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Proton decays from a-unbound states in Mg and the ¥Ne(«, py)*'Na cross section
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Background: Type I x-ray bursts provide an opportunity to constrain the equation of state of nuclear matter.
Observations of the light curves from these bursts allow the compactness of neutron stars to be constrained.
However, the behavior of these light curves also depends on a number of important thermonuclear reaction
rates. One of these reactions, '*Ne(«, p)>'Na, has been extensively studied but there is some tension between
the rate calculated from spectroscopic information of states above the a-particle threshold in Mg and the rate
determined from time-reversed measurements of the cross section.

Purpose: The time-reversed measurement of the cross section is only sensitive to the ground state-to-ground
state contribution. Therefore, corrections must be made to this reaction rate to account for the contribution of
branches to excited states in 2'Na. At present this is done with statistical models which may not be applicable
in such light nuclei. Basing the correction of the time-reversed cross section on experimental data is much more
robust.

Method: The *Mg(p, 1) Mg reaction was used to populate states in >Mg. The reaction products from the
reaction were analysed by the K600 magnetic spectrometer at iThemba Laboratories, South Africa. Protons
decaying from excited states of Mg (S » = 5502 keV) were detected in an array of five double-sided silicon
strip detectors placed at backward angles. The branching ratio for proton decays to the ground state of >'Na,
B,,,, was determined by comparing the inclusive (triton-only focal-plane) and exclusive (focal-plane gated on a
specific proton decay) spectra.

Results: The experimental proton decay branching ratio to the ground state of !Na from excited states in
Mg were found to be a factor of about two smaller than the ratios predicted by Hauser-Feshbach models.
Using the experimental branchings for a recalculation of the '®Ne(a, py)2'Na cross section leads to a con-
siderably improved agreement with previous reaction data. Updated information on the disputed number of
levels around E, ~ 9 MeV and on the possible '®Ne(a, 2p) ?°Ne cross section at astrophysical energies is also
reported.

Conclusions: The proton decay branching of excited states in 2?Mg to the ground state of 2!Na have been
measured using the K600 Q2D spectrometer at iThemba Laboratories coupled to the double-sided silicon-strip
detector array CAKE. Using these experimental data, the modeling of the '®Ne(«, po)?!Na cross section has
been improved. The result is not only in better agreement with previous cross section data but also consistent
with a recent direct measurement of '®Ne(a, p) ' Na. This strengthens the case for the application of statistical
models for these reactions.
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I. ASTROPHYSICAL BACKGROUND

Type I x-ray bursts are thermonuclear explosions which
take place on the surface of neutron stars in binary systems
[1,2]. Hydrogen- and helium-rich material from the compan-
ion star accretes onto the surface of the neutron star and
hydrogen burning through the cold and hot CNO cycles com-
mences. As the temperature keeps rising, eventually breakout
from the CNO cycles can begin, increasing the rate of energy
generation and resulting in the burst. The nucleosynthesis of
the burst proceeds through a series of « particle- and proton-
induced reactions, terminating in the SnSbTe cycle above
1008 [3].

The properties of neutron stars are the focus of a great
deal of attention with the recent observation of neutron-star
mergers through gravitational waves [4] and the subsequent
observation of the electromagnetic counterpart [5]. One as-yet
unanswered question is the equation of state of nuclear matter,
and the subsequent relationship between the mass and radius
of neutron stars (see, e.g., Refs. [6]). Simulated x-ray burst
light curves have shown a dependence on the compactness of
neutron stars [7]. Constraints on the compactness from the
light curve can subsequently be used to limit the range of
symmetry-energy parameters of nuclear matter. However, the
light curve is driven by nuclear processes and unless the rates
of the reactions driving the burst are known it is not possible
to provide useful constraints on the neutron-star compactness.

