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Material emitted as ejecta from ONe novae outbursts is observed to be rich in elements as heavy as Ca.

The bottleneck for the synthesis of elements beyond sulphur is the 30Pðp; �Þ31S reaction. Its reaction rate

is, however, not well determined due to uncertainties in the properties of key resonances in the burning

regime. In the present study, gamma-ray transitions are reported for the first time from all key states in 31S

relevant for the 30Pðp; �Þ31S reaction. The spins and parity of these resonances have been deduced, and

energies have been measured with the highest precision to date. The uncertainty in the estimated
30Pðp; �Þ31S reaction rate has been drastically reduced. The rate using this new information is typically

higher than previous estimates based on earlier experimental data, implying a higher flux of material

processed to high-Z elements in novae, but it is in good agreement with predictions using the Hauser-

Feshbach approach at higher burning temperatures.
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The accretion of hydrogen-rich material onto the surface
of a compact white dwarf drives the thermonuclear runaway
that powers classical nova events. They are the second most
frequent explosive astrophysical events observed in our
Galaxy after x-ray bursts [1]. Their energies are surpassed
only by supernovae and x-ray bursts. The nature of nova
outbursts depends strongly on the composition of the under-
lying white dwarf. More massive oxygen-neon (ONe) novae
achieve significantly larger peak temperatures than reached
in more frequent carbon-oxygen novae. ONe nova models
[2,3] suggest that larger peak temperatures lead to the
synthesis of nuclei up to A � 40, which is supported by
infrared and ultraviolet observations of novae ejecta [4,5].
Theoretical models of nucleosynthesis in nova environments
have been used to estimate the impact of individual reaction
rate uncertainties on final nova yields [2,3]. For ONe novae,
the 30Pðp; �Þ31S reaction has been shown to be the key
gateway for the production of elements more massive than
sulphur, with the uncertainty in the 30Pðp; �Þ31S reaction
rate leading to large uncertainties in the predicted composi-
tion of nova ejecta [1].

Presolar grains from primitive meteorites are classified as
being of nova origin if they display a large (relative to solar)
30Si=28Si ratio [6,7]. The 30Si abundance, and the reliable
astrophysical classification of these grains, depends critically
on the 30Pðp; �Þ31S reaction rate. The present Letter reports
first observations of gamma-ray transitions from all the
31S resonances playing a key role in the 30Pðp; �Þ reaction.
The spin and parity (J�) of these key resonances are deter-
mined, and their energies are measured with improved pre-
cision over previous studies, reducing uncertainties in the

30Pðp; �Þ31S reaction rate. The rate from this present work is
typically higher thanwhat was estimated previously for nova
burning conditions, and implies a higher flux of material
processed toward high-Z elements.
At temperatures relevant for ONe novae, the

30Pðp; �Þ31S reaction rate is expected to be dominated by
low-spin resonances in 31S close to the 30Pþ p threshold
{Sp ¼ 6130:9ð4Þ keV [8]}. A direct measurement of the

reaction rate for these low-energy resonances is currently
not possible due to the low intensities of 30P beams.
Therefore, an indirect approach is required to reduce un-
certainties in the rate. Previously, the states in 31S have
been populated via transfer [9], charge exchange [10–12],
and heavy-ion fusion-evaporation reactions [13,14]. In the
latter gamma-ray spectroscopy study [13,14], transitions
were observed from the high-spin states identified above
the proton threshold, but none were observed for the key
low-spin levels. In the present study, a light-ion fusion
reaction was used to selectively populate low-spin states
of interest above the proton threshold.
A 22 MeV, 10-pnA beam of 4He ions from the Argonne

