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Abstract. We performed the first measurement of 30S+α resonant elastic scattering to ex-

perimentally examine the 30S(α, p) stellar reaction rate in type I x-ray bursts. These bursts

are the most frequent thermonuclear explosions in the galaxy, resulting from thermonu-

clear runaway on the surface of accreting neutron star binaries. The 30S(α, p) reaction

plays a critical role in burst models, yet very little is known about the compound nucleus
34Ar at these energies nor the reaction rate itself. We performed a measurement of al-

pha elastic scattering with a radioactive beam of 30S to experimentally probe the entrance

channel. Utilizing a gaseous active target system and silicon detector array, we extracted

the excitation function from 1.8 to 5.5 MeV near 160◦ in the center-of-mass frame. The

experimental data were analyzed with an R-Matrix calculation, and we discovered several

new resonances and extracted their quantum properties (resonance energy, width, spin,

and parity). Finally, we calculated the narrow resonant thermonuclear reaction rate of
30S(α, p) for these new resonances.

1 Introduction

Type I x-ray bursters (XRBs) are a class of astronomical objects observed to increase in luminosity by

factors of roughly 101−3 for a short period of time (tens of seconds) with the photon flux peaking in the

x-ray. The sources of such emission repeat these outbursts typically on timescales of hours to days,

allowing for the extensive study of the burst morphology of individual XRBs. XRBs are modelled
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very successfully as neutron star binaries accreting material rich in hydrogen and helium from a low-

mass companion. The accretion mechanism causes the formation of an electron-degenerate envelope

around the neutron star, where the thin-shell instability triggers a runaway thermonuclear explosion,

which we observe as an x-ray burst.

The sharp rise of the x-ray fluence is largely due to explosive helium burning, which in a mixed

hydrogen and helium shell is a series of (α, p)(p, γ) reactions on oxygen seed nuclei near the proton

drip line, called the αp-process [1]. In XRBs, where the nuclear reaction network includes hundreds

of species and thousands of nuclear transmutations, it is actually only a small subset of these nuclear

transmutations which need to be known precisely, as they make a predominant contribution to the

nuclear trajectory to higher mass and energy generation. The 30S(α, p) reaction is identified as one

such important reaction, contributing more than 5% to the total energy generation [2], influencing the

neutron star crustal composition [3] relevant to compositional inertia [4], moving material away from

the 30S waiting point [5], and possibly accounting for double-peaked XRBs [6].

Unfortunately, there is very little experimental information on the 30S(α, p) stellar reaction rate

nor the structure of 34Ar above the alpha-threshold, essentially limited to a preliminary report on a

transfer reaction study of the compound nucleus 34Ar at high excitation energy [7] and a time-reversal

study [8]. The present work is the first experimental investigation using the entrance channel 30S+α.

2 Experiment

We performed a measurement of 30S+alpha resonant elastic scattering using the thick-target inverse-

kinematics technique [9]. The radioactive 30S beam was produced in-flight via the 3He(28Si, 30S)n

reaction using the Center for Nuclear Study (CNS) low-energy radioactive ion beam separator (CRIB)

[10, 11], where we bombarded a cryogenically-cooled gas cell [12] of 3He at 1.72 mg · cm−2 with a
28Si beam at 7.3 MeV/u [13]. The 30S beam arrived on target at 1.6 MeV/u, an average of 30% purity,

and with an intensity of 104 particles per second.

The beam was tracked by two parallel plate avalanche counters (PPACs) [14] which served as

beamline monitors, before impinging on a newly developed active target system. The active target

system was sealed with a 7.4 μm Kapton foil and filled with 194 Torr (≈ 1
4

atm) of 90% He and 10%

CO2, comprised of a field cage, a low-gain region surrounded on three sides by a high-gain region and

silicon strip detector telescopes. Between the field cage and the backgammon-type readout pads were

gas electron multiplier (GEM) foils to control the specific gain. A portion of the detector schematic

and the present method of determining the scattering point is shown in Figure 1; further details of

the present active target system can be found in [15]. Each portion of the active target can measure

the three-dimensional position of ionizing radiation (using pad number, charge comparison on two

opposite sides, and electron drift time, respectively) as well as the local energy loss ΔE (total charge

collected on one pad).

