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Abstract. Two reactions of 14 O(α ,p)17 F and 18 Ne(α ,p)21 Na provide the pathways for breakout from the hot CNO cycles
to the rp-process in type I X-ray bursts. To better determine their astrophysical reaction rates, resonance parameters of the
compound nuclei 18 Ne and 22 Mg have been investigated by the resonant elastic scattering of 17 F+p and 21 Na+p, respectively.
The 17 F and 21 Na radioactive ion beams were produced at the CNS Radioactive Ion Beam Separator and impinged on the
thick proton targets. The excitation functions were obtained with a thick-target method over a wide excitation energy range.
The resonance parameters in the compound nuclei 18 Ne and 22 Mg have been determined through an R-matrix analysis. New
reaction rates of these two (α ,p) reactions are recalculated. The astrophysical impact for the 18 Ne(α ,p)21 Na reaction has been
investigated through one-zone postprocessing X-ray burst calculations.
Keywords: Reaction induced by unstable nuclei, Decay by proton emission, nuclear astrophysics
PACS: 25.40.Ny, 25.40.Cm, 21.10.HW, 26.50.+x, 26.30.Ca

INTRODUCTION
Type I X-ray bursts (XRBs), one of the most fascinating astrophysical phenomena, are characterized by sudden
dramatic increases in luminosity of roughly 10–100 s in duration, with a total energy release of about 1039 erg per
burst. These recurrent phenomena (on timescales of hours to days) have been the subject of many observational,
theoretical and experimental studies (for reviews see e.g., [1, 2, 3]). The characteristics of XRBs have been surveyed
extensively in a number of space-borne X-ray satellite observatory missions, including RXTE, BeppoSAX, Chandra,
HETE-2, and XMM/Newton. More than 90 galactic XRBs have been identified since their initial discovery in 1976.
These observations have provided abundant data and opened a new era in X-ray astronomy. The bursts have been
interpreted as being generated by thermonuclear runaway on the surface of a neutron star that accretes H- and Herich material from a less evolved companion star in a close binary system [4, 5]. The accreted material burns stably
through the hot, β -limited carbon-nitrogen-oxygen (HCNO) [6, 7] cycles, giving rise to the persistent flux. Once
critical temperatures and densities are achieved, breakout from this region can occur through, e.g., α -induced reactions
on the waiting point nuclei 14 O, 15 O and 18 Ne. Through the rapid proton capture process (rp-process) [8, 9, 10], this
eventually results in a rapid increase in energy generation (ultimately leading to the XRB) and nucleosynthesis up to
A∼100 mass region [11, 12]. Among the possible breakout reactions, breakout may occur through the 14 O(α ,p)17 F and
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18 Ne(α ,p)21 Na reactions [13]; however, the actual astrophysical conditions under which these reaction occur depend
critically on the actual 14 O(α ,p)17 F and 18 Ne(α ,p)21 Na thermonuclear rates.
Contributions from the resonant states dominate the 14 O(α ,p)17 F reaction rate, and therefore the resonant parameters
for the excited states above the α threshold (Qα =5.115 MeV [14]) in the compound nucleus 18 Ne are required. So
far, although our understanding of the reaction rate of 14 O(α ,p)17 F has been greatly improved via, e.g., indirect
studies [15, 16, 17, 18, 19, 20, 21, 22], direct study [23], as well as time-reversal studies [24, 25, 26], most of the
required parameters (such as, J π and Γα ) have still not been sufficiently well determined over stellar temperatures
achieved in XRBs (≈0.2–2 GK). In the temperature region below ∼1 GK, a state at Ex =6.15 MeV (tentatively assigned
as 1− , see below) is thought to dominate the 14 O(α ,p)17 F rate [15]. About twenty-five years ago, Wiescher et al. [27]
predicted a J π =1− state at Ex =6.125 MeV in 18 Ne with a width of Γ=Γ p =51 keV based on a Thomas-Ehrman shift
calculation. Later on, Hahn et al. [15] observed a state at Ex =6.15±0.02 MeV through studies of the 16 O(3 He,n)18 Ne
and 12 C(12 C,6 He)18 Ne reactions. The transferred angular momentum was restricted to be ≤2 from their measured
(3 He,n) angular distribution. Based on the Coulomb-shift calculation and prediction of Wiescher et al., a J π =1− was
tentatively assigned to this state. Gömez et al. [18] studied the resonances in 18 Ne by using the elastic scattering
of 17 F+p and fitted the 6.15-MeV state with 1− by an R-matrix analysis of the excitation function. However, their
1− assignment was questioned in a later R-matrix reanalysis [28]. He et al. [28] thought that this 1− resonance
should behave as a dip-like structure (rather than the peak observed in Ref. [18]) in the excitation function due to the
interference. Unfortunately, a recent low-statistics measurement could not resolve this state [22]. Recently, Bardayan
et al. [29] reanalyzed the unpublished elastic-scattering data in Ref. [19] and also found the expected dip-like structure,
however, the statistics were not sufficient to constrain the parameters of such a resonance. Therefore, it is very much
necessary to determine the spin-parity of this key state on a firm experimental ground.