Sensitivity studies by Meisel et al. [8] and Cyburt et al.
[9] have identified a number of important reactions which
influence the shape of the x-ray burst light curve. The
reactions identified (listed here in order of importance)
were [8]: PO(x, y)"”Ne, "“0(a, p)'F, 2Al(p, y)>*Si,
FCu(p, y)%Zn, 8Ne(w, p)*'Na, HMg(a, y)2si,
2Mg(a, p) B Al, and ®'Ga(p, y)®*Se. Recent developments
have constrained some of these reaction rates [7,10-17].
For example, the *Mg(a, p) 2 Al cross section has been
measured using a time-projection chamber at NSCL [7]. The
results from this experiment suggest that the **Mg(a, p) * Al
reaction rate is around 8 times smaller than the prediction
from the statistical model NON-SMOKER [18] and considerably
higher than the rate calculated by Matic et al. [19], though
the Matic rate was based on only four resonances and should
correctly be regarded as a lower limit.

The "®Ne(«, D) 2INa reaction, which influences the shape
of the rise of the x-ray burst light curve [8], has been the focus
of extensive study. This includes time-reversed measurements
of the 2'Na(p, ap) '®Ne cross section [20] (which will be
discussed in more detail in the following paragraphs), direct
measurements of the cross section using beams of radioactive
8Ne ions and gaseous *He targets [21-23], transfer spec-
troscopy of 2*Mg states using the 2*Mg(p, 1) >*Mg reaction
[24,25], and resonance-scattering 21Na(p, p)21Na measure-
ments in inverse kinematics [26,27].

Of particular note for the currently reported measurement
is the use of time-reversed measurements. Due to the technical
difficulty of measuring the 'Ne(a, p)?!Na direct reaction
requiring both an intense radioactive '®*Ne beam and a he-
lium gas target, Salter et al. [20] measured the time-reversed
2INa(p, a) "®Ne cross section. This has the advantage of al-

lowing a solid hydrogen-containing target (e.g., CH;) to be
used in the experiment. However, this reaction is sensitive
only to the '®Ne(a, po) >'Na cross section, i.e., reactions pro-
ceeding to the ground state of >'Na. In the Gamow window of
the '®Ne(«a, p) *'Na reaction at temperatures relevant to x-ray
bursts, a large number of states in >'Na may be populated.
Salter et al. suggest that this missing flux would not increase
the cross section by more than a factor of three, as determined
by the proton branching ratio of *?Mg to the ground state
of 2'Na calculated with the statistical model NON-SMOKER of
Rauscher [18,28].

Mohr and Matic [29] compiled a detailed and valuable
summary of existing data related to the '®Ne(e, p)>'Na re-
action. They make detailed comparisons between three sets
of data: the direct measurements of Groombridge et al. and
Bradfield-Smith er al. [21,22], the time-reversed measurement
of Salter et al. [20] and Sinha et al., a time-reversed mea-
surement only available in an internal report from Argonne
National Laboratory [30], and the transfer measurements of
Matic et al. [24] and Chae et al. [25]. They conclude that the
cross sections from the direct measurements are problemati-
cally high, exhausting or exceeding the theoretical strengths
derived by considering the states observed in the transfer
measurements, and the cross section from the time-reversed
experiment. This is true despite the widths from the Matic
[24] *Mg(p, t) **Mg data being used to compute resonance
strengths in contrast to the larger widths from the direct mea-
surement of the '¥*Ne(«, p) 2INa reaction rate.

The recommended reaction rate of Mohr and Matic [29]
exceeds that determined from the time-reversed measurement
of Salter et al. by around a factor of 5. However, this com-
parison is for the ground-state—to—ground-state reaction rate.
After taking into account the contribution of transitions to
excited states, the Salter et al. reaction rate is a factor of 2-3
times smaller than the recommended reaction rate. Mohr and
Matic state that the conclusion of Salter et al. that “the break-
out from the Hot CNO cycles via the '*Ne(a, p) ' Na reaction
is delayed and occurs at higher temperatures than previously
predicted” is not supported in the current calculations. The
comparison with the Salter et al. data was performed by using
a uniform factor of 3 to account for the decay branching of the
22Mg excited states to the ground state of 2! Na.

