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Background: Abundance anomalies in some globular clusters, such as the enhancement of potassium and the
depletion of magnesium, can be explained in terms of an earlier generation of stars polluting the presently observed
ones. It was shown that the potential range of temperatures and densities of the polluting sites depends on the
strength of a few number of critical reaction rates. The 30Si(p,γ)31P reaction has been identified as one of these
important reactions.

Purpose: The key ingredient for evaluating the thermonuclear 30Si(p,γ)31P reaction rate is the strength of the
resonances which, at low energy, are proportional to their proton width. Therefore the goal of this work is to
determine the proton widths of unbound 31P states.

Method: States in 31P were studied at the Maier-Leibnitz-Laboratorium using the one-proton 30Si(3He,d)31P
transfer reaction. Deuterons were detected with the Q3D magnetic spectrometer. Angular distribution and
spectroscopic factors were extracted for 27 states, and proton widths and resonance strengths were calculated for
the unbound states.

Results: Several 31P unbound states have been observed for the first time in a one-proton transfer reaction.
Above 20 MK, the 30Si(p,γ)31P reaction rate is now entirely estimated from the observed properties of 31P states.
The reaction rate uncertainty from all resonances other than the Ec.m.

r = 149 keV resonance has been reduced
down to less than a factor of two above that temperature. The unknown spin and parity of the Ec.m.

r = 149 keV
resonance dominates the uncertainty in the rate in the relevant temperature range.

Conclusion: The remaining source of uncertainty on the 30Si(p,γ)31P reaction rate comes from the unknown
spin and parity of the Ec.m.

r = 149 keV resonance which can change the reaction rate by a factor of ten in the
temperature range of interest.

I. INTRODUCTION

Globular clusters are vital testing grounds for mod-
els of stellar evolution and early stages of the formation
of galaxies. It is now well established that they consist
of multiple star generations implying several episodes of
star formation [1, 2]. Spectroscopic observations show a
typical anti-correlation of abundances between pairs of
light elements such as C–N, O–Na and Mg–Al [3]. These
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abundance patterns have been detected in red giant stars
where present day models show that the relatively low
burning temperatures cannot modify the abundances of
O, Na, Mg or Al [4], indicating that these abundance
anomalies come from an earlier stellar population which
polluted the gas from which the currently observed glob-
ular cluster stars formed. So far, the nature of stellar
polluters and the pollution process remains uncertain,
and identifying them is a challenge to the understanding
of how globular cluster and galaxy formation took place.

The NGC 2419 globular cluster deserves special at-
tention since a Mg–K anticorrelation is also observed [5]
in addition to anticorrelation of lighter elements in gi-
ant stars. In this case the abundance of potassium is
strongly enhanced while the magnesium one is depleted.



2

This feature cannot be explained by low-temperature hy-
drogen burning (T ≈ 75 MK) in the polluter stars as
was suggested to successfully explain both the O–Na and
Mg–Al correlations in other globular clusters [6]. Indeed,
the involved proton-capture reaction rates are too small
because of the Coulomb barrier and the observed potas-
sium overabundance cannot be reproduced. This indi-
cates that a polluting star with hydrogen burning at ele-
vated temperatures (T ≥ 80 MK) is therefore required in
order to explain the Mg–K anticorrelation in NGC 2419.
Recent studies relying on Monte Carlo network calcu-
lations have explored the temperature and density con-
ditions of the polluter needed to reproduce these abun-
dance anomalies [7, 8]. These works suggest that the
polluter material should be produced by hydrogen burn-
ing occurring in a temperature range of 120 − 200 MK.
However, this temperature range is sensitive to a few pro-
ton radiative capture reactions, 30Si(p,γ)31P being one of
them.

The 30Si(p,γ)31P reaction rate is rather well con-
strained experimentally at high temperatures (T ≥
1 GK which are relevant for type Ia supernovae nucle-
osynthesis [9]) where the strength of resonances above
Ec.m.
r = 600 keV has been measured directly [10].

Hydrogen burning in the polluting stellar site in glob-
ular clusters takes place at lower temperatures of T =
120 − 200 MK where there are eight resonances in the
Ec.m.
r = 100−500 keV range corresponding to these stel-

lar temperatures. The strength of the Ec.m.
r = 482 keV

resonance has been recently directly measured [11] re-
solving a discrepancy of a factor of two between previous
measurements [12, 13]. Along with the reported value
for the Ec.m.

r = 482 keV resonance, a direct strength
measurement was reported for the Ec.m.

r = 422 keV
resonance [11], which is the lowest-energy resonance for
which a direct measurement is available. Indirect deter-
mination of the proton widths provides an alternative
approach to determining the reaction rates. For res-
onance energies corresponding to T = 120 − 200 MK,
the resonance strengths are directly proportional to the
proton width since the proton widths are much smaller
than the γ-ray widths [14]. The proton width of the
Ec.m.
r = 441 keV resonance has been determined indi-

rectly from its proton spectroscopic factor, obtained from
the one-proton 30Si(3He,d)31P transfer reaction [15]. The
proton widths of the other resonances were not deter-
mined due to the poor energy resolution not allowing to
separate the Ex = 7719 − 7737 keV doublet, and the
low statistics for the least populated states. The goal of
this paper is to determine the proton widths of unbound
31P states within 500 keV above the 30Si+p threshold at
Sp = 7296.55(2) keV [16].

In this work we report on a study of 31P states
for excitation energies between 6.8 and 8.1 MeV. The
30Si(3He,d)31P reaction was used to populate and iden-
tify the relevant states. From the analysis of the deuteron
angular distributions the proton spectroscopic factors
and the transferred angular momenta were obtained for

each populated 31P level. Section II describes the exper-
imental setup and technique used, and Section III details
the data analysis methodology. The results are presented
in Section IV and the 30Si(p,γ)31P reaction rate is given
in Section V. We summarise and conclude in Section VI.

II. EXPERIMENT

The 30Si(3He,d)31P reaction was studied at the Maier-
Leibnitz-Laboratorium (MLL) in Garching, Germany.
A 3He2+ beam (I = 150 – 200 enA) was accelerated
to 25 MeV by the Tandem Van de Graaff accelerator,
and transported to the target located at the object fo-
cal point of a Q3D magnetic spectrometer [17]. The
integrated charge was measured by a suppressed Fara-
day cup located at 0° downstream the target. An en-
riched (95%) 30SiO2 target of thickness 16(3) µg/cm2 on
a 40(1) µg/cm2 carbon backing was used. In addition,
natural silicon oxide and natural carbon targets were
used to characterize the background, and to identify any
contaminant reaction. The target thickness was deter-
mined using a Rutherford Back Scattering technique at
the JANNuS/SCALP facility [18] (Orsay, France) and at
the Triangle Universities Nuclear Laboratory (Durham,
North Carolina, USA).

The light reaction products entered the Q3D spectrom-
eter through a smaller aperture (∆Ω = 4.2 msr) than the
maximum one, in order to improve the energy resolution
while maintaining a reasonable level of statistics. The
reaction products were then momentum analysed and fo-
cused on its focal-plane detection system [19]. This sys-
tem was equipped with a 0.9 m long detector, based on
two single-wire proportional counters, one with a readout
of 3 mm wide cathode strips for position (∆x ∼ 0.1 mm)
and energy-loss information, and a scintillator for the
residual energy of the light particles. Particle identifica-
tion was achieved by combining the aforementioned phys-
ical quantities and the deuterons were readily separated
from other reaction products.