ATLAS accelerator bombarded a 120 �g=cm2-thick 28Si
target to produce 31S nuclei via the one-neutron evaporation
channel. The main fusion reaction channels corresponded to
one-proton (31P) and one-alpha (28Si) particle evaporation.
Gamma decays were detected with a Gammasphere [15,16]
operated with a trigger requirement of two coincident
gamma rays. Data were sorted off-line into �-� matrices
and �-�-� cubes. A spectrum produced by placing a gate on
the 1249-keV transition in the �-�matrix is shown in Fig. 1.
Energy and efficiency calibrations were performed using
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152Eu and 56Co sources and a single high-energy line in
16O. For strong transitions, intensities were fitted as a func-

tion of detection angle with respect to the beam axis with
the function Wð�Þ ¼ A0f1þ a2P2ðcos�Þ þ a4P4ðcos�Þg.
Positive values for a2 with a4 ¼ 0 signify �J ¼ 0 transi-

tions, a negative value for a2 and a4 ¼ 0, �J ¼ 1, and a
positive value for a2 and negative for a4, �J ¼ 2, with
values depending on the initial and final spins of the states.
Due to the choice of a light-ion fusion evaporation channel

with a relatively low degree of spin alignment, an addi-

tional angular correlation analysis was performed. RDCO

is defined as the ratio of the gamma-ray intensity at

forward and backward angles to the intensity at 90�

[RDCO ¼ Ið�0�ÞþIð�180�Þ
Ið�90�Þ ]. Values for �J ¼ 0½1:05ð3Þ�,

�J ¼ 1 [0.55(2) for pure E1, rising to �0:80 for mixed

M1=E2], and�J ¼ 2 [1.30(2)] transitions were determined

by fitting known transitions observed in the study, as were

the a2, a4 coefficients.
Table I presents a summary of the properties of the

excited states above the proton threshold in 31S from the
present work. The excitation energies are in general signifi-
cantly more precise and in good agreement with previous
values. The gamma-ray transitions from six states are re-
ported for the first time, including all of the key resonances
for the 30Pðp; �Þ31S reaction rate in novae. The 1=2þ state at
6259 keV reported in a number of light-ion reaction studies
[9–12] is not observed because it decays with a single direct
transition to the ground state, which the experiment is not
sensitive to. The T ¼ 3=2 level at 6283 keV is also not
observed because its population is isospin forbidden by the
one-neutron evaporation reaction mechanism. Since it is
also isospin forbidden for the 30Pðp; �Þ31S reaction, this
state is unimportant for the reaction rate. The following
discussion concentrates on the assignment of the key
astrophysical resonances deduced from the newly reported
gamma-ray transitions.
The 6327-keV state was first identified by Wrede et al.

[10] using the 31Pð3He; tÞ31S charge-exchange reaction and
tentatively assigned to either a 3=2� or 7=2þ state. This
level is observed here to decay via the 5078-keV gamma
ray to the 3=2þ1 state (see Fig. 1). Angular distribution

(AD) measurements of the 5078-keV gamma ray agree
with a �J ¼ 0 transition from a J ¼ 3=2 state, and are
consistent with other similar transitions observed from
known, low-lying J ¼ 3=2 states in this study. There is
only one candidate for a 3=2þ state (at 6233 keV) in the

FIG. 1. Gamma-ray energy spectrum gated on the 1249-keV
(3=2þ1 to ground state) transition in 31S. Numbers above peaks

represent excitation energies of states in 31S, and those in paren-
theses represent the resonance energies in the 30Pþ p system.

TABLE I. Properties of excited states in 31S. Level energies are corrected for the recoil of the compound nucleus. The first column
lists the most precise energy measurement of the state from previous work.

Ex (keV)

(previous)

Ex (keV)