A subsequent study by Mohr, Longland, and Iliadis [31]
provided a new evaluated rate based on the known states
in ?Mg. This rate used the RATESMC Monte Carlo code
[32,33] to estimate the reaction rate with realistic uncertain-
ties. The rate which resulted from these calculations was
somewhat reduced compared to the earlier evaluation of Mohr
and Matic [29], but in better agreement with the rate de-
rived from the time-reversed experiment of Salter et al. [20].
The calculation of the reaction rate also resulted in a rela-
tively well-constrained temperature [0.60(2) GK] at which the
8Ne(a, p) *'Na reaction becomes faster than the 8+ decay of
18Ne.

In this paper we report on a study of the
XMg(p, t) *Mg(p) >'Na reaction in an attempt to resolve any
discrepancies between the rate calculated from spectroscopic
information of states above the a-particle threshold in Mg
and the rate determined from time-reversed measurements

055802-2



PROTON DECAYS FROM «-UNBOUND STATES IN ...

PHYSICAL REVIEW C 107, 055802 (2023)

3
3 _10
25 - Beamstop-related background
& L[ Deuterons
= L Tritons
c 2
3 C
e} e
& 150
E
3
0.5

7I><1 o?

28 29 3 31 32 33 34 35
TOF [ns]

FIG. 1. Particle identification for the tritons in the K600 mag-

netic spectrometer. The triton locus is encircled by a black border

which is representative of the software gate used. Most of the other

events are caused by beamstop-induced background or by deuterons
caused by reactions in the target.

of the cross section. This reaction was measured in an
experiment with the K600 magnetic spectrometer at iThemba
Laboratories (LAB), South Africa coupled to the CAKE
(coincidence array for K600 experiments), an array of five
double-sided silicon strip detectors. The proton decays
from the populated excited Mg states were observed and,
with this information, the contribution of proton decays to
excited states in >'Na to the '®Ne(e, P) 2INa reaction rate
was reassessed. In light of the obtained energy-dependent
branching ratio, we re-estimate the 18Nciz(oz, P) 2INa reaction
rate based on the time-reversed measurement of Salter et al.
[20] and compare it to other evaluations of the reaction rate
based on spectroscopic information on **Mg.

II. EXPERIMENTAL METHOD

A dispersion-matched beam of 100-MeV protons was
extracted from the Separated-Sector Cyclotron at iThemba
LABS and transported along a dispersion-matched beamline
to the target position of the K600 magnetic spectrometer, a
kinematically corrected Q2D spectrometer [34]. For the mea-
surement of excited Mg states, one 2*Mg target was used
of 750 ug/cm?. Background data were taken with '>C and
mylar targets. The K600 spectrometer was placed so that the
acceptance aperture was located at zero degrees. Unreacted
beam passed into the K600 spectrometer and was stopped on
a Faraday cup located within the first dipole.

Reaction products were momentum-analysed in the K600
magnetic spectrometer and detected in a focal-plane detector
suite consisting of two drift chambers and two plastic scin-
tillators placed at the medium-dispersion focal plane. The
trigger for the experiment was an event in the first plastic
scintillator. Tritons were identified by considering the time-of-
flight through the K600 relative to a radiofrequency reference
value and the energy deposition in the plastic scintillator (see
Fig. 1).
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FIG. 2. Inclusive excitation-energy spectrum of levels in **Mg.
The proton-decay threshold (S, = 5.502 MeV) and the a-particle
threshold (S, = 8.142 MeV) is indicated.

Protons decaying from 2Mg excited states were detected
in the Coincidence Array for K600 Experiments (the CAKE),
an array of five double-sided silicon strip detectors placed at
backward angles within the scattering chamber [35]. The sig-
nals from the silicon detectors were fed into amplifier modules
which provided shaped Gaussian signal outputs which were
processed by amplitude-to-digital convertor (ADC) modules
in the Data Acquisition (DAQ). The time signal was generated
from a constant-fraction discriminator which was acquired by
time-to-digital (TDC) convertor modules in the DAQ. The
silicon time values were all recorded relative to the trigger
from the K600 focal plane which is used as a reference time
in all TDC modules to obviate the impact of any clock jitter
between different TDC modules.