The measurements were performed at the laboratory
angles of θlab = 6°, 10°, 12°, 16°, 20°, 23°, and 32° with a
precision of half an angular measurement gradient corre-
sponding to 0.05°. The magnetic field of the spectrometer
was set at each detection angle to cover an excitation-
energy range between Ex = 6.8 MeV and 8.1 MeV.

III. DATA ANALYSIS

After selection, deuteron spectra of the focal-plane po-
sition were obtained for each spectrometer angle. Typical
spectra at 10° and 20° are shown in Fig. 1. States result-
ing from the 31P reaction could be readily identified based
on their kinematic shifts at different scattering angles.
The origin of the remaining peaks could be associated
with reactions on contaminants in the target. Since the
magnetic spectrograph was tuned to compensate for the
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kinematic aberration associated with the 30Si(3He,d)31P
reaction, deuteron peaks induced by contaminant reac-
tions are broader than those associated with narrow 31P
states. Moreover the contaminant peaks exhibit a kine-
matic dependence which is readily distinguishable from
the 31P excited states. Deuteron peaks associated with
(3He,d) reactions on the target components (28Si, 16O
and 12C), as well as on 14N were also identified.

The deuteron magnetic rigidity spectra were indepen-
dently analysed at each detection angle using a least-
squares fit of a sum of exponentially modified Gaussian
functions [20], which proved to be a good model for the
peak shape induced by the Q3D response. A common
width and common exponential factor were considered
as free parameters for all 31P states at a given angle.
Contamination peaks associated with nuclei with a mass
number close to A = 31 were also fitted with the same
modified Gaussian function, but with different width and
exponential factors. For contaminant peaks associated
to lighter nuclei the optical aberrations induced a peak
shape which could not be described by a modified Gaus-
sian function. These peaks were excluded from the fit ex-
cept when peaks of interest were close by; in that case the
tail of the contamination peak was modelled by a simple
exponential function and considered as background (e.g.
the 19F state at Ex = 495 keV). An energy resolution of
5 keV (FWHM) was obtained at θlab = 6°, a significant
improvement compared to the previous 30Si(3He,d)31P
study [15] thanks to the use of a thinner target and the
better resolving power of the Q3D magnetic spectrome-
ter.

Several 31P levels in the energy range Ex = 6.8 −
8.1 MeV are isolated and well populated (see Fig. 1), with
accurately determined excitation energies [16]. These
levels (labeled with asterisks in Table I and Fig. 1) were
used for rigidity calibration, and a second-degree poly-
nomial relation was obtained between the radius of cur-
vature and the position on the focal-plane detector. The
residuals between the known and determined excitation
energies of 31P states are less than 4 keV. The calibra-
tion procedure was repeated for each spectrometer angle
and the adopted excitation energies, reported in Table I,
come from the weighted average of energies obtained at
each detection angle when the state was observed. The
obtained excitation energies for well-populated states in
the present work are in excellent agreement with previ-
ous results. With respect to the previous 30Si(3He,d)31P
experimental study [15], the excellent energy resolution
achieved in the present work enabled the separation of
several unresolved doublets. Moreover, several weakly
populated states have been observed. Fig. 2 shows a
close-up view of the deuteron magnetic rigidity spectra
for 31P levels above the proton threshold which were not
observed in Ref. [15]. Levels above the proton threshold
are discussed in detail in Section IV C.

IV. RESULTS

A. Angular distributions and DWBA analysis

The differential cross sections corresponding to states
populated in the 31P reaction were calculated from the
deuteron yield determined at each spectrometer angle
after a proper normalisation taking into account the
areal density of 30Si atoms in the target, the solid angle
and the accumulated charge corrected for the electronic
dead time. The differential cross-sections for twenty-
seven 31P levels are shown in Fig. 3 and in Fig. 4 for
states below and above the 30Si+p threshold (Sp =
7296.55(2) keV [16]), respectively. Finite-Range Dis-
torted Wave Born Approximation (FR-DWBA) calcula-
tions have been performed with the Fresco code [21]
and the best fit to the data is also plotted.

The optical potential parameters for the entrance
channel come from an experimental study of the same
transfer reaction at the same bombarding energy [22],
and the parameters for the exit channel come from set
F of the Daehnick et al. global deuteron potentials [23].
The finite-range calculations have been performed using
the 〈3He|d〉 overlap obtained with the Green’s function
Monte Carlo method using the Argonne ν18 two-nucleon
and Illinois-7 three-nucleon interactions [24]. The wave-
function describing the 30Si+p relative motion was cal-
culated by adjusting the depth of a Woods-Saxon poten-
tial to reproduce the known separation energy of each
31P state. The optical potential parameters used in
the present analysis are reported in Table II. A very
good agreement is obtained between normalized FR-
DWBA calculations and the experimental differential
cross-sections (see Fig. 3) which supports a single-step
direct mechanism for the proton transfer reaction popu-
lating 31P excited states.

The normalization factor obtained from fitting the the-
oretical angular distributions to the data is related to
the proton spectroscopic factor C2Sp. For bound 31P
levels (positive binding energy) the spectroscopic fac-
tors are directly deduced from the normalization proce-
dure since the determination of the form factor needed
by the DWBA calculation is fairly simple in that case.
For unbound 31P states the FR-DWBA calculations were
performed for several positive binding energies down to
10 keV, and the spectroscopic factor was then linearly ex-
trapolated to the binding energy (negative) of the state
under consideration [25]. We estimate that the finite-
range calculations introduce no more than 5% uncer-
tainty based on a similar extrapolation performed with
Zero-Range DWBA calculations.

The values of the proton spectroscopic factor are dis-
played in Table I. These values, obtained using finite
range calculations, are lower by 25% − 40% than those
obtained in the zero-range analysis of Vernotte et al [15].
This is in agreement with theoretical calculations where
a reduction factor of 0.77 is found, due to finite-range
considerations [26].
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FIG. 1. (Color online) Deuteron magnetic rigidity spectra at spectrometer angles of 10° (panel a)) and 20° (panel b)) corre-
sponding to an incident charge of 1200 µC and 5768 µC, respectively. Excitation energies in 31P between Ex = 6.8 MeV and
8.1 MeV are covered and are reported for each state. 31P states labeled with an asterisk have been used in the calibration
procedure. The best fit is shown as a solid line, while the individual contributions are in red/green dashed lines for 31P states
and contaminant peaks, respectively.

The uncertainty on the spectroscopic factor comes
from (i) the optical potentials describing the elastic chan-
nels, (ii) the binding potential used for the calculation of
the relative p+30Si wave function, and (iii) the experi-
mental uncertainties associated to the cross section de-
termination. The uncertainties associated to the optical
potentials for (3He,d) transfer reactions are commonly
reported in the literature to be about 30% of the nomi-
nal value [15]. The uncertainty arising from the poorly
constrained geometry of the binding potential has been
investigated with a Monte-Carlo approach where the ra-
dius and diffuseness of the associated Wood-Saxon well
were independently sampled according to a Gaussian dis-
tribution with a full width at half maximum of 25% (ra-
dius) and 35% (diffuseness) with respect to the nominal
values (see Table II). This study was performed for s-,
p-, d- and f -waves resulting in a 30% uncertainty on the

spectroscopic factor. The experimental and statistical
fit errors are less than 7% for the majority of levels ob-
served, while they represent 11% for low populated states
at Ex = 7082-, 7159-, 7347-, and 8078-keV. For states of
astrophysical interest at Ex = 7446- and 7470-keV, the
errors are 28% and 17% respectively.