The reaction rate for 18 Ne(α ,p)21 Na is dominated by contributions from resonances in the compound nucleus
22 Mg above the α threshold at 8.142 MeV [14]. The temperature region of interest in XRBs is about 0.4–2.0 GK,
corresponding to an excitation region of Ex =8.6–11.0 MeV in 22 Mg. Previously, the α -unbound states in 22 Mg were
extensively studied by many transfer reaction experiments [30, 31, 32, 33], and finally the uncertainty (in excitation
energies of 22 Mg) of about 1–15 keV was achieved for most states above the α threshold [33]. With these precise
energies, the uncertainties in 18 Ne(α ,p)21 Na rate were largely reduced. These indirect studies mainly focused on the
determination of excitation energies, and the spin-parity assignments were not strictly constrained. Some spin-parity
assignments were made [30, 33, 34] simply by referring to those of mirror states in 22 Ne; such assignments are dubious
due to the high level-density in this excitation energy region. Two tentative spin-parity assignments were made in a
previous low statistics measurement [35, 36] of resonant 21 Na+p elastic scattering, which still need to be confirmed
by a high statistics experiment. So far, there are still many resonances (above the α threshold) without firm spin-parity
assignments, which need to be determined experimentally. Furthermore, only two direct measurements [37, 38] for the
18 Ne(α ,p)21 Na reaction have been performed. The lowest energies achieved in these studies (E
c.m. =2.0 and 1.7 MeV)
are still too high compared with the energy region Ec.m. ≤1.5 MeV of interest for HCNO breakout in XRBs. New
results [39] have recently become available at the ISAC II facility at TRIUMF, where the 18 Ne(α ,p)21 Na cross section
was determined in the energy region of Ec.m. =1.19–2.57 MeV by measuring the time-reversal reaction 21 Na(p,α )18 Ne
in inverse kinematics. Nonetheless, these results are still insufficient for a reliable rate at all temperatures encountered
within XRBs.
In our work, the 14 O(α ,p)17 F and 18 Ne(α ,p)21 Na rates are determined via the measurements of the resonant elastic
scattering of 17 F+p and 21 Na+p, respectively. With this approach, the excitation functions were obtained in a wide
range of 0.6–2.3 MeV in 18 Ne and 5.5–9.2 MeV in 22 Mg with the well-established thick-target method [40, 41, 42],
which proved to be an effective technique in the previous studies [36, 43, 44, 45, 46]. By fitting our data with the
R-matrix code, we have experimentally determined the J π values for those states above the α threshold in 18 Ne and
22 Mg, respectively.

EXPERIMENTS
Both experiments were performed using the CNS Radioactive Ion Beam separator (CRIB) [47, 48], installed by the
Center for Nuclear Study (CNS), the University of Tokyo, in the RI Beam Factory of RIKEN Nishina Center. The
primary beams were accelerated by an AVF cyclotron (K=70) of RIKEN. The energy calibration for the Si detectors
was carried out by using secondary proton beams produced with CRIB and a standard triple-α source. Two experiments
are described in the following sections, respectively.