III. DATA ANALYSIS

The data were processed, constructing all events relating to
the focal plane, e.g., generating the position spectra from the
drift chamber timing values. The condition of a good event
from the CAKE was when timing value in a front silicon strip
was found along with a recorded energy in the same front strip
for which an approximately equal recorded energy (|Egont —
Evack| < 0.2 MeV) in a back silicon strip in the same detector
was found. The data analysis was truncated for E, > 12 MeV.

The resulting inclusive (triton-gated focal-plane only, “sin-
gles”) excitation-energy spectrum for the combined dataset is
shown in Fig. 2. The excitation-energy resolution is 45(2) keV
(FWHM), this is significantly larger than the 15 keV (FWHM)
[24] achieved at RCNP Osaka with the Grand Raiden, due to
the dispersion matching of the beam and the K600 fields not
remaining stable during the experiment. The excitation energy
is always determined from the focal plane and so the energy
resolution is the same for inclusive and exclusive spectra.

Two excitation energy vs. silicon energy coincidence spec-
tra are shown in Fig. 3. The top panel shows the combined
coincidence spectrum; the spread in the coincidence loci in
this two-dimensional spectrum is predominantly due to the
different effective target thickness for the decaying proton.
The effective thickness of the target as viewed by the different
rings of the CAKE increases from 779 pg/cm? to 1839 pg/cm?
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FIG. 3. Excitation energy vs. silicon energy coincidence spec-
trum. (Top) Combined coincidence spectrum (for reference), the
broadening of the coincidence loci is due to the effective target
thickness change experienced by the decaying proton. (Bottom) Co-
incidence spectrum selected on a small number of angular rings (ring
1 (Bl = 161.4°) to ring 4 (6, = 151.4°)) on the silicon detectors;
the coincidence loci are much narrower due to the smaller range
of effective target thicknesses. Each decay locus from pg to ps is
indicated. The contaminants seen in the kinematically-inaccessible
region, to the left of the py decay locus, are from oxygen.

as the angles change from 114° to 164°. The combined spec-
trum results from chaining all the data runs together and
plotting the combined data on one spectrum. The vertical lines
are caused by weak, random coincidences with the strong
resonances in ?Mg. The bottom panel shows a coincidence
spectrum for a limited number of angular rings in the silicon
detectors. A selection of decay channels are done on subsets
of rings to give clear separation of these decay channels.

Coincidence spectra gated on the py, pi, p2, p3, Ps, and
ps (p; meaning the proton decay to the ith excited state in
2INa) decay loci were generated by gating on the decay loci
in these two-dimensional spectra. These correspond to proton
decays to the ground state and various excited states in >'Na
from the recoil nucleus Mg and are listed in Table I. Higher
decay loci were not analysed as the amount of background
relative to the signal for these decay channels was too high to
place software gates around them. The spectra were limited
to E;, < 12 MeV; above this energy the protons decaying to
the ground state of >'Na punched through the 400-pum-thick
silicon detectors comprising the CAKE.

TABLET Levelsin?'Na (S, = 2432 keV) that are populated due
to proton decay from *?Mg. The p, and ps decay modes proceed to
proton-unbound states which decay by y-ray emission (see the text).
The excitation energies (and uncertainties) and spin-parities are taken
from Ref. [36].

Decay E, [keV] Jr E. — 8,2y, [keV]
Po (g.s.) 3/2+ (bound)

D1 331.90(10) 5/2% (bound)

D2 1716.1(3) 7/2% (bound)

D3 2423.8(4) 1/2+ (bound)

D4 2797.9(5) 1/2~ 366.22(57)

Ds 2829.1(7) 9/2% 397.42(75)

The generated coincidence spectra, shown in the panels of
Fig. 4, were analyzed together with the inclusive excitation-
energy spectrum given in Fig. 2. Below the proton-decay
threshold, where a number of isolated states could be ob-
served, the analysis could proceed on a state-by-state basis.
Above the proton threshold this was not possible due to the
limited excitation-energy resolution and the low cross sec-
tion of reactions to the excited states. Instead, we adopted a
similar approach to that of Munson et al. [37] who performed
analysis of excitation-energy bins rather than individual states.
In that experiment, states in >*Mg were populated through the
inelastic scattering of « particles from a 2*Mg target. With a
relatively coarse binning, the decay of each excitation-energy
bin into the available final channels was considered rather than
a state-by-state analysis. The aim is to characterize the overall
trend of the py and other branching ratios in order to evaluate
a realistic range for the B, as a function of excitation energy.

