Study of the Mg waiting point relevant for x-ray burst nucleosynthesis via the
22Mg(a,p)?° Al reaction
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The ?*Mg(a,p)?° Al reaction rate has been identified as a major source of uncertainty for under-
standing the nucleosynthesis flow in Type-1 x-ray bursts (XRBs). We report a direct measurement
of the energy- and angle-integrated cross sections of this reaction in a 3.3-6.9 MeV center-of-mass
energy range using the MUIti-Sampling Ionization Chamber (MUSIC). The new *?Mg(a,p)?® Al re-
action rate is a factor of ~4 higher than the previous direct measurement of this reaction within
temperatures relevant for XRBs, resulting in the 2?Mg waiting point of x-ray burst nucleosynthesis
flow to be significantly bypassed via the («, p) reaction.

An x-ray burst is a thermonuclear explosion in a binary
system of an accreting neutron star and a companion
star [1-3]. Properties of the neutron star can be deduced
from comparisons between the observations of XRB light
curves and astrophysical models [4-7]. These models sig-
nificantly depend on nuclear physics inputs, such as nu-
clear reaction rates [8, 9]. The accretion of hydrogen
from the companion star prior to an XRB ensures that
the main nucleosynthesis occurs via proton capture on
elements formed via the hot CNO cycle and its breakout
reactions [10]. It has been suggested that the main (p, )
nucleosynthesis path in XRBs is halted at several “wait-
ing points” [11] due to a (p,7)-(v,p) equilibrium. Alpha
capture reactions could allow the halted nucleosynthe-
sis process to bypass these waiting points to synthesize
heavier elements.

One of the waiting points identified for XRB nucle-
osynthesis is ??Mg (Ty/o = 3.876 s [12]). The inter-
play between the (a,p) reaction with the proton cap-
ture reaction on 2?Mg and the subsequent 8-decay plays
an important role for the subsequent nucleosynthesis
flow. Since the Q-value of the 22Mg(p,v)?3Al reaction
is small (Q-value = 0.141 MeV) [13], a (p,v)-(v,p) equi-
librium is established [6], and capture reactions will oc-
cur within timescales that are short compared to the
half life of 22Mg. Hence, the reaction flow through
the 2?2Mg waiting point is mainly determined by the
22Mg(a, p)?° Al reaction and the proton capture rate on
23 Al created via 22Mg(p, v)?3Al reaction. The uncertain-
ties on the proton capture rate on 22Al have recently
been substantially reduced experimentally [14, 15]. Cur-
rently, the 22Mg(a,p)?° Al reaction rate provides the main
uncertainty in constraining the nucleosynthesis flow at
the 22Mg waiting point, despite recent experimental ef-

forts. Moreover, sensitivity studies have identified the
22Mg(a,p)?> Al reaction to significantly impact the XRB
light curves and burst ashes [8, 16].

Several experiments have been carried out to constrain
the 2?Mg(a,p)?>Al reaction rate [17-19]. An indirect
measurement was carried out by Matic et al. [17] us-
ing the 28Si(p, t)26Si reaction to study the level structure
of 268i. This work identified four resonances in 26Si above
the a-decay threshold (Q, = 9.166 MeV), with unknown
spins and parities. Due to the limited information ob-
tained in this work, the 22Mg(a,p)?° Al rate was deduced
with large uncertainties and it was found to be several
orders of magnitude lower than the predictions using the
Hauser-Feshbach (HF) [20] formalism. Therefore, the ex-
perimental reaction rate was considered to be a lower
limit by the authors. Later, the first direct measure-
ment of the 2?Mg(a,p)?°Al reaction was performed in
inverse kinematics by Randhawa et al. [18]. This work
utilizes recoil protons measured within a limited angu-
lar range and the fusion-evaporation code PACE4 [21]
to extract the angle-integrated cross sections in a center-
of-mass energy range of 3.2-10.6 MeV. An uncertainty
of ~35% was estimated in the cross sections due to the
uncertainty from the model prediction of the proton an-
gular distributions. To fit the low reaction cross sections
and to extrapolate them down to the center-of-mass en-
ergies relevant for XRBs, the HF code TALYS [22] was
used with notable modifications to the radius of the a-
particle optical model potential («¢OMP), and a signif-
icant increase of the default 26Si level density. When
compared to the HF predictions using NON-SMOKER
[23], the total reaction cross sections were a factor of ~8
lower. Recently, Hu et al. [19] carried out a measurement
of the 2? Al4p (in)elastic scattering reaction and studied