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Setup for 17 F+p measurement
Some details about this experiment were reported elsewhere [49]. The 16 O6+ primary beam was accelerated up to
6.6 MeV/nucleon, and delivered to CRIB with an average intensity of 560 enA. It was impinged on a liquid-nitrogencooled D2 gas target (∼90 K) [50] where 17 F RI beam was produced via the 16 O(d,n)17 F reaction in inverse kinematics.
The D2 gas at 120 Torr pressure was confined in a 80-mm long cell with two 2.5 μ m thick Havar foils. The 17 F beam
was subsequently separated by the CRIB, with a purity of about 98% after the Wien-filter. At the final focal plane,
the RIBs were impinged on a thick H2 gas target, where the energy of 17 F beam was 61.9±0.5 MeV (measured by
a silicon detector), with an average intensity of 2.5×105 pps. All the beams were stopped completely in this target.
Here, the H2 gas target at a pressure of 600 Torr was housed in a 300-mm-radius semi-cylindrical shape chamber
sealed with a 2.5-μ m-thick Havar foil as an entrance window and a 25-μ m-thick aluminized Mylar foil as an exit
window. Comparing to the widely-used solid CH2 target, the gas target is free from intrinsic background from carbon.
The contribution of background was evaluated through a separate run with Ar gas at 120 Torr in the target chamber.
The recoiling light particles were measured by using three ΔE-E Si telescopes at average angles of θ lab ≈3◦ , 10◦
and 18◦ , respectively. In the c.m. frame of elastic scattering, the corresponding scattering angles are θc.m. ≈155◦ ±18◦ ,
138◦ ±22◦ and 120◦ ±22◦ , respectively. At θ lab ≈3◦ , the telescope consisted of a 65-μ m-thick double-sided-strip
(16×16 strips) silicon detector and two 1500-μ m-thick pad detectors. The last pad detector was used to veto any
energetic light ions produced in the production target and satisfying the Bρ selection, possibly not rejected entirely by
the Wien filter because of scattering in the inner wall of the beam line. The configuration of the other two telescopes
is similar to that at θ lab ≈3◦ , except for the absence of the third veto layer.

Setup for 21 Na+p measurement
Some details about this experiment were reported elsewhere [51]. An 8.2 MeV/nucleon primary beam of 20 Ne8+
was impinged on a liquid nitrogen-cooled D2 gas target (90 K) [50] with an average intensity of 65 pnA. The thickness
of D2 gas was about 2.9 mg/cm2 at 530 Torr pressure. The 21 Na beam was produced via the 20 Ne(d,n)21 Na reaction
in inverse kinematics. After the Wien filter, a purity of 70% for the 21 Na beam was achieved on the target. The beam
impinged on an 8.8 mg/cm2 polyethylene (CH2 )n target, which was thick enough to stop all the beam ions. The
targets were bombarded with the 21 Na beam at energy about 89.4 MeV (ΔE=1.9 MeV in FWHM). The averaged beam
intensity was about 2×105 pps. In addition, a 10 mg/cm2 thick carbon target was used for evaluating the C background
contribution.
The recoiling light particles were detected with three silicon ΔE-E telescopes centered at angles of θSi =0◦ , +14◦ and
-14◦ with respect to the beam line, respectively. Each ΔE-E telescope subtended an opening angle of about 10◦ with
a solid angle of about 27 msr in the laboratory frame. In the c.m. frame for elastic scattering, the relevant averaged
scattering angles are determined to be θc.m. ≈175◦ (Set 1), 152◦ (Set 2) and 151◦ (Set 3), respectively.

Identification of beam and recoiling particles
In these two experiments, two PPACs (Parallel Plate Avalanche Counters) [52] provided the timing and twodimensional position information of the beam particles. The beam profile on the secondary target was monitored
by the PPACs during the data acquisition. The beam particles were clearly identified event-by-event by the time of
flight (TOF) between PPACa and the production target using the phase of RF signal provided by the cyclotron.