TABLE II. Excitation energies for states above S, corresponding
to the labels as seen in Fig. 4. These are from Matic ef al. [24] and
agree well with the states identified in this study. The updated spin-
parity assignments are from Table I in Mohr, Longland, and Iliadis
[31].

Label E, [MeV] Matic E, [MeV] JT
a 8.1721(20) 8.1803(17) 2"
b 8.3886(15) 8.383(13) 1"
c 8.520(13) 8.5193(21) 3~
d 8.652(9) 8.6575(17) 2"
e 8.777(22) 8.743(14) 1~
f 8.937(19) 8.9331(29) 2+
g 9.067(23) 9.082(7) 1~
h 9.147(15) 9.157(4) 4+
i 9.537(11) 9.546(15) 1~
j 9.745(16) 9.7516(27) 2+
k 9.873(19) 9.861(6) 0"
1 10.259(20) 10.2717(17) 2+
m 10.660(8) 10.667(19) 3~
n 10.998(6) 10.999(15) 4+
[ 11.309(14) 11.317(27) 4+
p 11.547(29) 11.603(16) 4+
q 11.931(13) 11.937(17) ot
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FIG. 4. Exclusive (gated on specific proton decays to different final ' Na states) excitation-energy spectra. These spectra are gated on the
po (top) to pyys (bottom) decay channels. The p4ys spectrum includes the p, and ps decay locus as they are 30 keV apart and not resolved.
The py and p; spectra have a bin size of 2.5 keV, the other spectra have 10-keV binning. The states that correspond to RCNP data from Matic
et al. [19] are labeled in the top panel. Table II lists the details of each state that corresponds to each label in the top panel of this figure.

The size of the excitation-energy bins used for this analysis
technique was 100 keV.

The coincidence yields for each excitation-energy bin were
corrected for the missing solid angle by fitting the yields per
ring with a linear combination of the even Legendre polyno-
mials. The py branching ratio of each of the excitation-energy
bins is shown in the top panel of Fig. 5. The bottom panel
of Fig. 5 shows the sum of the branching ratios for pg to ps,
inclusive. This shows that the total branching ratio, especially
at lower excitation energies sums to 1. While there is sig-
nificant variation of the branching ratios, especially at lower
excitation energies, the general trend of B,, ~ 0.4 at E, ~ 8
MeV decreasing to B, ~ 0.1 at higher excitation energies
(Ey =~ 12 MeV) is clear. However, there is a significant range
of B, values observed in the present experiment. In Sec. IV
we set out the implications of the newly determined branching
ratios for the validity of statistical models in this system,
and on the reaction rate determined from the time-reversed
measurements of Salter et al. [20]. Table III gives a summary
of the observed decays from >*Mg excited states to the various
final states in >'Na.

The branching ratio determined is dependent on both the
number of events detected in the py coincidence spectrum
but also on the number of events detected in the inclusive
spectrum. Target contaminants, notably '>C and '°Q lie on
the focal plane close to the region of interest and could po-
tentially influence the extracted branching ratios. Data were
taken with '2C and mylar targets to locate the contaminant

states and quantify their potential impact on the branch-
ing ratios. The population of these states was observed to
be rather weak compared to the Mg states, likely due to
the rather thick >*Mg targets used in the experiment, and

TABLE III. Observed decays of 2?Mg states into 2! Na states. The
first column shows the label for the *Mg state which corresponds to
the energies listed in Table 1I. The second column lists the p; decays
observed for that particular state.