B. Proton width and resonance strength

For unbound states the proton width Γp is expressed
as the product of the proton spectroscopic factor and the
single-particle proton width: Γp = C2Sp × Γs.p. The
single-particle width is calculated with the formula [14]:

Γs.p. =
~2s
2µ

P`(Er, s)|R(s)|2, (1)
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TABLE I. Excitation energy, angular momentum, proton spectroscopic factor and single-particle width of 31P levels populated
by the 30Si(3He,d)31P reaction are reported. Comparison with available information from the literature is provided. 31P states
labeled with an asterisk have been used in the calibration procedure.

Present work Vernotte et al. [15] ENSDF [16]
Ex (keV) `p (2J+1)C2S Γsp (eV)a Ex (keV)b `p (2J+1)C2Sc Ex (keV) Jπ

6826.5 9 5 0.061 1.16 × 104 6826 6824.2 20 11/2−

6828 3
6844.0 8 * 3 0.034 2.90 × 104 6843 3 0.04 6841.9 15 5/2−

6911.3 10 * 1 0.052 1.58 × 105 6910 1 0.08 6909.6 16 3/2−

6933.2 9 * 3 0.085 2.96 × 104 6932 2 0.08 6931.9 15 5/2+

or 2 0.040 6.13 × 104

7068.5 9 3 0.041 3.06 × 104 7068 3 0.04 7073 4 5/2−, 7/2−

7073 6 1/2+, 3/2+

7082.4 14 1 0.004 1.65 × 105 7081 7079.9 19 3/2−, 5/2+

7084.0 17 3/2+, 5/2, 7/2+

7117.7 10 9/2+

7140.7 8 * 0 0.099 1.61 × 105 7139 0 0.22 7141.1 18 1/2+

7159.7 16 1 0.002 1.60 × 105 7158 5
or 3 0.003 3.12 × 104

7214.4 8 * 1 0.020 1.61 × 105 7214 1 0.032 7214.3 20 1/2−, 3/2−

7313.7 16 1/2+, 3/2+

7316.1 9 * 3 0.0075 2.44 × 10−36 7314 3 0.016 7314 4 5/2−, 7/2−

7347.1 12 1 0.0007 2.78 × 10−17 7346 6 3/2−, 5/2−

or 2 0.0012 6.60 × 10−19

7356 16
7445.7 29 2 0.0007 6.71 × 10−8 7441.4 10 (3/2 to 9/2)

or 3 0.0006 1.19 × 10−9

7442.3 3 11/2+

7470.4 22 3 0.0008 1.60 × 10−8 7466 2 5/2−, 7/2−, 9/2−

7572
7690.9 10 3 0.006 1.53 × 10−3 7687.2 20
7719.4 8 * 3 0.045 3.34 × 10−3 7718 7718 4
7737.3 8 * 3 0.114 6.89 × 10−3 7736 3 0.16 7736 4 5/2−, 7/2−

7781.1 8 * 1 0.015 16.25 7780 1 0.02 7779 1 3/2−

7825 9
7851.2 8 1 0.009 55.75 7855 7852 4 1/2,3/2,5/2+

or 2 0.0114 2.56
7863.8 14 3 0.004 0.074 7859.8 4 11/2−

7898.0 8 * 1 0.115 112.6 7900 1 0.32 7896 1 1/2−

7911.5 8 * 3 0.190 0.215 7913 3 0.12 7913 4 5/2−, 7/2−

7946.2 8 * 2 0.033 8.711 7949 2 0.04 7945 1 3/2+, 5/2+

7976.4 8 2 0.023 16.122 7980 2 0.032 7980
7994 6 5/2−

8031 1 5/2+

8048.4 11 * 1 0.034 733.5 8051 1 0.04 8048 1 3/2−

8078.0 17 * 1 0.004 975.3 8080 8077.0 4 11/2−

8104.9 15 * 2 0.023 68.11 8107 2 0.018 8104 1 5/2+

a Reduced single-particle proton width γ2s.p. is given for bound states up to Sp = 7296.55(2) keV.
b Excitation energies are given with an uncertainty of ±4 keV.
c The protons are assumed to be transferred to 2p3/2, 1d3/2 and 1f7/2 orbitals for ` = 1, 2 and 3 transitions, respectively.

where µ is the reduced mass of the p+30Si system,
Pl(Er, s) is the penetrability of the Coulomb and cen-
trifugal barriers for transferred angular momentum `, and
R(s) is the radial part of the p+30Si wave function. Both
the penetrability and the radial part of the wave function
should be evaluated at a radius s where the latter ap-
proaches an asymptotic behaviour. In the present work
the calculations were performed with the radius s = 7 fm

because it allowed the radial part of the wave function
to fulfill the previous condition. The code Dwuck4 was
used to calculate the single-particle width since it pro-
vides an easy way to solve the Schrödinger equation for
the p+30Si scattering state. The same interacting poten-
tial as the one used for determining spectroscopic factors
with Fresco was used, and the depth of its central vol-
ume part was varied until a resonance was obtained at
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TABLE II. Potential parameters used in DWBA calculations

Channel VWS(MeV) rr(fm) ar(fm) WV (MeV) WD(MeV) ri(fm) ai(fm) Vs.o.(MeV) rs.o.(fm) as.o.(fm) rC(fm)
30Si + 3He 189.8 1.150 0.669 24.0 1.495 0.886 1.4
31P + 2H 85.7 1.170 0.755 0.90 12.0 1.325 0.749 3.28 1.07 0.66 1.3
2H + p a 179.94 0.540 0.680 1.25
30Si + p adjusted 1.250 0.650 6.25 1.25 0.650 1.25

a The parametrization of overlaps calculated in Ref. [24] adds a Gaussian component to the Wood-Saxon potential:

VWS ×
{

1
1+exp[(r−rr)/ar ]

− β exp[−(r/ρ)2]
}

where β = 1.13 and ρ = 0.64
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FIG. 2. (Color online) Deuteron magnetic rigidity spectra
showing a close-up on weakly populated unbound 31P levels
(see text for discussion). Spectrum in the upper right panel
have been re-binned with a factor 4.

the right energy [27].
The uncertainty on the proton width results from

the uncertainties on the spectroscopic factor and the
single-particle wave function. Since both C2Sp and Γs.p.
strongly depend on the geometry of the binding poten-
tial a certain degree of anti-correlation is expected be-
tween their uncertainties. The Monte-Carlo technique
presented in section IV A was used to calculate the single-
particle width for each radius and diffuseness combi-
nation defining the geometry of the potential well. A
strong correlation between the spectroscopic factor and
the single-particle width was observed resulting in an un-
certainty on the resulting proton width Γp smaller than
1%. The impact of these correlations on the extraction
of the proton widths will be explored in a forthcoming
publication. The final uncertainty on the proton width
is then given by the uncertainty on the spectroscopic fac-
tor due to the optical potentials describing the entrance
and exit channels, e.g. ≈ 30%.

Once the proton width is calculated the resonance

strength ωγ can be evaluated. The resonance strength
is defined as [14]:

ωγ =
(2J + 1)

(2j + 1)(2J30Si + 1)

ΓpΓγ
Γtot

, (2)

where J, j and J30Si are the spins of the resonance, the
proton and the target nucleus, respectively. Γtot = Γp +
Γγ is the total width, the sum of the proton partial width
(Γp) and the γ-ray partial width (Γγ) since these two
channels are the only ones open in the energy range of our
study. For excitation energies near the proton threshold,
the γ-decay channel dominates (Γp � Γγ). Given that
j = 1/2 and J30Si = 0, the resonance strength is thus
well approximated as ωγ = 0.5(2J + 1)Γp. Values of the
proton widths and resonance strengths are reported in
Table III.