As for the ΔE-E telescope, the double-sided-strip (16×16 strips) ΔE detectors measured the energy, position and
timing signals of the particles, and the pad E detectors measured their residual energies. This allowed for the clear
identification of recoiling light particles in these two experiments.

RESULTS
The excitation functions of 17 F+p and 21 Na+p resonant elastic scattering have been reconstructed using the procedure
described previously [22, 36, 42, 45]. The cross-section data were corrected for the stopping cross sections of ions in
the target [42, 53].
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FIGURE 1. (Color online) The center-of-mass differential cross-sections for elastically scattered protons of 17 F+p at angles of
(a)θ c.m. ≈155◦ ±18◦ , and (b)θ c.m. ≈138◦ ±22◦ . The background contributions (from the Ar gas run) were subtracted accordingly.
The (red) curved lines represent the best overall R-matrix fits. The locations of inelastic scattering events for the 6.15-MeV state
are indicated as the asterisks.

The 17 F+p case
The 17 F+p elastic-scattering excitation functions at two scattering angles are shown in Fig. 1. The normalized
background spectra (taken from the Ar gas run) were subtracted accordingly. Several resonant structures were clearly
observed in the spectra. In order to determine the resonant parameters of observed resonances, multichannel Rmatrix calculations [54, 55, 56] (see examples [28, 57]) that include the energies, widths, spins, angular momenta,
and interference sign for each candidate resonance have been performed in the present work. A channel radius
1
of Rn =1.25×(1+17 3 )≈4.46 fm appropriate for the 17 F+p system [15, 18, 22, 27, 28, 58] has been utilized in the
calculation. The choice of radius only has minor effect on the large uncertainties quoted both for the excitation energies
and widths. The ground-state spin-parity configurations of 17 F and proton are 5/2+ and 1/2+ , respectively. Thus, there
are two channel spins in the elastic channel, i.e., s=2 and 3. In the present R-matrix calculation, the α partial widths
(Γα ) are neglected relative to the proton widths (Γα Γ p ) [15, 26]. Five resonances, at Ex =6.15, 6.28, 6.35, 6.85, and
7.05 MeV, have been analyzed, and the best overall fitting curves are shown in Fig. 1. Additionally, in order to fit the
data around Ec.m. =3.2 MeV, it was necessary to include an additional known resonance (Ex ∼7.40 MeV, J π =2+ , Γ p =40
keV) [22, 26, 59] in the calculations.
According to the R-matrix analysis, a dip-like structure around Ec.m. =2.21 MeV, corresponding to the 6.15-MeV
state in 18 Ne, is best fit as a natural-parity 1− state (=1, s=2, Γ p =50±15 keV) (see Fig. 1). Considering the inelastic
branch, this width should correspond to the total width Γ, and agrees with Γ=53.7±2.6 keV reported before [29]. The
resonance shape of this state agrees with that of the low-statistics experiment by Bardayan et al. [29]. The naturalparity character of state was also verified by the previous direct 14 O(α ,p)17 F experiment [23]. In addition, the 3−
assignment is very unlikely, and also because of the large inelastic branch observed for this state; the unnatural-parity
2− assignment is also unlikely based on the discussions of the 2p-emission from this state [18, 60]. Therefore, we
confirmed the 1− assignment of the important 6.15-MeV state. Our resonance shape is entirely different from the
bump-like shape observed in Ref. [18]. This may be due to issues in the data as well as the R-matrix analysis (see the
lower panel of Fig. 2 in Ref. [18]). As a result, J π assignments suggested in Ref. [28] are also questionable.
In addition, it is very interesting that a shoulder-like structure around Ec.m. =2.93 MeV was observed by both
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telescopes as shown in Fig. 1. This is possibly a new state at Ex =6.85±0.10 MeV. Both J π =0− or 0+ resonances
can reproduce the observed shape, and here a 0− fit is shown in Fig. 1. Because of the small energy shift for the
negative-parity states in this excitation energy region [59], such a state is possibly the analog state of 18 O at Ex =6.880
MeV (0− ) [61]. In fact, Wiescher et al. [27] predicted a J π =0− state in 18 Ne, analog to the 6.88 MeV state in 18 O, at
6.85 MeV with a proton spectroscopic factor of C2 S p =0.01. However, other possibilities still exist, which need to be
confirmed in further data analysis.