Label Decay type

Po> P1
Pos P2, P3
Pos P1»> P2, D3
Po> P1> P2, P3
Po> P1s P2, P45
P, D2
Pos P1> P2
Pos D1
P2, P3
Pos P1> P3
Pos P3> P45
Pos P1> P2, D3
P2, P3
Pos P3> P45
P2, P35 P45
Pas
P1s P35 Pas

0T 0B B —~ /R =DM -0 0 O
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ratios are shown as black-dotted lines. B, for the '*Ne(«, p) *'Na reaction calculated with TALYS is shown in green. The NON-SMOKER B,

using the SMARAGD model is shown by the red line. (Bottom) B
energy. The bin size is 100 keV.

pi

the impact of the contamination on the branching ratios is
marginal (<1%).

IV. DISCUSSION

In this section, we first discuss the implications of the
presently determined trends in the p, branching ratio of >>Mg
states on the '®Ne(a, p) >'Na reaction rate based on the time-
reversed measurements of the 21Na( p, o) 8Ne reaction. After
this we make some brief comments about the number and
nature of the levels around E, ~ 9 MeV based on the current
data, since the number and nature of states at this excitation
energy could strongly influence the '®Ne(«, p) >'Na reaction
rate. Finally, we make a brief comment about the proton decay
branches from Mg states to proton-unbound 2!Na states

and the sum of the proton branching ratios as a function as excitation

which may result in the '*Ne(a, 2p) ?’Ne reaction contribut-
ing at astrophysical energies.

A. Impact of py branching ratios on the calculation
of the ®Ne(w, po) Na cross section

Salter et al. [20] determined the reaction rate of
8Ne(w, po) 2'Na from a measurement of the 2'Na(p, ) '*Ne
cross section and applying detailed balance. This determi-
nation, however, may not fully constrain the actual stellar
reaction rate for '®Ne(x, p)*'Na to be used in astrophysi-
cal simulations. To this end, particle transitions to and from
excited states of the target and residual nuclei have to be con-
sidered additionally [38]. The contribution of excited states in
18Ne to the stellar rate is negligible for temperatures attained
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in x-ray bursts (< 3 GK) [39]. Transitions to excited states
in 2!'Na, however, may affect the rate. These could not be
constrained by the previous measurement [20] and so far
could only be predicted by theory.

The proton-branching ratios obtained in this work are re-
lated to the ones found in the reaction '®Ne(«, p) 2'Na only
if the proton emission from the states in Mg proceeds
in a similar manner in '®Ne(«, p)?'Na and in our reaction
sequence 24Mg(p, t)zzMg(p) 2INa. The "®Ne(e, D) 2INa and
2Mg(p, t) **Mg are expected to produce rather different spin
distributions in Mg and this could have some impact on the
B,y observed. However, most of the excitation energy bins
considered in the present measurement are dominated by a
single state. We assume that the Bohr hypothesis holds and
the decay of a compound-nuclear state is insensitive to the
formation channel. This implies that the decay of a Mg
state populated in either reaction will proceed identically.
The low number of levels per bin and the insensitivity of
the decay to the populating reaction further means that any
spin-distribution effect has limited impact and may be ignored
for further analysis.

The NON-SMOKER Hauser-Feshbach code reproduced the
(o, po) results of Salter er al. acceptably well (see Fig. 2 in
[20]). Therefore we assume that the cross section can be de-
scribed by a statistical model, despite the light target nucleus.
The statistical model cross section o(, ) is proportional to the
averaged o width (I'y) and the averaged proton width (I")),
and inversely proportional to the total width ('), [38]

(T'a) (I'p)

1
(Trot) M

Oa,p) X

with the particle widths being the sum of partial widths for
transitions to the ground state and excited states: (I'y) =
(Fao) + (Ta1) + ... and (I'p) = (T'po) + (I'p1) + ... The to-
tal width (i) = (I'y) + (I'p) + (I",,) further includes the
averaged y width (I',, ). For the case considered here, however,
(I')) €« (Iy) € (I'p) and can be neglected. Furthermore,
(I'y) = (T',) for laboratory cross sections and also in stellar
plasmas at temperatures below 3 GK because thermal popula-
tion of excited states in '®Ne does not contribute to the stellar
reaction rate. The energy dependence of o(y ) is mainly given
by (I'y) because (I'y) < (I',). Due to this relation and the
fact that (I",) also enters the denominator in Eq. (1), the cross
section does not scale directly with a change in the proton
width. Rather, the sensitivity of the cross section to a change
in the proton width is small (for an in-depth discussion of such
sensitivities, see [39]).