states relevant to the 2*Mg(a,p)*® Al reaction in the exci-
tation energy range of 9.166-11 MeV (above the a-decay
threshold). This work performed an R-matrix fit to as-
slgn spins and parities of the states observed. The partial
o widths of four resonances above the a-decay threshold
in 2881 were inferred from the mirror nucleus Mg, After
taking into account the energy shift of ~300 keV deter-
mined by Refs. [24] and [25], the energy range studied
by Hu ef al. corresponds to an energy range of ~0.5-
11.3 MeV in ®Mg. Surprisingly, the mumber of mea-
sured resonances is low when compared with the almost
90 known levels in the same excitation energy range of
the mirror nucleus Mg [26]. Assuming that at least
half of these levels in *Mg have unnatural parity, the
number of expected candidate levels in 2881 is a factor of
~10 higher than those measured by Hu et al. [19]. Thus,
the rate from this work should be considered as a lower
Limit. The 2*Mg(c,p)?® Al reaction rate from that exper-
imment 1= a factor of 8-10 lower than that obtained from
NON-SMOKER for ~0.4-1 GK, and increases up to a
factor of ~160 at 3 GK. For temperatures below 1 GK,
this rate i= in agreement with that by Randhawa ef al
[18]. From the low reaction rate found by these two pre-
vious measurements, Ref. [19] concluded that the XRB
reaction flow follows mainly the ZMg(p, )2 Al(p, v)**5i
path, implying that the Mg waiting point is potentially
not bypassed. PFurther astrophysical implications of the
low 2*Mg(cx,p)*® Al rate from this work can be found in
Ref. [27].

In this work, we present a new independent study of
the 22Mg(wv, p)** Al reaction that directly measures angle-
and energy-integrated cross sections, removing the model
dependence for obtaining the total cross sections, com-
mon to all previous measurements. A direct measure-
ment of the 2?Mg(a,p)*® Al reaction in inverse kinematics
was performed using the Argonne Tandem Linac Acceler-
ator System (ATLAS) at Argonne National Laboratory.
A radioactive beam of 2?Mg'?t was developed with the
ATLAS in-flight system [28] using the 2 Ne(*He,n)**Mg
reaction with a primary beam of *Ne at an energy of
125.0 MeV. The Mg beam, with an energy of 74.0 +
1.5 MeV, and an average intensity of 200 pps was de-
livered to the MUIlti-Sampling lonization Chamber (MU-
SIC) detector [29) filled with 404 Torr of pure He gas. The
Mg beam energy was determined using a silicon detec-
tor upstream of MUSIC and confirmed by the known
magnetic rigidity of an upstream beam-line transport
dipole magnet. The silicon detector calibration was based
on the measured energy of the unreacted **Ne beam as
determined by the ATLAS time-of-flight system. The
main contaminants of the Mg beam include different
charge states of the primary ?"Ne beam and a small
amount of 2Na!%t. The ratio of Mg to contaminants
was about 18%. Using the energy deposited in the Frisch
grid and the first anode strip, the Mg beam can he
counted and separated from these contaminants.