(present) Er (keV) E� (keV) a2=a4 RDCO �J Assignment

6134(2)
a

6138.3(21) 7.4(21) 2785.7(20)
c

0, 2 ð3=2; 7=2Þþ ! 7=2þ

4889.5(6)
c

0:15ð12Þ=0:03ð14Þ 1.12(24) 0, 2 ð3=2; 7=2Þþ ! 3=2þ

6160.2(7)
b

6158.5(5) 27.6(6) 1707.6(3) 0:22ð2Þ=� 0:07ð3Þ 1.08(7) 0 7=2þ ! 7=2�

2873.9(6) 1 7=2þ ! 5=2þ

6259(1)
a

129.1(10) 1=2þ

6283(2)
a

152.1(21) 3=2þ; T ¼ 3=2

6327(2)
a

6327.0(5) 196.1(6) 5077.7(5)
c

0:14ð7Þ=0:10ð9Þ 0.90(24) 0 3=2� ! 3=2þ

6357(2)
a

6357.3(2) 226.4(5) 5108.0(2)
c �0:25ð5Þ=� 0:01ð7Þ 0.49(11) 1 5=2� ! 3=2þ

6376.9(5)
b

6376.9(4) 246.0(6) 1925.7(2) �0:71ð1Þ=0:03ð1Þ 0.44(2) 1 9=2� ! 7=2�

3025.4(3) �0:46ð1Þ=� 0:01ð2Þ 0.58(2) 1 9=2� ! 7=2þ

6392.5(2) 261.6(5) 5143.1(2)
c �0:25ð3Þ=� 0:09ð3Þ 0.75(3) 1 5=2þ ! 3=2þ

6393.7(5)
b

6394.2(2) 263.3(4) 1091.2(4) �0:37ð5Þ=� 0:01ð1Þ 0.47(2) 1 11=2þ ! 9=2þ

3042.9(1) 0:26ð1Þ=� 0:26ð1Þ 1.33(3) 2 11=2þ ! 7=2þ

6543(2)
a

6541.9(4) 411.0(6) 5292.5(4)
c

0:13ð4Þ=� 0:03ð6Þ 0.94(15) 0 3=2� ! 3=2þ

6585(2)
a

6583.1(20) 452.2(21) 3298.0(20)
c

0, 1 ð5=2; 7=2Þ� ! 5=2þ

6636.3(15)
b

6636.1(7) 505.2(8) 2184.9(4) 1 9=2� ! 7=2�

3284.7(2) �0:48ð1Þ=� 0:02ð2Þ 0.49(3) 1 9=2� ! 7=2þ

aRef. [11].
bRef. [14].
cGamma rays observed for the first time in this work.

PRL 108, 262502 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
29 JUNE 2012

262502-2



well studied mirror nucleus 31P in this excitation energy
region, but this would imply a large negative Coulomb
energy difference for the analogue level (see Fig. 2 for
the matching of 31S levels with their mirror partners). Such
negative energy shifts are not observed for positive-parity
states in this region of the sd shell [17,18], and we there-
fore conclude that this is a 3=2� resonance. In a more
recent study of the 31Pð3He; tÞ31S charge-exchange reaction
by Parikh et al. [12], an assignment of 1=2þ was deduced
for the 6327-keV state using a coupled channels analysis of
the particle angular distribution. However, this paper [12]
also confirmed previous assignments of another 1=2þ level
at 6259 keV discussed above. The observation of two 1=2þ
states, however, is not consistent with the known level
structure of the mirror partner 31P, nor with shell model
calculations [19] that indicate the existence of only one
1=2þ level in this region (at 6337 keV in 31P) with a single,
dominant gamma-decay transition to the ground state [20].
We therefore link the known 1=2þ state at 6259 keV in 31S
with the 6337-keV level in 31P.

These mirror systematics indicate the existence of a
second 3=2� state in this energy range. We observe a
transition at 5108 keV decaying toward the 3=2þ1 level
(see Fig. 1) that shares the same AD characteristics as
the 5078-keV transition from the 3=2� level at 6327 keV.
This second transition represents an excitation energy of
6542 keV and agrees with the energy of a level first
reported by Wrede et al. [10,11]. However, no definite
J� assignment had previously been reported for this level.

In Fig. 2, the 3=2� states at 6327 and 6542 keV in 31S are
paired with the 6610 and 6496 keV 3=2� analogues in 31P,
which also have dominant decay branches to the 3=2þ1
level.
A new level is reported here at 6393 keV. The AD of the

5143-keV � decay to the 3=2þ1 state is characteristic of a

�J ¼ 1 transition. Since the AD is anisotropic, ruling out
J ¼ 1=2 states, a J ¼ 5=2 level is proposed. The RDCO

value is inconsistent with a pure E1 transition and consis-
tent with a mixed M1=E2 transition; therefore, we con-
clude that the 6393-keV level is a 5=2þ state and pair it
with the one known 5=2þ state in this energy range in 31P
(at 6461 keV). The 6393-keV level has probably not been
observed before because it would not have been resolved
from the neighboring 6394-keV state in light-ion charge-
particle reaction studies. Indeed, Wrede et al. [10,11]
required the addition of a new, unresolved and unassigned
level around 6400 keV in their (3He, t) study to account for
the fit to their data in the region of the known 6394-keV
level. Parikh et al. [12] supported this observation in their
later (3He, t) study. With the introduction and assignment
of the new state at 6393 keV, all known isobaric analogue
states in the stable nucleus 31P are now paired with levels in
the region above the proton threshold in 31S.
AD measurements for the 5108-keV gamma ray from