The measured branching ratio B,y constrains the ratio
(T'po)/{T"p). In order to use By to improve the calculation of
the («, p) reaction cross section, it is also necessary to either
know (I",) or (I'y). This information is not available in the
present data. Also the reproduction of the Salter et al. data [20]
for the (&, pp) reaction by the Hauser-Feshbach calculation
is not suited to completely constrain these widths. This is
because for the calculation of the («, pg) cross section, the
(',) in the numerator of Eq. (1) is replaced by (I",o) but in
the denominator must still use a total width (I'y,) calculated

cross section (barn)

—— (a,po) mod. po

+ (a,po) std. po
—— (@p)
+ Salter et al. (2012)
-8
0700 135 150 175 200 225 250 275  3.00
Ecm. (MeV)
FIG. 6. Cross sections for 8Ne(w, po) *'Na and

8Ne(a, pg)'Na calculated with the SMARAGD code [40,41]
with and without modified p, width. The shaded band shows the
experimental uncertainty on the average py branching.

with the full proton width,

<Fa> <Fp0>
(Ftor)

The missing information on the averaged proton widths re-
quires to apply further assumptions. The simplest assumption
is that the total proton width is predicted correctly and only
the relation between (I',0) and (I',) is changed. This would
affect the prediction of the (o, pg) cross section but not the
one of the («, p) cross section.

For this calculation, we make use of the SMARAGD code
[40,41], which is the successor to the NON-SMOKER code.
We verified beforehand that it produces identical results for
this reaction with its default settings. As shown in Fig. 5,
which compares the measured B 10 0(«, p0)/0/a, p) ratios from
two different statistical model codes, there is good agreement
between the theory results but about a factor of two difference
to the average of the measured py branchings, with theory
predicting a larger contribution of (I',) to the total proton
width. There is, however, excellent agreement between exper-
iment and theory in the energy dependence of the averaged
branching.

Accounting for the uncertainty in the average branching
as shown in Fig. 5, the predicted (I"o) has to be divided by
2.1%53. Figure 6 shows the results obtained when rescaling
(") but leaving (I',) unchanged. As expected from Eq. (1),
the (o, po) cross section is reduced with respect to the calcula-
tion with the standard value (I",,). This leads to a considerably
improved agreement with the (o, po) data. The calculated
(o, p) cross section remains unchanged due to the adopted
assumption.

2

O(a,p0) X

B. States at E, ~# 9 MeV

The number and properties of the Mg levels at E, ~ 9
MeV are rather important since an additional state at this
energy could potentially significantly increase the reaction
rate, and therefore the ignition conditions for x-ray bursts.
Previously there was some disagreement about the properties
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of levels here. The ENSDF database [36] gives E, = 8891(7)
keV for a state with a tentative J* = 1~ assignment. The J™ =
1~ assignment comes from the 2'Na(p, p)*'Na resonance
scattering experiments of He et al. and Zhang et al. [26,27] in
which a state is observed at E, = 9.050(30) MeV. The listed
energy is the weighted average of a E, = 8985(8)-keV level
observed in proton decays of *2Mg populated in the B decay
of 22Al1 [42] and a E, = 9029(20)-keV level observed in the
24Mg(oc,6 He) 22Mg reaction [43,44]. This latter state, and the
resonance observed in the 2'Na(p, p) >'Na scattering exper-
iment, is presumably the E, = 9080(7)-keV level observed
in the high-resolution **Mg(p, r)**Mg data of Matic et al.
[24] since both of these reactions are two-neutron removal
reactions and the difference between these energy levels is
consistent with the observed scatter in energy levels between
the two datasets.