Energy loss tables are used to calculate the energy of
the beam at each of the anode strips of the detector. In
order to identify the best energy loss table for the present
work, a silicon detector was placed downstream of MU-
SIC to measure the remaining Mg beam energy. Since
the beam stops inside the detector for the He gas pres-
sure used for this measurement, the pressures were low-
ered to allow the Mg beam to go through the gas and
oxit window foill. The gas pressures used ranged from (0
to 250 Torr in steps of 50 Torr. The beam energies mea-
sured with this silicon detector were well reproduced us-
ing energy loss calculations performed using the ATIMA
1.2 [30] energy loss tables. This was also cross-checked
via its reproducibility of the Bragg peak in the energy
loss of the beam inside MUSIC for the 404 Torr gas pres-
sure used for the final measurement. This work presents
a direct 22Mg(a,p)?® Al cross section measurement in the
center-of-mass energy range of 3.3-6.9 MeV.
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FIG. 1: Experimental cross sections for
2Mg(a,p)**Al from the present measurement (red
triangles) and the data from Ref. [18] (blue squares).
Alzo shown are the theoretical HF cross section
calculations nsing TALYSx0.93 for (o, p) only (dash
black line), along with NON-SMOKER,/8 (dot-dash
blue line) and NON-SMOKER/2 (dot-dot-dot-dash
black line) which includes both (o, p) and (a, 2p).
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The MUSIC detector 1= sensitive to the energy loss of
a particle as it travels through the gas and has the abil-
ity to measure an excitation function with a single beam
energy. When a reaction occurs at any anode strip, differ-
ences in the energy deposited can be used to separate out
the (o, p) events of interest from the other reaction chan-
nels. By summing the energy deposited in various num-
bers of consecutive strips using a AE — AE technique af-
ter a reaction occurs, allows for further separation of the
different reaction channels (see Ref. [31]). More informa-
tion on using MUSIC for direct a-induced measurements
can be found in Refs. [31-35|. For the energy range cov-
ered in this work, the (o, v), (o, p), (o, 2p), elastic (o, o)
and inelastic (o, ") channels are energetically allowed.



The MUSIC detector cannot distinguish the (a,2p) re-
action due to indistinguishable energy losses from other
(o, @) or (a, @) channels.

TABLE I: Total reaction cross sections, o, and
associated systematic and statistical uncertainties
obtained from the present measurement for the
22Mg(ar,p)?® Al reaction for center-of-mass energies
corresponding to anode strips 2-12 of MUSIC.

EST AEc.m.® o Aosys Ao stat

(MeV) (MeV) (mb) (mb) (mb)
6.93 (28) 347 91 11 11
6.60 (29) 18 127 15 14
6.25 (29) B 111 7 13
5.91 (30) BRI 102 6 12
5.55 (31) -39 75 5 10
5.19 (31) 343 111 7 13
4.82 (32) 933 71 4 10
4.44 (33) 0% 57 3 9
4.06 (33) 038 36 4 7
3.67 (34) .38 26 3 6
3.25 (35) o 14 2 4

2 The energy binning per strip is determined by the energy loss
of the 22Mg beam along the width of each corresponding strip.

For the center-of-mass energies corresponding to each
strip, the total («,p) cross section can be obtained by
normalizing the total number of (a,p) events identified
for each strip to the measured beam intensity. The cor-
responding statistical and systematic uncertainties of the
cross sections from the present work are tabulated in Ta-
ble I. Here, the effective center-of-mass energies (EST )
have been adjusted to take into account the energy de-
pendence of the cross sections over the target thickness
for each data point. The uncertainties of ES is de-
fined by the uncertainty of the beam energy. The esti-
mated energy loss of the beam within each anode strip
defines the energy binning AFE. ., . The systematic un-
certainty of the cross sections arises predominantly from
the analysis techniques and conditions used to separate
the (a,p) events from the beam and other reaction chan-
nels. This separation becomes more difficult at the be-
ginning of the detector and as the reaction vertex gets
closer to the Bragg peak of the beam. Thus higher sys-
tematic uncertainties (~12%) are assigned for the first
two and last three energy points.

Figure 1 shows the total reaction cross sections of only
22Mg(a,p)?> Al obtained from the present work in com-
parison with the direct measurement of Ref. [18] and
scaled theoretical HF calculations. The NON-SMOKER
cross sections have been divided by a factor of 8 to re-
produce the data of Ref. [18]. However, it is impor-