the 6357-keV state, are consistent with a �J ¼ �1 tran-
sition to the 3=2þ1 level. Since 1=2þ states decay isotropi-

cally and the AD is anisotropic, these are ruled out, and as
there are no candidates left for J� ¼ 5=2þ states, we
propose that it is a 5=2� state and pair it with the known
analogue level at 6461 keV in 31P (see Fig. 2). The RDCO

value is in good agreement with a pure E1 transition. The
only previous definite assignment of this state was 3=2þ in
the (3He, t) study of Parikh et al. [12]; however, our
gamma-ray AD data would require a positive value for
a2 of �0:2 which can be ruled out at the 9� level.
Furthermore, there is no credible available 3=2þ candidate
in the relevant excitation range in the mirror nucleus 31P
[20]. There is a state at 6233 keV in 31P assigned
ð3=2–9=2Þþ [20], but this would imply a very large nega-
tive Coulomb energy shift. Here we pair this with the
6138-keV level from which we identify gamma transitions
to the 3=2þ1 and 7=2þ1 levels. The AD coefficients for the

main transition to the 3=2þ level favors a 3=2þ assignment
but the statistics are relatively poor, meaning a �J ¼ 2
transition from a 7=2þ level cannot be ruled out. Parikh
et al. [12] report a J ¼ 9=2 assignment for the 6138-keV
level. However, in this event no gamma-ray transition
would be observed to the 3=2þ1 level since an E3=M3
transition would not compete with E1, M1, or E2
transitions to other levels, in contradiction with the current
observation of such a transition.
Prior to thework ofWrede et al. [10,11], the presence of a

6583-keV level was tentative; it is observed here in coinci-
dence with the deexcitation of the 5=2þ2 state. In the 31P

FIG. 2 (color online). Mirror diagram for states within
500 keV of the 30Pþ p threshold. Excitation energies and
J� values in 31S are from the present work with 31P from
Refs. [20,21,25].

PRL 108, 262502 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
29 JUNE 2012

262502-3



mirror system, the only state in the energy range 6.4–7 MeV
to exhibit such a decay branch is the 6842-keV level [21].
The weakly observed gamma-ray branch does not allow
for an AD measurement; therefore, we adopt the J� of the
mirror as ð5=2; 7=2Þ� from the compilation of Ref. [22].

For the estimation of the 30Pðp; �Þ31S reaction rate in
Fig. 3(a) using the new resonance assignments, we follow
the procedure described by Wrede et al. [10,11]. The
spectroscopic factors of all but a few states are unknown.
In keeping with Refs. [9–11,14], we choose C2S ¼ 0:10
for even-parity resonances, and C2S ¼ 0:02 for odd-parity
ones when no other information is available. For tempera-
tures in the region 0:10 � T � 0:25 GK, the rate is domi-
nated by resonances at 196 and 226 keV, with J�

assignments of 3=2� and 5=2�, respectively, allowing for
lp ¼ 1 capture to both states. For peak temperatures

reached in ONe novae events, 0:25 � T � 0:42 GK, the
contribution of two resonances again dominates the rate.
The resonance at 411 keV is assigned J� ¼ 3=2� and for
the largest nova temperatures, lp ¼ 1 capture to this state

is found to strongly influence the total rate. The J� of the
neighboring resonance at 452 keV is uncertain and is
presently assigned as ð5=2; 7=2Þ�. Assuming J� ¼ 5=2�
for the calculation implies an enhanced rate as the reso-
nance may be populated by lp ¼ 1 capture, taking a 7=2�

assignment restricts the population to lp ¼ 3 protons and

reduces the rate in the 0:25 � T � 0:42 GK temperature
region by a factor �2.
Figure 3(b) provides the estimated higher and lower

30Pðp; �Þ31S reaction rates from the present work taking
the limiting lp cases for the 452-keV resonance into account.