C. Discussion

We present here the spectroscopic properties of
the 31P states above the proton threshold (Sp =
7296.55(2) keV [16]). Excitation energies are used to
derive resonance energies using the relation Ec.m.r =
Ex−Sp, and the uncertainty associated to the resonance
energy is dominated by the one on excitation energies.
Reported excitation energies are from this work, or from
the literature when the 31P states have not been observed
in the present data.

1. Ex = 7313.7 ± 1.6 keV

This level corresponds to a resonance energy
Ec.m.
r = 17.2 keV. The Jπ = 1/2+, 3/2+ assignment

reported in ENSDF [16] for this state comes from the
study of the 29Si(3He,p)31P transfer reaction [28]. There
is no indication of this level in our experimental data.

2. Ex = 7316.2 ± 0.9 keV

This level corresponds to a resonance energy
Ec.m.
r = 19.6 keV. The analysis of the angular dis-

tribution from the present data is best described by a
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FIG. 3. (Color online) Angular distributions of 31P bound states populated in the 30Si(3He,d)31P reaction. Curves represent
finite-range DWBA calculations normalized to the data. The error bars are typically smaller than the data points.

` = 3 transferred orbital angular momentum, thus corre-
sponding to a 5/2− or 7/2− assignment. This is in line
with the results obtained from a previous study of the
30Si(3He,d)31P transfer reaction [15]. Note that the lat-
ter work observed this state at Ex = 7314±4 keV, which
is in agreement with our value within error bars.

3. Ex = 7347.0 ± 1.2 keV

This level corresponds to a resonance energy
Ec.m.
r = 50.5 keV. This state has a reported energy

Ex = 7346 ± 6 keV and spin-parity Jπ = 3/2−, 5/2− in
ENSDF [16] based on the study of the 29Si(3He,p)31P re-
action [28]. This state is weakly populated in the present
data, and its associated angular distribution is best de-
scribed by ` = 1 or ` = 2 momentum transfer, giving
similar reduced chi-square when only the three most for-
ward angles are considered. Given the established spins
and negative parity assignment from Ref. [28], and con-
sidering the parity conservation in the present transfer
reaction, this leads to ` = 1 and Jπ = 3/2−.

4. Ex = 7356 keV

This level corresponds to a resonance energy of
Ec.m.
r = 59.5 keV. No spin-parity assignment has been

reported in the literature. This state has been popu-
lated by the 33S(d,α)31P reaction [29], however the α-
particle peak associated to this state appears as a weak
shoulder in a contamination peak. This prevented an
accurate determination of the excitation energy, and in-
deed no associated uncertainty is given in that work. Al-
though not cited in the ENSDF compilation [16], the
study of the 29Si(3He,p)31P reaction [30] reports a state
at Ex = 7356±9 keV. However this should be considered
as tentative since the author gives the energy between
brackets (see his Table 1). Interestingly, in a subsequent
29Si(3He,p)31P reaction study [28] there is no indication
of the Ex = 7356 keV state, and it was instead associ-
ated to the Ex = 7347± 6 keV state. This level has not
been populated in the present experiment in line with
its non-observation in all of the other (3He,d) studies.
We conclude that the existence of the Ex = 7356 keV
state is not firmly established and we thus do not further
consider it in this work.
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FIG. 4. (Color online) Angular distributions of 31P proton-unbound states populated in the 30Si(3He,d)31P reaction. Curves
represent finite-range DWBA calculations normalized to the data. The error bars are typically smaller than the data points.

5. Ex = 7441.4 ± 1.0 keV and Ex = 7442.3 ± 0.3 keV

This doublet that is reported in Ref. [16] corresponds
to resonance energies of Ec.m.

r = 144.9 keV and
Ec.m.
r = 145.8 keV. The low energy component of

the doublet was first observed using the 27Al(α,γ)31P
reaction [31] and a spin assignment J = (3/2 − 9/2)
was derived [16]. This state mainly decays through two
7/2+ levels thus adding a further constraint for its parity
which is most likely positive in case of a J = 3/2 as-
signment. The other component of the doublet has been
observed in several experimental studies [32–34] pointing
to a Jπ = 11/2+ assignment.

In the present experiment, we observe a weakly pop-
ulated state at the three angles θQ3D ≥ 20°, with a
weighted average excitation energy of Ex = 7445.7 ±
2.8 keV. Since the present transfer reaction is better
matched for low transferred angular momenta, we as-
sume that the level observed corresponds to the low spin
component of the doublet. The spin-parity assignment
discussed previously corresponds to either ` = 2, 3 or 4.
However the limited angular range of the angular distri-
bution and the lack of data at forward angles does not
allow to discriminate between the different possible trans-
ferred relative angular momenta. We therefore consider
` = 2 or ` = 3 transfers; both DWBA calculations are
reported in Fig. 4, and the impact of these possibilities
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will be discussed in the reaction rate section (Sec. V).

6. Ex = 7470.5 ± 2.3 keV

This level corresponds to a resonance energy of
Ec.m.
r = 174.0 keV. A deuteron peak is unambiguously

associated to this state at θQ3D = 20°, 23° and 32°. We
associate this level to the one reported at Ex = 7466 ±
2 keV in the literature. The Ex = 7466 keV state was
first observed using the 27Al(α,γ)31P reaction [31], and
later with the 28Si(α,pγ)31 [32] and 29Si(3He,p)31P [28]
reactions. Based on these experimental studies the spin-
parity of this state is restricted to Jπ = (7/2, 9/2)− [35].
Such spin-parity assignment corresponds to an ` = 3 or
` = 5 angular momentum transfer for the 30Si(3He,d)31P
reaction. The spectroscopic factor was extracted for the
lower angular momentum transfer in order to maximize
the strength of this resonance.

7. Ex = 7572 keV

This level corresponds to a resonance energy of
Ec.m.
r = 276 keV. It has only been observed in the

experimental study of the 33S(d,α)31P reaction [29], no
spin-parity is given. There is no evidence of this state
in the present study, in agreement with the results from
other 30Si(3He,d)31P study [15].

8. Ex = 7691.1 ± 1.0 keV

This level corresponds to a resonance energy
Ec.m.
r = 394.6 keV. This state has been unambiguously

observed in the present experiment at θQ3D = 6°, 10° and
12°. At higher angles, the state at Ex = 7691 keV over-
laps with the 29P state at Ex = 3105 keV populated
by the 28Si(3He,d)29P reaction. For large Q3D detec-
tion angles, the angular distribution of the 31P state at
Ex = 7691 keV was thus obtained after subtracting the
contribution from the 29P level. Such contribution was
estimated using the angular distribution obtained in the
28Si(3He,d)29P study [36] performed at the same incident
energy as the present experiment. The angular distribu-
tion of the Ex = 7691 keV state of 31P is best described
by a ` = 3 orbital angular momentum transfer, giving
Jπ = 5/2− or 7/2−. This level was not observed in the
work of Ref. [15] because of the presence of the 29P con-
tamination at all angles.

We associate the present level with the Ex = 7687.2±
2.0 keV state which has been observed in a single ex-
periment using the 30Si(p,γ)31P reaction [37]. Based on
the γ-ray feeding and decay properties, J ≤ 9/2 is sug-
gested [16], which is in agreement with the present spin-
parity assignment.