tant to note that the NON-SMOKER calculations do not
differentiate between the contributions from the («,p)
and («,2p) channels, which do not represent these ex-
perimental data. The total reaction cross section using
TALYS were calculated using the «OMP by McFadden
and Satchler [36], which has been shown to work well for
masses 20 < A < 50 [37]. The statistical model [20] dis-
tributes the total cross section o among the open reaction
channels in the energy range under study. The contribu-
tion of the («,y) channel to the cross section remains very
minor (= 5 orders of magnitude smaller). The theoret-
ical 25Al production cross section in the 22Mg(a, p)?°Al
reaction, as measured by MUSIC, was calculated by the
sum over the final states in ?*Al; o(**Al) = Y, b; o(a,p;)
where the branchings b; describe the probability that the
it" excited state in 2°Al finally decays to the ground state;
(1 —b;) corresponds to the probability that the it state
decays by proton emission. In practice, b; = 1 for all
states below the proton binding energy in 2°Al of 2.27
MeV, and b; =~ 0 for most states above 2.27 MeV; only
a few states above 2.27 MeV with high J™ decay pref-
erentially by y-emission to the ground state of 2°Al. It
has been seen from the present study that such manual
summing of the different exit channels in combination
with the dominating («,p) and (o, 2p) channels makes
the calculation almost insensitive to other ingredients of
the statistical model like the gamma-ray strength func-
tion, the level density, or the proton optical model poten-
tial. This theoretical cross section reproduces the energy
dependence of the new experimental data quite well. For
the best reproduction of the new data, the theoretical
25 Al production cross sections have been scaled down by
a factor of 0.93 which is well within the expected un-
certainty of a factor of two. As seen in Fig. 1, for the
lowest center-of-mass energies (<2.5 MeV), these TALYS
cross sections are similar to those from NON-SMOKER
divided by a factor of two, but differ at higher energies
due to a larger contribution of the («,2p) channel which
is not subtracted in NON-SMOKER. See Supplemental
Material [38] for a more in-depth explanation of the ap-
plicability of TALYS for the 22Mg(a,p)?® Al reaction.
Some observed deviations between theory and exper-
iment could be explained by the presence of strong res-
onances or due to a higher level density. For instance,
the two cross section data points at 5.19 and 5.55 MeV
covering center-of-mass energies of 4.98-5.74 MeV show
deviations from the TALYS predictions. A rough corre-
spondence to resonances in ?2Ne(a, n)?°Mg mirror reac-
tion [39, 40] can be found, taking into account the energy
shift of ~300 keV between mirror states in 26 Mg and 26Si.
The present work provides an experimental reaction
rate corresponding to the upper end of the Gamow win-
dow for T~1.8 GK. To extrapolate the rate to lower tem-
peratures, the experimental total reaction cross sections
were combined with the TALYS predictions at lower en-
ergies with an uncertainty of a factor of 2 (see Ref. [38] for
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FIG. 2: (upper panel) The 22Mg(a,p)?> Al reaction rate
based on this work in comparison to the rates from
Randhawa et al. [18] and Hu et al. [19]. (lower panel)
The same reaction rates as a ratio to the rate by
Randhawa et al. [18].

details). The resulting geometric mean reaction rate was
calculated using the code Exp2Rate [41], and is shown in
Fig. 2 (red solid line) along with the rates from Rand-
hawa et al. [18] (blue dot dashed line) and Hu et al. [19]
(black dashed line). A table with the recommended re-
action rates, the upper and lower limits, and the fitted
parameters to the REACLIB format can be found in the
Supplemental Material [38]. As can be seen in Fig. 2, the
2Mg(ar,p)?> Al reaction rate from the present work is sig-
nificantly higher than those by Refs. [18] and [19]. The
factor of ~4 between the new 2?Mg(a,p)?>Al rate and
that of Randhawa et al. reflects the factor of ~4 between
the reaction cross sections for E.,, < 3 MeV. Although
not understood, this discrepancy could be associated to
the model dependency of the obtained angle-integrated
cross section in Ref. [18]. The discrepancy with the mea-
surement of Ref. [19] can be explained by the low number
of states measured in their work. As discussed before,
when compared to the mirror reaction, the number of
candidate levels which could potentially contribute is ex-
pected to be about a factor of ~10 higher. A possible
reason could be that resonances in 26Si may decay by
proton emission to excited states in 2°Al, resulting in a
weak signal in the excitation curve of proton elastic scat-
tering. Hence, resonances with small I',g in 26Si may
remain below the detection limit of [19]. Additionally,
the energy interval measured by Ref. [19] in 2°Si only
covers up to ~1 GK, explaining the larger discrepancy
at higher temperatures.