We measured scattered alpha particles over laboratory angles of 10◦ ≤ θlab ≤ 25◦ and center-of-

mass energies from 1.8 MeV ≤ Ecm ≤ 5.5 MeV.

3 Results

We determined the center-of-mass energy event-by-event for scattered alpha particles to produce the
30S+α spectrum. The center-of-mass excitation function is defined as

dσ
dΩ
=

YαS (Ebeam)

IbeamnΔEΔΩ
mα

mα + m30S

, (1)
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Figure 1. Schematic view of a portion of the experimental setup and the scattering point determination; it is not

drawn to scale. In the cartoon, two distinct scattering positions are depicted, where the geometrical measurements

of the detectors are identical. Two beamline monitors (PPACa and PPACb), one high-gain GEM (H.G. GEM)

and one silicon detector (SSD) are shown. It is clear the energy loss of the 30S beam ΔE1 � ΔE2 (changing the

center-of-mass energy), as well as the laboratory alpha scattering angle θ1 � θ2, and thus the scattering energy

differs, hence the residual alpha particle energy measurement by the SSD cannot be the same. By considering all

possible scattering positions and comparing the calculated residual alpha particle energy with the measurement,

a unique solution is found within the uncertainties.
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Figure 2. 30S+α elastic scattering excitation function. The energy range displayed is the entire set of continuous

data in the raw excitation function, except at the lower energy side where the plot is terminated at the point where

all the α particles can no longer reach the detector from stopping in the fill gas. The bumps observed around

3.5 MeV correspond to a region of large alpha-background which are a component of the cocktail beam; even

introducing resonances with the Wigner limit do not make a noticeable change to the R-Matrix curve in this

region. Three resonant-like structures are seen between 4 < Ecm < 5.5 MeV.
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where Yα is the yield of alpha particles at each energy bin, S (Ebeam) is the stopping power of He+CO2

for 30S, I30S is the number of 30S ions injected, n is the number density of 4He in the active target, ΔE
is the energy bin size, ΔΩ is the solid angle at a given energy bin, and mα & m30S are the mass of 4He &
30S, respectively. Several of these quantities are quite trivial to determine, such as the atomic masses,

the number of helium atoms in the target, yield of alpha particles, and energy binning employed. The

number of injected ions are recorded for each run by a PPAC scaler, which can then be multiplied

by the measured 30S purity. The stopping power of 30S in the active target fill gas was determined

not only by the Bragg curves measured by the active target, but by measuring the residual 30S ion

energy with an SSD at various gas pressures; we found good agreement with Ziegler’s method [16].

Finally, as the solid angle depends not only on the scattering depth but scattering position, we plotted

the center-of-mass energy Ecm versus the center-of-mass solid angle Ωcm event-by-event and then fit

it with an empirical function. The resulting excitation function is shown as the blue data points in

Figure 2; the vertical errors are statistical, and the horizontal errors are from the binning of 100 keV

(consistent with our achieved resolution mainly limited by the SSD).

To extract the parameters of the observed resonances, we used an R-Matrix formalism [17] com-

puted via the sammy8 code [18]. The location of the resonance is determined by the resonance energy

Er, the shape of the resonance from the angular momentum transfer �, the height of the resonance

from the alpha partial width Γα, and the width of the resonance from the total width Γ. The resonance

energy Er is just the elastic scattering center-of-mass energy Ecm. As both nuclides in the entrance

channel, 30S and 4He, have a spin-parity Jπ = 0+, then each � value corresponds to a unique resonance

Jπr assignment in the compound nucleus 34Ar as no orbital momentum can be transferred and the par-

ity will always be natural. We can initially estimate Γα starting from the Wigner limit, and decreasing

the width until the resonance height is matched. The total width Γ is the sum of the proton and alpha

partial widths, as the gamma width is negligible in comparison so far above the particle thresholds.