9. Ex = 7719.5 ± 0.8 keV

This level corresponds to a resonance energy of
Ec.m.
r = 423.0 keV. It has been observed us-

ing the 29Si(3He,p)31P [28], 30Si(d,n)31P [38] and
30Si(3He,d)31P [15] transfer reactions. No spin-parity as-
signment could be established because of the proximity
of the Ex = 7737 keV state forming an unresolved
doublet in the aforementioned experiments. The resolu-
tion obtained in the present experiment allowed to ex-
tract the angular distribution of this state at all Q3D
angles. The analysis of this distribution shows a ` = 3
orbital angular momentum transfer pattern leading to
Jπ = 5/2− or 7/2−. A recent 30Si(p,γ)31P direct mea-
surement [11] suggests Jπ = (3/2, 5/2)− based on the
combination of constrains coming from the γ-ray tran-
sitions and the 29Si(3He,p)31P reaction [28]. From the
combination of all existing spin-parity assignments, we
suggest that the Ex = 7719.5 keV state has Jπ = 5/2−.

The resonance in the 30Si(p,γ)31P reaction is observed
at Ec.m.

r = 421.9±0.3 keV with a strength ωγ = (1.14±
0.25)×10−4 eV [11] . Using the value of the proton width
deduced from the spectroscopic factor (2J + 1)C2S =
0.045, and under the reasonable approximation Γp � Γγ
at this energy, we find the strength of this resonance ωγ =
(7.43±2.23)×10−5 eV. For the reaction rate calculation
we favor the direct measurement of the strength of this
resonance.

10. Ex = 7737.3 ± 0.8 keV

This level corresponds to a resonance energy of
Ec.m.
r = 440.8 keV. It has only been observed through

the 30Si(3He,d)31P reaction [15] at Ex = 7736± 4 keV,
forming an unresolved doublet with the Ex = 7719 keV
state. This study suggested a ` = 3 transferred angu-
lar momentum for the doublet angular distribution. The
present analysis of the angular distribution of this level
obtained at all angles supports the ` = 3 value.

11. Ex = 7781.1 ± 0.8 keV

This level corresponds to a resonance energy of
Ec.m.
r = 484.6 keV. It has been observed by several

transfer reactions [15, 28, 38] and in the direct measure-
ment of the 30Si(p,γ)31P reaction [11, 37]. These di-
rect measurement experiments established a Jπ = 3/2−

spin-parity assignment [16]. The angular distribution ob-
tained in the present work at all angles corresponds to
a transferred angular orbital momentum of ` = 1 in line
with the known spin-parity assignment.

The resonance in the 30Si(p,γ)31P reaction is ob-
served at Ec.m.

r = 486.2 ± 0.2 keV with a strength
ωγ = (0.188 ± 0.014) eV [11]. Using the value of
the proton width deduced from the spectroscopic factor
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(2J + 1)C2S = 0.016, and under the reasonable approx-
imation at this energy that ωγ = 0.5(2J + 1)Γp, we find
a strength of ωγ = 0.12±0.04 eV for this resonance. For
the reaction rate calculation we favor the direct measure-
ment of the strength of this resonance.

12. Ex = 7825 ± 9 keV

This level corresponds to a resonance energy of
Ec.m.
r = 528.5 keV. It has only been observed in the

study of the 29Si(3He,p)31P reaction [30] even though it
has not been confirmed by the study of the same transfer
reaction at a different beam energy [28]. In the present
work there is an indication of a deuteron peak at the ex-
pected energy at a detection angle of 10°. However, this
indication at a single angle is not enough to conclude for
a positive observation of this state. We therefore discard
this level in the rest of the present study.

13. Ex = 7851.4 ± 0.8 keV

This level corresponds to a resonance energy of
Ec.m.
r = 554.9 keV. It has been observed in the

29Si(3He,p)31P experiment [28] at Ex = 7856 ± 6 keV
with J = 1/2 − 5/2, and with the 32S(d,3He)31P re-
action [39] at Ex = 7851 ± 5 keV. This state was
also observed at Ex = 7855 ± 4 keV in a previous
30Si(3He,d)31P experiment [15], but the corresponding
angular distribution could not be reproduced by DWBA
calculations. This is probably due to the presence of the
tail of the strongly populated state at Ex = 7898 keV,
together with the existence of an unresolved state at
Ex = 7863 keV.

In the present study, the spectrum in this excitation
energy region is better described by two close components
Ex = 7851.4 ± 0.8 keV and Ex = 7863.4 ± 1.4 keV
(χ2/ndf = 0.95 against χ2/ndf =1.52 for one-component
fit). The angular distribution of the Ex = 7851.4 ±
0.8 keV state could be extracted and is well described
by a DWBA calculation corresponding to either ` = 1 or
` = 2.

The gamma width of this resonance is deduced from
a (γ,γ’) experimental study [40] and estimated to
Γγ = 0.7 ± 0.1 eV (for ` = 1). This value is of the
same order of magnitude than the proton width, thus
the approximation ωγ = 0.5(2J + 1)Γp starts to be no
longer justified for these excitation energies and the exact
strength formula (Eq. 2) is used in that case.

14. Ex = 7863.4 ± 1.4 keV

This level corresponds to a resonance energy of
Ec.m.
r = 566.9 keV. Despite its weak population, it

has been observed at 5 angles. The only state that
could be associated to our observation would be the

state at Ex = 7859.8 ± 0.4 keV reported in the
24Mg(16O,2αpγ)31P reaction [34] with a spin parity as-
signment of Jπ = 11/2−.

The angular distribution for this state can be described
by either a ` = 0 or ` ≥ 3 transferred orbital momen-
tum with similar statistical likelihoods. However the very
weak population of this state may suggest a bad match-
ing condition for the transfer reaction, which would favor
large transferred angular momenta.

In addition, this resonance has not been reported in
the low-energy study of the 30Si(p,γ)31P reaction [41] al-
though two ` = 1 resonances were observed in its close
vicinity at Ec.m.

r = 484.6 keV and Ec.m.
r = 601.5 keV.

This could suggest that the contribution of the present
resonance is suppressed by the Coulomb and centrifugal
barriers, which would indicate a rather high spin.

We therefore consider for this state ` = 3, and this
must be considered as maximizing its contribution to the
reaction rate.

15. Ex = 7898.0 ± 0.7 keV

This level corresponds to a resonance energy of
Ec.m.
r = 601.3 keV. It has been observed in several

transfer reactions [15, 28, 38], and through γ-ray stud-
ies of 31P decays [37, 40, 41]. The direct 30Si(p,γ)31P
measurements established a Jπ = 1/2− spin-parity as-
signment and total width of Γ = 68 ± 9 eV [41]. This
state has been well populated at all angles in the present
work and the analysis of its angular distribution is well
described by a ` = 1 transferred angular momentum, in
agreement with the accepted spin-parity assignment.

The proton width calculated in the present work is
Γp = 68 eV and represents the main contribution to the
total width Γ = 68±9 eV [41]. The resonance strength is
thereby proportional to Γγ which can not be estimated
from the present experimental data. We therefore use
the known resonance strength ωγ = 1.95± 10 eV [42] for
the reaction rate calculations.

16. Ex > 7900 keV

For levels lying at excitation energies above
Ex = 7900 keV, the resonance strength can not
be estimated using the sole proton width which is
determined in the present work, because of the compe-
tition with the γ-decay. We therefore make a common
discussion for these states emphasizing the differences
with the results from the experimental 30Si(3He,d)31P
study performed by Vernotte et al. [15]. Spectroscopic
data for these levels are summarized in Table I along
with the single-particle proton widths.