The 21 Na+p case
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The 21 Na+p elastic-scattering excitation functions at three scattering angles are shown in Fig. 2. Where the data
within the dead-layer region (between ΔE and E detectors) were removed from the figure. The normalized proton
yield with the C target, whose spectrum was flat and smooth as a function of energy, was less than about 1/5 of that
with the (CH2 )n target. In Fig. 2, the carbon-induced background was subtracted accordingly and the uncertainties
shown are mainly of statistical origin.
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FIGURE 2. (Color online) The c.m. differential cross sections for the resonant elastic scattering of 21 Na+p measured by three
sets of telescopes at different angles. The most probable R-matrix fitting results are shown. The data within the dead-layer region
(between ΔE and E detectors) were removed. See text for details.

The excitation energies indicated on Fig. 2 are calculated by Ex =ER +Q p . Here, the resonance energy ER is determined by an R-matrix analysis (see below), and a proton separation energy of Q p =5.504 MeV is adopted [14]. With
this thick-target technique, the Ec.m. energy uncertainty is approximately ±(30–50) keV for those states above the α
threshold based on a Monte-Carlo simulation [35, 36]. The present excitation energies agree with those adopted in
Ref. [33] within the uncertainties [51].
The 21 Na+p excitation function has been analyzed by a multichannel R-matrix [54] code MULTI [58]. An overall
1
R-matrix fit is also shown in Fig. 2. A channel radius of Rn =1.35(1+21 3 ) fm [30, 34] was adopted in the calculation.
The successful reproduction of the well-known states [33, 62] at 6.333, 6.591, 6.615, and 6.796 MeV by the code (see
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Fig. 2) provides confidence in the present method. In this paper, we focus on determining the resonance parameters of
those states above the α threshold in 22 Mg, which eventually determine the 18 Ne(α ,p)21 Na reaction rate.
In total, ten resonances above the α -threshold were observed and analyzed by the R-matrix code. For the first time,
we have experimentally confirmed the J π values tentatively assigned by Matic et al. [33] for seven states at 8.181,
8.519, 8.574, 8.783, 8.932, 9.080 and 9.157 MeV, and assigned here new J π values for three states at 8.385, 8.657 and
8.743 MeV. The presently observed 8.578 MeV state is closest to the 8.574 MeV in the work of Matic et al. in which it
was assigned to be a 4+ state based on a shell-model calculation. Here, both 2+ and 4+ can fit our data very well, and
hence our data support the previous 4+ assignment. The observed 8.353 MeV state is regarded as the 8.385 MeV state
of Matic et al. whose J π was suggested to be 2+ by referring to the mirror state in 22 Ne. In addition, we assigned it
J π =(1+ –3+ ) in a previous low statistics experiment [35, 36] where 1+ was also the most probable assignment. In this
work, J π =1+ is again the best candidate. Furthermore, this state was only weakly populated in the previous transferreaction experiments [30, 32, 33] which preferentially populated the natural-parity states in 22 Mg. This again supports
our assignment of 1+ unnatural-parity to this state. The observed 8.677 MeV state corresponds to the 8.657 MeV state
of Matic et al., which was assigned as a J π =0+ also based on a shell-model calculation. However, such a prediction is
questionable because of the high level density at such a high excitation energy region. Matic et al. regarded this state
as the 8.613 MeV state observed in Ref. [30] where it was assumed to be 3− by simply shifting the energy of mirror
8.741 MeV state in 22 Ne by ∼130 keV. In this work, we assign J π =2+ to this state. The observed 8.727 MeV state
is regarded as the 8.743 MeV state of Matic et al., which was simply assumed to be the mirror of the 8.976 MeV, 4+
state in 22 Ne. The present R-matrix fit strongly prefers a 2+ rather than a 4+ . It is worth mentioning that our data at
the scattering angle of θc.m. ≈152◦ also support the J π assignments discussed above.