To estimate the proton width Γp, we considered the spectroscopic factor θ2i for each channel, and

introduce a universal spectroscopic ratio ξ for the three resonances:

θ2α = Γα/WΓα,

θ2p = Γp/WΓp,

ξ ≡ θ2p/θ2α,
∴ Γp = ξθ

2
αWΓp.

(2)

A similar approach was taken in the analysis of Ref. [19]. Two acceptable R-Matrix fits are shown in

Figure 2 along with the case of pure Coulomb scattering (as no resonances were previously known in

this energy region). The adopted level parameters are shown in Table 1, where we found the best fit

for ξ = 0.8%.

Table 1. Adopted level parameters for new states in 34Ar along with calculations of the Wigner limit, derived

from the best fit in Figure 2. The relationship between Er and Eex is the alpha threshold of 6.739 MeV for 34Ar.

Er Eex �α Jπr Γα Γp θ2α
(MeV) (MeV) (keV) (keV) %

4.35 ± 0.07 11.09 ± 0.07 2, 3 (2+, 3−) 0.8+0.4
−0.4 1.3 15

4.75 ± 0.08 11.49 ± 0.08 2 2+ 12+6
−6

9.7 30

5.52 ± 0.13 12.26 ± 0.13 1 (1−) 290+0
−200

65 > 99

As our new resonances are outside the XRB peak temperature 1–2 GK Gamow window, it is useful

to include the preliminary results from RCNP [7] in a calculation of the 30S(α, p) stellar reaction rate.
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Figure 3. Calculations of the 30S(α, p) stellar reaction rate from 1–10 GK. The statistical model (SM) rate from

NON-SMOKER [20] is shown as the solid black line. The same SM rate artificially increased by a factor of 102

is shown as the black dashed line. The dashed blue lines represent 13 resonances from a preliminary report of

an RCNP experiment [7], where we made many assumptions about their quantum properties. The solid red lines

represent our higher-energy resonances with our best-fit quantum properties, shown also as the solid red line in

Fig. 2. The sum of the RCNP and CRIB resonant contributions is shown in green.

However, the preliminary results from RCNP only provide us with rough resonance energies, and

some assumptions are required. We assumed that each state has Jπr = 0+, and that Γα =
1
2
WΓα .

We also use the standard simplification that γ = (ΓαΓp)/(Γα + Γp) ≈ Γα when Γα � Γp. The

resulting resonance strength ωγ is constant within a factor of around two to three for J ≤ 3 (although

it quickly drops off for J ≥ 4); this is because we parameterize the width based on the Wigner limit,

which decreases with increasing J, where as for the 30S+α entrance channel ω = 2Jr + 1. While the

contribution from an individual resonance calculated in this manner will be unreliable, the sum of

these contributions can be considered an upper limit under an extreme assumption.

The calculated rates are plotted and compared against the NON-SMOKER [20] Hauser-Feshbach

statistical model in Figure 3. The XRB model of the double-peaked structure required a reaction rate a

factor of 102 greater than the statistical model to quench the proposed waiting point near 30S [6]. Our

new reaction rate evaluated with all known level structure of 34Ar is inconsistent with a reaction rate

deviating more than a factor of around 2 larger than the statistical model rate. The work demonstrates

that while strong alpha resonances exist above the alpha-threshold in 34Ar, they do not cause the stellar

reaction rate to increase in a significant manner, vindicating the 30S waiting point evidenced in many

models assuming the statistical reaction rate.

4 Summary

We investigated the alpha-cluster structure of 34Ar for the first time, using 30S alpha resonant elas-

tic scattering. Several new levels with large alpha-widths were discovered. However, we found that

individual resonances with large alpha widths do not dominate the stellar reaction rate at XRB temper-

atures. This finding is contrary to the observation that in the lower mass regions, thermonuclear rates

of (α, p) and (α, n) reactions on Tz = ±1 nuclei are dominated by isolated, alpha-cluster resonances,

and we find that the statistical model may be considered an upper limit for A ≥ 30 for such situations.
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