may reasonably be assumed for high-lying, un-
bound states that the feeding is direct. Seven matrices
were sorted containing un-Doppler—corrected gamma-ray
energies observed at 32°, 50°, 80°, 90°, 100°, 130° and
148°, respectively, against Doppler-corrected energies ob-
served at any angle. The peak centroids were obtained for
a transition at all seven angles when gated on a transi-
tion on the Doppler-corrected “all detector” axis. This
was used to calculate the observed Doppler shift and,
hence, the fractional Doppler shift relative to the cal-
culated maximum Doppler shift for the given beam and
target. A model prescription was used to relate the frac-
tional Doppler shift to the lifetime of the parent state.
The gamma width of the state may be deduced from the
lifetime.

2.1 Re-evaluation of the reaction rate

The Gammasphere array affords the possibility of deter-
mining the energy of the resonances to higher accuracy
than that obtainable with a spectrometer. It also allows
their decay path to be observed and through angular-
distribution measurements, the spin/parity of these res-
onances may be inferred or at least restricted to some
plausible range. The v-ray energies, angular-correlation
ratios, and lifetimes of proton-unbound states in 22Mg are
presented in table 1.

The resonance strengths were taken from the literature
where known [14], or else were calculated from measured
spectroscopic factors and calculated single-particle proton
widths. The resonance strength for a state with spin, J,
is given by

Il

Py 1
Fp+F’Y ()
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Table 1. Spectroscopic information for proton-unbound states in **Mg relevant to the **Na(p,~) reaction rate obtained in
the present work, including spins/parities and the energy and angular distribution of de-exciting gamma rays. The resonance

strengths are extracted in the manner described in the text.

E, E, E,(lab) I7 7 E, T Rpco Wy
(keV) (keV) (keV) (fs) (meV)
Endt 1998 Present
7622(6) 7623.4(9)  45.8(16) 9/2F 5/2%  7172.5(9) 4(2)  1.57(24) 1.772% x 10713
7643(10)  7646.9(26)  73.5(30) 3/2% 5/2%  7196.0(26) 0.87(15)  2.27%9 x 107°
7769.2(10)  198.2(19) (9/27) 9/2t  5054.8(6)  2(1) 4.0 40
11/2%  2316.9(5)
7783(3)  T779.9(9)  209.4(17) 11/2% 7/2t  5720.1(11) <1 1.42(11) (5% 1072)
9/2t  5067.1(11)
7783(3)  7784.6(11) 214.3(18) 7/2% 5/2F  7333.7(11) 10(3)  0.89(5) 1.8%07
7801(2) unobs. 5/2F 22710
7857(2)  7851.5(14) 284.3(20) (7/21) 9/2%  5138.1(13) 158755
8017(2)  8015.3(17) 455.5(23) (5/27-11/27) 9/2%  5300.2(9) 68739
7/2%  5966.7(11)
8166(2)  8159.7(20)  606.5(25) (5/21) 7/2%  6109.5(18) 235753
have identified an additional state in the Gamow window
~ at Ep(lab) = 198keV, which mirror symmetry considera-
5 tions suggest may have J™ = 9/27. If this state did have
—E this spin/parity, then it might, in principle, make a sub-
mg stantial contribution to the overall reaction rate. The con-
e tribution is, however, constrained by limited direct mea-
B surements made previously. We set an upper limit on the
;< resonance strength for this new state of 4meV. Clearly, it
is a priority to determine the resonance strength of this
. i state more precisely and further measurements are war-
S ranted.
g wE T |

0.1
Temperature T,

Fig. 2. The top panel presents individual contributions to the
total reaction rate labelled by their corresponding proton en-
ergy, Ep(lab). The bottom panel compares the bounds on the
reaction rate determined in the present work (solid lines) with
the uncertainties from the most recent compilation in the lit-
erature [14].

where
2J +1

T 2QJr + 1)
In the case where I, < Iy, this reduces to

w

(2)

wy =wl}.

(3)

Reaction rates were calculated from the individual res-
onance strengths and energies. The results of this analysis
are presented in fig. 2. The changes to the reaction rate
with respect to the compilation in the literature [14] have
two principal origins. Firstly, we have fully constrained
the spin and parity of the two near-threshold resonances
showing that they are associated with [ = 2 rather than
I = 0 and hence, their contribution at lower tempera-
tures will be lower than previously thought. Second, we

2.2 Astrophysical implications

An analysis of the impact of the new rate for the
22Na(p, v) reaction on the amount of ?’Na ejected dur-
ing nova outbursts has been performed. An evolutionary
sequence for a nova outburst hosting an ONe white dwarf
of 1.25 Mg, has been computed by means of a spherically
symmetric, hydrodynamic, implicit code, in Lagrangian
formulation, extensively used in the modeling of such ex-
plosions (see ref. [15] for details). If the resonance strength
of the newly discovered state were to tend to its upper
limit, then this would represent a reduction by roughly
a factor of two in terms of the maximum detectability
distance for the 1.275 MeV ~-ray from 22Na. This would
have important implications for ongoing satellite-based
searches for gamma rays from novae such as the ESA IN-
TEGRAL mission.