ASTROPHYSICAL IMPLICATIONS
The astrophysical implications are still under evaluation with a revised 14 O(α ,p)17 F reaction rate. Here, we only report
the astrophysical implications for the newly calculated 18 Ne(α ,p)21 Na rate. We have calculated the 18 Ne(α ,p)21 Na rate
using a narrow resonance formalism [30, 33], by using present new J π assignments in combination with the available
resonance parameters. Comparing to the most recent rate of Matic et al., the present rate is much smaller below 0.13
GK. This is due to a unnatural-parity 1+ newly assigned to the 8.385 MeV state which does not contribute to the
rate anymore. As well, the present rate is about 2.1 times larger around 0.2 GK, because of our new 2+ assignments
for the 8.657 and 8.743 MeV states. Finally, the present rate is about 1.6 times larger around 1.0 GK, because of the
experimental information we have adopted for the 9.542 and 10.085 MeV states as discussed above. Comparing to the
other available rates, our new rate is about a factor of 2–1000 times larger within the temperature region of interest for
XRBs. In addition, our new rate is about 4–10 times larger than the Hauser-Feshbach statistical-model calculation [63]
beyond 0.2 GK.
The impact of our new 18 Ne(α ,p)21 Na rate was examined within the framework of one-zone XRB postprocessing
calculations. Different XRB thermodynamic histories were employed, including the K04 (Tpeak =1.4 GK) and S01
(Tpeak =1.9 GK) models from Refs. [64, 65]. For each of these histories, separate postprocessing calculations were
performed using the present 18 Ne(α ,p)21 Na rate and previous rates [30, 33, 34, 36, 66]; rates of all other reactions in
the network [64] were left unchanged.
The rate of the 18 Ne(α ,p)21 Na reaction clearly affects predictions from our models. For example, as shown in
Fig. 3, a striking difference in the nuclear energy generation rate at early times (between 0.3 and 0.4 s, or equivalently,
between 0.6 GK and 0.9 GK during the burst) is seen when comparing XRB calculations using the present, Chae et
al. and Görres et al. rates with the K04 model. Not only does the peak energy generation rate increase by a factor of
1.4–1.8 with the present rate, but the profiles of the curves around the maxima are also rather different. We also note a
change in the 18 Ne(α ,p)21 Na reaction flux at these early times. For example, at 0.35 s, this reaction flux increases by
a factor of 2–3 with our new rate. This contributes to the depletion of 15 O and 18 Ne at early times by a factor of 3–4
relative to abundances calculated using the Chae et al. [66] or Görres et al. [34] rates.
We note that for both the K04 and S01 models, rates from Refs. [30, 34, 36] give lower peak nuclear energy
generation rates than that from Chae et al., by about 10–30 %. Furthermore, the rate of Matic et al. gives rather similar
results to those using the present rate. In particular, the calculated nuclear energy generation rates agree overall to
about 5%. This is of interest: despite the different J π values adopted in the present and Matic et al. 18 Ne(α ,p)21 Na rate
calculations (and the consequent differences in deduced thermonuclear rates - see Fig. 3), our models give very similar
XRB nuclear energy generation rates. This suggests that J π values for relevant states in 22 Mg are, for the moment,
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FIGURE 3. (Color online) Nuclear energy generation rates during one-zone XRB calculations using the K04 thermodynamic
history [64]. Results using the present 18 Ne(α ,p)21 Na rate (black solid line), the Chae et al. 2009 [66] rate (red dashed line) and
the Görres et al. 1995 [34] rate (blue dotted line) are indicated.

sufficiently well known for our models. Future measurements should primarily focus on measuring other quantities
of interest (such as spectroscopic factors, partial widths or the precise direct cross-section data), which can further
constrain this rate. Further tests using full hydrodynamic XRB models are needed to examine these effects in detail.
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