There are 8 31P states reported in ENSDF [16] up to
Ex = 8200 keV, 6 of them have been populated and
studied in the work of Vernotte et al.. The present exper-
iment also populates them and the results of the subse-
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quent DWBA analysis are in excellent agreement in terms
of both the transferred angular momentum and the pro-
ton spectroscopic factors. The only exception concerns
the relatively weakly populated Ex = 7976 keV state,
for which the angular distribution could be described by
either a ` = 2 or 3 angular momentum transfer. In the
present study the angular distribution is better described
by ` = 2. This better assignment is probably related to
the fact that the Ex = 7976 keV state is well isolated
in the present data, while it is on top of a relatively large
background of unknown origin in Ref. [15].

Levels reported at Ex = 7994 and 8031 keV have not
been observed in the present experiment nor in Ref. [15].
Concerning the Ex = 7994 keV level, it has only been
observed using the 29Si(3He,p)31P reaction [28] and the
associated proton peak is strongly contaminated. The
existence of the Ex = 7994 keV state may be question-
able.

V. THE 30SI(p,γ)31P REACTION RATE

A. Method

The thermonuclear reaction rate per pair of particles
is defined as [14]:

〈σν〉 =

(
8

πµ

)1/2
1

(kT )3/2

∫ ∞
0

Eσ(E)e−E/kT dE, (3)

where µ is the reduced mass of the 30Si+p system, k the
Maxwell-Boltzmann constant, T the temperature, and
σ(E) the nuclear reaction cross section at energy E. For
the 30Si(p,γ)31P reaction, the resonances of interest are
narrow and isolated and the thermonuclear reaction rate
becomes [14]:

〈σν〉 =

(
2π

µkT

)3/2

~2
∑
i

(ωγ)ie
−E/kT dE, (4)

where (ωγ)i is the strength of each resonance as defined
in Eq. 2.

The reaction rates have been estimated numerically us-
ing the RatesMC code relying on a Monte Carlo method
presented in Ref. [43]. In this procedure, the resonance
energies Ec.m.r are sampled from a Gaussian distribu-
tion, with an uncertainty estimated from the excitation
energies obtained in the present work. The resonance
strengths ωγ, or the proton and γ-ray partial widths,
are sampled from a log-normal distribution character-
ized by the associated experimental uncertainties. For
the states observed in the present work, except for those
cases when either the total or γ-ray width are determined,
the 1σ strength uncertainty originates from the proton
width uncertainty estimated from the quadratic sum of
the statistical and systematic uncertainty (30%) from the
theory. For those cases when either the total or γ-ray
widths are determined, the associated uncertainties on

those widths are included. For states that are not ob-
served in the present experiment, an upper limit was as-
sumed, and the dimensionless reduced proton-width was
sampled from a Porter-Thomas distribution character-
ized by a mean value of 〈θ2p〉 = 0.0045 with a factor 3 un-
certainty [44]. This dimensionless reduced proton-width
is related to the proton width through the definition :
Γp = θ2 × ΓW where ΓW = 2~2/(µs2) × P`(Er, s) is the
Wigner limit.

B. Inputs

The resonance parameters used for the calculation of
the 30Si(p,γ)31P reaction rates are summarized in Ta-
ble III together with available information from the liter-
ature. The resonance strengths from the present work
are calculated under the assumption that the proton
widths are much smaller than the γ-ray widths lead-
ing to ωγ = 0.5(2J + 1)Γp; this approximation holds
true up to Ec.m.

r = 500 keV. Below this energy the
Ec.m.
r = 18.6 keV and Ec.m.

r = 145.8 keV resonances
have not been observed in the present work and an upper
limit for their strength is estimated, as explained in the
previous subsection. Resonances at Ec.m.

r = 275.5 keV
and Ec.m.

r = 528.5 keV were discarded in the present
calculations since no additional evidence for the existence
of the associated 31P levels have been found apart from
their single observation [29] and [30] respectively. The
strength of the resonances at Ec.m.

r = 423.0 keV and
Ec.m.
r = 484.6 keV was measured directly in a recent

work [11], and a comparison with the respective strengths
derived from the present indirect measurement shows a
very good agreement within 50% uncertainty. However,
for the reaction rate calculations we preferentially use
the resonance strengths obtained from direct measure-
ment [11].

For energies above Ec.m.
r = 500 keV the Γp � Γγ

assumption may fail and the resonance strength should
be computed using Eq. 2. This is the case of the
Ec.m.
r = 554.9 keV resonance for which the proton width

(Γp = 0.24 eV) and the γ-ray width (Γγ = 0.7 eV) are
similar. For the resonance at Ec.m.

r = 566.9 keV, no in-
formation on the total and γ-ray width is available, thus
the Γp � Γγ approximation has been used to calculate
its strength. Note that in any case this assumption will
have no impact on the contribution of this resonance to
the reaction rate because of the high centrifugal barrier
for the incoming proton (`p = 3) to overcome. Concern-
ing the Ec.m.

r = 601.3 keV resonance: its total width is
given by the proton width so the resonance strength is
proportional to the γ-ray width, which is unknown. In
this case we use the existing resonance strength obtained
from direct measurements.

For resonances above Ec.m.
r = 600 keV, we follow

the prescription given in Ref. [11]. The values of the
strengths are taken from the compilation of Ref. [35] and
renormalized to the resonance strength of the resonance
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TABLE III. Properties of resonances above the 30Si+p threshold from the present work and comparison with the literature.

Ex (keV) Ec.m.r (keV)
Present work Literature

` (2J+1)C2S Γp (eV) ωγ (eV)a Jπ ` ωγ (eV) Ref.

7313.7 16 18.6 16 1.45 × 10−35 b 1.45 × 10−35 (1/2, 3/2)+ 0, 2 ≤6.50 ×10−37 [35]
7316.2 9 19.6 9 3 0.0075 2.94 × 10−39 1.18 × 10−38 (5/2, 7/2)− 3 ≈ 8.60 × 10−40 [35]
7347.0 12 50.5 12 1 0.0007 5.20 × 10−21 1.04 × 10−20 (3/2, 5/2)− 1, 3 ≤ 5.04 × 10−17 [35]
7356 16 59.4 16
7442.3 3 145.8 3 4.33 × 10−17b 2.60 × 10−16 11/2+ 6 ≤ 1.24 × 10−15 [35]
7445.7 27 c 149.2 29 2 0.0007 1.16 × 10−11 2.33 × 10−11 (3/2+, 5/2, 7/2, 9/2+) 2, 3, 4 ≤ 7.60 × 10−8 [35]
7470.5 23 174.0 23 3 0.001 1.59 × 10−12 6.38 × 10−12 (7/2, 9/2)− 3, 5 ≤ 1.27 × 10−10 [35]
7572 275.5
7691.1 10 394.6 10 3 0.006 1.47 × 10−6 4.40 × 10−6 [35]
7719.5 8 423.0 8 3 0.044 2.48 × 10−5 7.42 × 10−5 (3/2,5/2)− (1.14 ± 0.25) ×10−4 [11]
7737.3 7 440.8 7 3 0.114 9.79 × 10−5 3.92 × 10−4 (5/2, 7/2)− 3 ≈ 3.72 × 10−4 [35]
7781.1 8 484.6 8 1 0.015 0.061 0.123 3/2− 0.188 ± 0.014 [11]
7825 9 528.5 9
7851.4 8 554.9 8 1 0.009 0.244 0.181d

7863.4 14 566.9 16 3 0.004 5.55 × 10−5 1.67 × 10−4

7897.8 7 601.3 7 1 0.115 6.49 1/2− 1.95 ± 0.10 [42]

a Assuming Γp � Γγ , so that ωγ = 0.5(2J + 1)Γp.
b A dimensionless reduced width 〈θ2p〉 = 0.0045 is assumed.
c 7441.4 keV in literature
d The complete resonance strength formula has been used (see text).

at Ec.m.
r = 602 keV measured in Ref. [42].