The previous concern was whether the state at E, =
9.318(12) MeV, observed in the **Mg(p, t)**Mg reaction,
undergoing a proton decay to the first-excited 332-keV state
in 2!Na, could produce a proton peak at E, = 3.484(8) MeV
which was misassigned in the decay study of Achouri et al.
[42] as a decay to the ground state of >'Na resulting in a
spurious E, = 8985(8)-keV state in 2>Mg. The 8 decay study
of Wu et al. [45] has found a proton peak at E, = 3.511(11)
MeV which corresponds to the E, = 3.484(8)-MeV proton
peak of Achouri et al. [42]. However, in Ref. [45] this proton
peak was found to be in coincidence with a E,, = 332-keV y
ray. This suggests that, contrary to the existing assumptions on
the levels in this region, there is only one at E, = 9080(7) keV,
and the previously assigned E, = 8985(8)-keV level should
be removed and replaced by a level at E, = 9317(8) keV.
This satisfies both the most recent >?Al S-decay measurement
[45] and the high-resolution **Mg(p, t) *Mg measurement of
Ref. [24].

C. Decays to proton-decay >'Na states

The low proton threshold in 2'Na leaves open the possibil-
ity that the "®Ne(a, 2p) *°Ne reaction could be active within
the Gamow window. We are able to test assumptions about
this reaction channel by inspecting our data to observe de-
cays to proton-decaying levels in 2'Na. Table I lists the final
levels in >'Na included within the present analysis. The p4
and ps decays to proton-unbound states in 2! Na are observed
in the present experiment, though they cannot be resolved.
However, the Ex = 2.797-MeV state (populated by p4 decays)
in 2!Na decays by y-ray emission since the lifetime of the
state [71/, = 13(4) fs] is characteristic of a y-ray lifetime.
The E, = 2.829-MeV state is J* = 9/27, requiring an £, = 4
decay to the ground state of 2°Ne. The single-particle Wigner
limit for this decay is I', = 0.001 eV, which is smaller than the
expected y-ray partial width, which is around I', = 0.02 eV
for the decay of the mirror state in >'Ne. Practically, since the
realistic width of a state is usually not more than around 10%
of the single-particle estimate, it is safe to conclude that the
y-ray decay dominates for this state for all realistic estimates
of the resonance parameters of the state. Therefore, all of the
states listed in Table I decay by y-ray emission.

Inspecting Fig. 5, the sum of the proton branching ratios
below E, = 10 MeV (which is the astrophysically relevant
region, see Ref. [31]) is typically exhausted by the observed
proton decay channels. At higher energies, the branching ratio
for decays to bound and y-ray decaying unbound states can
fall to around 60%. This suggests that the '*Ne(a, 2p) *’Ne
reaction channel may be important at higher center-of-mass
energies, in agreement with the recent direct measurement
with ANASEN [46], but that at lower center-of-mass energies
the contribution from '*Ne(«, 2p) *’Ne is weaker.

V. CONCLUSIONS

The >*Mg(p, t) 2*Mg reaction has been measured with the
K600 magnetic spectrometer at iThemba LABS, Cape Town,
South Africa, with subsequent proton decays from the Mg
recoils detected in an array of five double-sided silicon-strip
detectors located around the target position of the K600. From
the number of protons detected corresponding to decays to the
2INa ground and excited states, proton branching ratios were
deduced.

The experimentally determined branching ratio for the
po emission is lower than the predictions from the statisti-
cal models TALYS [47], NON-SMOKER [18,28], and SMARAGD
[40,41]. Combining the measured py branching with the as-
sumption that the models correctly predict the total proton
emission leads to a rescaling of the '®Ne(«, po) >'Na cross
section which brings it into excellent agreement with the data
by [20]. Under the same assumption the '®Ne(«, p) >'Na cross
section remains unchanged. This is also in agreement with the
recent data by [46].

While our experimental data led to an improvement
in the prediction of the 'SNe(w, py)?'Na cross section,
a better constraint on the astrophysical reaction rate for
8Ne(a, p)?'Na is not possible. The excellent reproduction of
the "® Ne(a, po) >'Na data with the improved py width, how-
ever, strengthens the case that this reaction can be described
in the statistical Hauser-Feshbach reaction model.
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