3 Example 2: 3°P(p,~)

We have employed a similar methodology in our approach
to improving the experimental situation for states in the
Gamow window in 3!S relevant to the 3°P(p,) reaction.
Excited states in 3'P and 3!'S were produced at the same
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Fig. 3. The top spectrum shows transitions above the 7/2%
level in ®'P and is double-gated by the 1266 and 2148keV
transitions in the «-v-v cube. The bottom spectrum contains
transitions above the 7/2% level in 319 and is double-gated by
the 1249 and 2102keV transitions in the «-v-v cube. Mirror
transitions of interest are labelled with their energies in keV.

time through the 2C(**Ne, p) and 2C(*°Ne, n) reactions
using a 32 MeV beam from the ATLAS accelerator at Ar-
gonne National Laboratory. The resulting gamma decays
were detected by Gammasphere [10]. Transitions in 3'S
were rigorously identified by selecting 3'S recoils using the
Fragment Mass Analyser (FMA) [16] and an ion chamber.
This information was used in conjunction with a -+ ma-
trix and a y-y-7y cube to develop level schemes for the two
nuclei. An angular-correlation analysis was performed for
the strongest gamma rays observed.

We were able to very cleanly identify the strongest
transitions in 3'S when we demanded that the separated
recoils had A = 31 and Z = 16. The statistics did not
allow, however, the identification of weak or high-energy
~-rays which might be feeding the ground state, given the
very low coincident efficiency. In order to develop the level
scheme, we exploited the v-ray coincidence data, which
did not have a condition on the detection of 3'S residues.
The analysis is, therefore, complicated by the presence of
transitions with near identical energy in other nuclei which
were more strongly populated in the experiment. For ex-
ample, the first 5/2% state in 'S decays by a 2236 keV
~-ray, which is near degenerate with strong transitions in
both 3'P and 3°Si, and so it is useless for a -y analy-
sis. We were able, however, to find clean gating conditions
to observe transitions feeding the 3/27, 5/23, 7/2] and
7/27 levels in 3'S. An example of the quality of the data
obtained, as well as an illustration of the close mirror sym-
metry of 3'S and 3!'P is given in fig. 3.

A re-evaluation of the 3°P(p,v) reaction rate is
presently being prepared for publication. Essentially, we
have identified many of the states in the Gamow window
in 31S, in particular, those with high spin. These are not
directly relevant to the proton capture reaction. However,
with these states eliminated from the analysis, it becomes
possible to make a one-to-one matching of the remain-
ing levels with their known mirror counterparts in 3'P.
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Taken together with calculations of proton spectroscopic
factors for the sd shell model states, this allows many of
the uncertainties in the reaction rate to be strongly re-
duced. A very important feature of this analysis has been
the occurrence of striking mirror energy shifts between
certain states in 'S and 3P, most notably for particular
negative-parity states such as the first 9/27 and 13/2~
levels. These mirror energy shifts are found, in some cases,
to exceed 250keV. It is believed that these shifts arise
from the effects of the electromagnetic spin orbit inter-
action and their origin is discussed elsewhere [17]. These
mirror energy shifts are by no means universal and appear
to occur only for particularly pure stretched configura-
tions —negligible energy shifts are observed between the
first 7/27 and 11/2~ levels, for example [17]. The under-
standing of nuclear structure effects such as these mirror
energy shifts is therefore very important in determining
the 39P(p, v) reaction rate.

3.1 Outlook for future measurements

We have considerably improved the experimental infor-
mation for unbound states in 3!S. From the present mea-
surements and careful comparisons with mirror states,
there are no ambiguities on spin/parity assignments for
the near-threshold resonances whose proton widths prin-
cipally determine the reaction rate at lower temperatures.
The uncertainties now rest principally in the excitation en-
ergy of the unmeasured resonances, which are 10-15keV
as determined in transfer reactions, and the unknown
spectroscopic factors for low-spin negative-parity states
in the Gamow window. The latter are very difficult to
calculate since it would be necessary to have a full sd-
pf shell model calculation. It would, therefore, be fun-
damentally difficult to improve on the measurement de-
scribed here. The best approach would be to measure
the 3YP(p, ) reaction directly —in particular for low-spin
negative-parity resonances. This would be a challenging
measurement given the difficulty in producing a beam of
30P using the ISOL technique, though “in-flight” produc-
tion via the 2°Si(p,n) reaction may be possible. Given a
modest radioactive beam of ~ 106s71, a (3He, d) reaction
could be performed to measure spectroscopic factors for
these states. The inaccurate spectroscopic factors are not,
however, the only source of error since the error in the res-
onance energies must also be considered. The uncertainty
in the resonance energies might, in principle, be reduced
slightly, given a very careful transfer measurement. The in-
clusion of germanium detectors might be beneficial in this
regard, but depending on the magnitude of the gamma
branch, this might not be practical.

4 Conclusions

We have used a nuclear structure methodology to revisit
the question of the ?2Na(p, ) and *°P(p, v) reaction rates.
The former work is published elsewhere [11], while the lat-
ter is being finalised for publication. We have shown that
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the complementary approach described here allows reso-
nance energies to be obtained with high precision and am-
biguities on spin/parity assignments to be lifted. Clearly,
such a methodology is applicable to many other cases than
the examples described here and, with modern 47 gamma-
ray detector arrays, it is not difficult to perform very de-
tailed spectroscopic studies on unbound states of sd and
sd- fp shell nuclei.
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