The direct capture component of the 30Si(p,γ)31P re-
action rate has also been included. In that case the astro-
physical S-factor is expanded as S(E) = S(0)+S′(0)E+
S′′(0)E2 where the energy-independent coefficients are
taken from Ref. [11].

C. Results and discussion

The results of the Monte Carlo calculations for the
30Si(p,γ)31P reaction rates are presented in Tables IV
and V. The resonance parameters were sampled 20000
times allowing for the determination of reaction rates
with statistical meaningful uncertainties. The recom-
mended value at each temperature is the median value
(0.5 quantile) of the cumulative reaction rate distribu-
tion, while the low and the high rates represent the 0.16
and 0.84 quantiles, respectively. Fig. 5 shows (in blue)
these reaction rates normalized to the recommended one
as a function of the temperature and the colored area
represents a coverage probability of 68%. The reaction
rates from the most recent 30Si(p,γ)31P evaluation [11]
are displayed in grey color normalized to the present rec-
ommended value.

The recommended reaction rate calculated in the
present work is two times higher than the rate of Der-
migny et al. [11] for T ≤ 50 MK. This is due to the
experimental determination of the spectroscopic factor
of the resonance at Ec.m.

r = 50.5 keV, which dominates
the rate at these temperatures. In the work of Dermigny
et al., the Ec.m.

r = 50.5 keV resonance was considered
as an upper limit with the reduced proton width sampled

FIG. 5. (Color online) Reaction rates from the present work
(blue) and the evaluation of Dermigny et al. [11] (gray) nor-
malized to the present recommended rate. The shaded areas
represent 68% coverage probabilities. The Ec.m.

r = 149 keV
keV resonance was assumed to have `p = 2 in this calculation.
The uncertainty of this ` assignment leads to an additional
uncertainty around 0.1 GK (see Fig. 7 and text for details).

from a Porter-Thomas distribution with a mean reduced
width of 0.0003 and a factor 3 associated uncertainty.
The determination of this spectroscopic factor and thus
proton width leads to an order of magnitude reduction in
the uncertainty in the reaction rate since the upper limits
sampled from a Porter Thomas distribution span a much
larger range of values than for a log-normal distribution
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TABLE IV. Thermonuclear reaction rates for the 30Si(p,γ)31P
reaction as a function of the temperature in units of
cm3 mol−1 s−1. The Ec.m.

r = 149 keV resonance was as-
sumed to have `p = 2 in this calculation.

T (GK) Low Recommended High
0.010 7.47 × 10−38 4.87 × 10−37 6.23 × 10−36

0.011 5.34 × 10−36 2.07 × 10−35 9.20 × 10−35

0.012 2.86 × 10−34 9.32 × 10−34 3.06 × 10−33

0.013 1.00 × 10−32 3.03 × 10−32 9.05 × 10−32

0.014 2.30 × 10−31 6.48 × 10−31 1.82 × 10−30

0.015 3.53 × 10−30 9.41 × 10−30 2.50 × 10−29

0.016 3.87 × 10−29 9.77 × 10−29 2.47 × 10−28

0.018 2.08 × 10−27 4.79 × 10−27 1.11 × 10−26

0.020 4.93 × 10−26 1.06 × 10−25 2.28 × 10−25

0.025 1.41 × 10−23 2.66 × 10−23 5.05 × 10−23

0.030 5.78 × 10−22 1.01 × 10−21 1.76 × 10−21

0.040 5.72 × 10−20 8.92 × 10−20 1.41 × 10−19

0.050 1.45 × 10−18 1.97 × 10−18 2.70 × 10−18

0.060 6.00 × 10−17 9.48 × 10−17 1.64 × 10−16

0.070 2.22 × 10−15 3.77 × 10−15 6.73 × 10−15

0.080 3.92 × 10−14 6.55 × 10−14 1.13 × 10−13

0.090 3.70 × 10−13 6.04 × 10−13 1.01 × 10−12

0.100 2.24 × 10−12 3.56 × 10−12 5.82 × 10−12

0.110 9.79 × 10−12 1.51 × 10−11 2.41 × 10−11

0.120 3.34 × 10−11 5.06 × 10−11 7.85 × 10−11

0.130 9.50 × 10−11 1.41 × 10−10 2.13 × 10−10

0.140 2.38 × 10−10 3.43 × 10−10 5.08 × 10−10

0.150 5.52 × 10−10 7.70 × 10−10 1.11 × 10−09

0.160 1.33 × 10−09 1.75 × 10−09 2.36 × 10−09

0.180 1.42 × 10−08 1.57 × 10−08 1.76 × 10−08

0.200 2.05 × 10−07 2.19 × 10−07 2.35 × 10−07

0.250 3.96 × 10−05 4.24 × 10−05 4.54 × 10−05

0.300 1.40 × 10−03 1.49 × 10−03 1.59 × 10−03

0.350 1.81 × 10−02 1.92 × 10−02 2.04 × 10−02

0.400 1.26 × 10−01 1.33 × 10−01 1.40 × 10−01

0.450 5.75 × 10−01 6.05 × 10−01 6.35 × 10−01

0.500 1.95 × 10+00 2.04 × 10+00 2.14 × 10+00

0.600 1.22 × 10+01 1.28 × 10+01 1.33 × 10+01

0.700 4.52 × 10+01 4.72 × 10+01 4.93 × 10+01

0.800 1.20 × 10+02 1.25 × 10+02 1.31 × 10+02

0.900 2.55 × 10+02 2.66 × 10+02 2.78 × 10+02

1.000 4.62 × 10+02 4.82 × 10+02 5.04 × 10+02

1.250 1.32 × 10+03 1.38 × 10+03 1.45 × 10+03

1.500 2.62 × 10+03 2.75 × 10+03 2.89 × 10+03

1.750 4.23 × 10+03 4.43 × 10+03 4.68 × 10+03

2.000 6.02 × 10+03 6.32 × 10+03 6.68 × 10+03

2.500 9.86 × 10+03 1.04 × 10+04 1.10 × 10+04

3.000 1.38 × 10+04 1.45 × 10+04 1.53 × 10+04

3.500 1.77 × 10+04 1.86 × 10+04 1.96 × 10+04

4.000 2.16 × 10+04 2.26 × 10+04 2.38 × 10+04

5.000 2.90 × 10+04 3.02 × 10+04 3.16 × 10+04

6.000 3.57 × 10+04 3.71 × 10+04 3.87 × 10+04

7.000 4.14 × 10+04 4.29 × 10+04 4.46 × 10+04

8.000 4.60 × 10+04 4.77 × 10+04 4.95 × 10+04

9.000 4.96 × 10+04 5.13 × 10+04 5.32 × 10+04

10.000 5.22 × 10+04 5.41 × 10+04 5.60 × 10+04

TABLE V. Thermonuclear reaction rates for the 30Si(p,γ)31P
reaction as a function of the temperature in units of
cm3 mol−1 s−1. The Ec.m.

r = 149 keV resonance was as-
sumed to have `p = 3 in this calculation and the temperature
range is restricted to where the rates are different with respect
to those displayed in Table IV.