They are presented as a ratio to the statistical model estimate
used in the novae model calculations of José et al. [3]. It can
be seen that there is now good agreement in the key astro-
physical burning temperature region for ONe novae (from
�0:2–0:42 GK). A comparison is also given with the most
recent estimates [12] that have a large spread between high
and low 30Pðp; �Þ31S rates. Quoting Ref. [12], these ‘‘can be
attributed directly to the uncertainties in the exactJ� values.’’
The proton partial widths used in Ref. [12] were based on a
Monte Carlo treatment, and the upper and lower reaction rate
limits shown in Fig. 3(b) also incorporate estimated uncer-
tainties in these widths. There are significant differences in
the shapes of the rate ratios in Fig. 3(b). The rate ratios
calculated by Parikh et al. [12] reach a maximum for
T � 0:15 GK and then decrease gradually. However, in the
presentwork,1=2þ and 3=2þ assignments of Parikh et al. for
the resonances at 196 and 226 keV are ruled out and are
replaced with lp ¼ 1 captures in the lower temperature

regime. Most of the difference can be attributed to this since
Parikh et al. note that the rate above 0.08GK is dominated by
these states being populated by s-wave capture. A compari-
son is also provided in Fig. 3(b) with themost recent gamma-
ray spectroscopy study of 31S [14]. This heavy-ion fusion
reaction did not identify the low-spin resonances populated
in the light-ion fusion reaction utilized here, and the large
increase in the predicted rate in the present study can be
wholly attributed to the identification of these low-spin
resonances.
The increased 30Pðp; �Þ31S reaction rate produces sig-

nificantly higher yields of heavy elements in ONe novae
ejecta in stellar model calculations. Iliadis et al. [2]
performed reaction rate sensitivity calculations of ele-
mental abundances in ejecta for different stellar models
at the peak ONe novae burning temperature of�0:25 GK.
At this temperature, our estimated rate is �10 times
greater than both the lower limit set by Parikh et al.
[12] and the value estimated by Jenkins et al. [14].
For example, this increased rate can lead to an increase
of over a factor �2 in the production of sulphur isotopes
in ONe novae ejecta depending on the stellar model, and
significant increases also for Cl and Ar isotopes [2].
However, the most notable consequence of the newly
determined rate concerns the production of 30Si, which
has implications for mass ratio measurements in the

FIG. 3. (a) The 30Pðp; �Þ31S reaction rate estimated for tem-
peratures relevant to ONe novae assuming the choice of spectro-
scopic factors discussed in the text. Individual contributions of
resonances dominating the total rate are also shown. (b) Present
estimated reaction rate as a ratio to the statistical model rate used
in nova models [3,23]. The shaded region indicates the variation
in reaction rate depending on whether a 5=2� or 7=2� assign-
ment for the 452-keV resonance is taken. Also shown is the ratio
estimated from the previous gamma-ray study [14], and the
ratios corresponding to the upper and lower limits estimated in
the study of Parikh et al. [12].
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classification of presolar grains of nova origin [6]. Here
the factor �10 increase in the 30Pðp; �Þ31S reaction rate
typically produces a factor�10 reduction in the expected
abundance of 30Si [2].

In summary, a light-ion fusion reaction populated low-
spin states in 31S above the proton threshold. Their �
decays were studied for the first time. This has led to the
assignment of the key astrophysical resonances for the
30Pðp; �Þ31S reaction rate in novae. Consequently, there
is a large reduction in the uncertainty in the estimated
reaction rate. The present estimated rate now agrees well
with that based on the statistical model [23] approach used
by José et al. to calculate abundances of heavy elements
ejected by ONe novae [3]. This rate is �10 higher at peak
ONe novae burning temperatures compared to some recent
estimates from experimental studies of the level structure
of 31S. This produces significant increases in the produc-
tion of isotopes of the elements S, Cl, and Ar in novae
ejecta, dependent on the stellar model, and a decrease of
�10 in the predicted abundance of 30Si in presolar grains
of nova origin. Further progress in reducing uncertainties
in the 30Pðp; �Þ31S reaction rate could be achieved by
measurements of the largely unknown proton partial
widths of the key resonances using transfer reactions [24].
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