T (GK) Low Recommended High
0.050 1.17 × 10−18 1.59 × 10−18 2.22 × 10−18

0.060 1.91 × 10−17 2.55 × 10−17 3.44 × 10−17

0.070 3.15 × 10−16 4.36 × 10−16 6.08 × 10−16

0.080 4.04 × 10−15 5.54 × 10−15 7.69 × 10−15

0.090 3.58 × 10−14 4.81 × 10−14 6.60 × 10−14

0.100 2.29 × 10−13 3.07 × 10−13 4.16 × 10−13

0.110 1.13 × 10−12 1.50 × 10−12 2.02 × 10−12

0.120 4.49 × 10−12 6.02 × 10−12 8.14 × 10−12

0.130 1.53 × 10−11 2.04 × 10−11 2.80 × 10−11

0.140 4.70 × 10−11 6.31 × 10−11 8.54 × 10−11

0.150 1.47 × 10−10 1.90 × 10−10 2.53 × 10−10

0.160 5.48 × 10−10 6.58 × 10−10 8.16 × 10−10

0.180 1.16 × 10−08 1.26 × 10−08 1.36 × 10−08

0.200 1.98 × 10−07 2.12 × 10−07 2.27 × 10−07

associated to a strength measurement. In the temper-
ature range 50 MK ≤ T ≤ 200 MK, our rates are up
to seven times higher, because of the observation of the
Ec.m.
r = 149 keV and Ec.m.

r = 174 keV resonances in
the present work. These resonances were treated in Der-
migny et al. as upper limits, as for the Ec.m.

r = 50.5 keV
resonance. In addition, several different spin assignments
were considered in the case of the Ec.m.

r = 149 keV res-
onance [11] (see later for discussion). For temperatures
above 200 MK, the present rate is identical to that of
Dermigny et al. [11] since the same resonance strengths
have been used for the higher energy resonances.

The fractional contribution of each resonance to the
reaction rate at each temperature, along with the di-
rect capture contribution, is shown in Fig. 6. Note-
worthy is that the rate of the 30Si(p,γ)31P reaction is
mainly dominated by four observed resonances. For the
two higher-energy resonances (Ec.m.

r = 485 keV and
Ec.m.
r = 601 keV) the strengths have been measured

directly. The strengths of the Ec.m.
r = 50 keV and

Ec.m.
r = 149 keV resonances have been obtained indi-

rectly in the present study. In the temperature range of
120− 200 MK relevant for hydrogen burning in the pol-
luting stellar site in globular clusters, the 30Si(p,γ)31P
reaction rate is dominated by the Ec.m.

r = 149 keV
resonance.

The analysis of the angular distribution of the 31P state
at 7446 keV corresponding to the Ec.m.

r = 149 keV res-
onance does not provide a unique determination of the
transferred angular momentum (see Sec. IV C 5). The
reaction rates presented in Fig. 5 assume an ` = 2 trans-
fer, however ` = 3 could also be possible. The impact
of this situation has been explored and results are pre-
sented in Fig. 7 where three sets of reaction rates have
been calculated assuming ` = 2, ` = 3 and no contribu-
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FIG. 6. (Color online) Fractional contribution of 30Si(p,γ)31P
resonances, along with direct capture contribution (labeled
”DC”) to the total reaction rate. The thickness of each
band represents the uncertainty of the contribution. The dot-
ted black line represents the contribution to the total rate
of resonances with energies above Ec.m.

r = 648 keV. The
Ec.m.
r = 149 keV resonance was assumed to have `p = 2 in

this calculation (see text for details).

tion at all; the three cases are normalized to the ` = 2
recommended reaction rate. A factor of ten difference
is observed between the ` = 2 and ` = 3 cases. In ad-
dition, the ` = 3 case gives a very similar reaction rate
as when the resonance is switched off because the di-
rect capture component starts to be the dominant con-
tribution. Interestingly, the 30Si(p,γ)31P rate calculated
with ` = 3 is very close to Dermigny et al. [11] rate (see
Fig. 5). In their work the possible proton orbital angu-
lar momentum of the Ec.m.

r = 149 keV resonance is
sampled with equal probability between ` = 2, ` = 3
and ` = 4. Given that the recommended reaction rate
is defined as the median of the cumulative distribution
function (50th percentile) the Dermigny et al. [11] rec-
ommended rate naturally corresponds to the ` = 3 case.
These results stress the importance to determine the spin
and parity of the Ec.m.

r = 149 keV resonance in order to
constrain the 30Si(p,γ)31P rate in the temperature range
50 MK ≤ T ≤ 200 MK which is relevant for understand-
ing the nature of the polluting stars in globular clusters.
We chose to present the different rates separately in Ta-
ble IV for ` = 2 and Table V for ` = 3 where the rates
are different.

VI. SUMMARY AND CONCLUSIONS

A high-resolution measurement of the one-proton
30Si(3He,d)31P transfer reaction was performed with the
tandem and Q3D spectrometer at the Maier-Leibnitz-

FIG. 7. (Color online) Thermonuclear rates of the
30Si(p,γ)31P reaction calculated for different transferred or-
bital angular momenta for the resonance at Ec.m.

r = 149 keV.
All rates are normalised to the recommended value.

Laboratorium in Munich. States with excitation ener-
gies between 6.8 MeV and 8.1 MeV have been popu-
lated. The doublet of states at 7719 keV and 7737 keV
could be resolved, and the states at 7347, 7446, 7470,
7691 and 7863 keV were observed for the first time in a
one-proton transfer reaction. Angular distributions have
been extracted for 25 31P states and proton spectroscopic
factors have been obtained using a finite range DWBA
analysis, some of them for the first time. Proton widths
were subsequently calculated for unbound states and the
strengths of 30Si+p resonances were determined up to
Ec.m.
r = 600 keV.

An updated thermonuclear 30Si(p,γ)31P reaction rate
with its corresponding statistical uncertainty has been
obtained using a Monte-Carlo approach. With the first
determination of proton widths reported in the present
work for the resonances at Ec.m.

r = 50 keV and
Ec.m.
r = 149 keV the 30Si(p,γ)31P reaction rate is

now fully based on measured quantities. In the tem-
perature range of 120 − 200 MK relevant for hydrogen
burning in the polluting stellar site in globular clus-
ters, the 30Si(p,γ)31P reaction rate is dominated by the
Ec.m.
r = 149 keV resonance. The spin and parity of

this resonance are unknown and this represents the main
remaining uncertainty in the reaction rate. Whether the
proton capture occurs through a d- or f -wave for this res-
onance induces a factor of 10 uncertainty in the reaction
rate. However, once its spin and parity are determined
the uncertainty on the reaction rate will be reduced to a
factor of two. Thus, we strongly encourage new indirect
studies aimed at the determination of the spin and parity
of the 30Si+p resonance at Ec.m.

r = 149 keV.
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A. R. Casey, P. Gruyters, D. Geisler, I. San Roman,
S. Randich, E. J. Alfaro, A. Bragaglia, E. Flaccomio,
A. J. Korn, A. Recio-Blanco, R. Smiljanic, G. Car-
raro, A. Bayo, M. T. Costado, F. Damiani, P. Jofré,
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