The implications of the new 22Mg(a,p)?°Al reac-
tion rate for XRB model calculations and the flow
through the 22Mg waiting point, are discussed be-

low. The impact on the flow into the ap-process
can be calculated by using the two reactions affect-
ing the destruction of 22Mg; namely 22Mg(a,p)?* Al and
ZAl(p,7)**Si as previously described. The flow can
then be defined as Ao p)/(A(a,p) + Ap,y)), Where \; =
WipNa{ov) X fuer/Afuer With Apyep and Xy being the
mass number and the mass fraction of hydrogen and he-
lium for the 2Al(p,v)?4Si and 22Mg(a, p)?° Al reactions,
respectively [42]. Here, W; is a weight factor which de-
termines the equilibrium abundance of a nuclide calcu-
lated using the Saha equation for a given temperature.
In order to obtain the relevant temperatures and mass
fractions, the model by Merz & Meisel [42] was adopted,
where the observed features of the x-ray clockburster GS
1826-24 [43] were reproduced for an ignition occurring at
T = 0.7 GK with Xy = 0.06 and Xy, = 0.19 and a peak
temperature (Tpeqr) at 1.0 GK. The nucleosynthesis flow
into the ap-process for temperatures ranging from the
ignition point to peak temperatures are of interest.
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FIG. 3: The upper and lower bounds of the flow into
the ap-process calculated using the ignition conditions
of Merz & Meisel [42] (Xg = 0.06, Xg, = 0.19) using
the 22Mg(a,p)?°Al rates from the present work (red
solid lines), Hu et al. (black dashed line) and Randhawa
et al. (blue dot-dashed line). The vertical line denotes
the peak temperature for the model by Ref. [42].

For the following discussion, this work considers a 10%
flow as the onset point or the point when the ap-process
becomes significant (as was done in Ref. [14]) and con-
siders a flow greater than 50% as a significant bypass
of the 22Mg waiting point via the (a,p) reaction. The
23 Al(p, v)?4Si reaction rate used for the flow calculations
are from a recent high-precision mass measurement of
248i which significantly reduced the previous rate uncer-
tainties [14]. The calculated nucleosynthesis flow into
the ap-process presented in Fig. 3 shows that the pre-
vious 22Mg(a,p)?°Al rates by Randhawa et al. and Hu
et al. results in a relatively minor flow into the ap-
process at 2?Mg (ranging from 3% to 51% even at Tpeqr



= 1 GK) for the relevant temperatures, indicating that
the 2?Mg waiting point is potentially not bypassed. Us-
ing the results from the present work, the flow into the
ap-process is significant with at least 23% and as high
as 82% at 1 GK. In addition, this new rate suggests that
the onset of the ap-process occurs at a lower temper-
ature Ty = 0.87 4 0.06, while the onset temperatures
using the rates of Randhawa et al. and Hu et al. occurs
at Ty = 0.99 + 0.09 and Ty = 0.94 £ 0.06, respectively,
which is close to the peak temperature. The enhanced
flow through the #2Mg(a,p)?*Al path directly impacts
the shape of the light curve by decreasing the luminosity
early in the burst due to reduced hydrogen burning. This
reduction in hydrogen burning during the initial stages
leads to a larger amount of hydrogen available for burning
at later times, resulting in a less pronounced decline in
the light curve tail. However, since the amplitudes of the
new 22Mg(a,p)?° Al reaction rate fall between the rates
calculated using NON-SMOKER and those of Refs. [18]
and [19], significant changes to the light curve presented
in Ref. [18] are not expected.

This work presents a new direct measurement of
the angle- and energy- integrated cross sections of the
2Mg(a,p)?® Al reaction, which was found to be a fac-
tor of ~ 4 higher than the previous direct measurement.
The new reaction rate shows a significant nucleosynthesis
flow into the ap-process at the 22Mg waiting point, con-
tradicting recent results which found this to be relatively
minor with the main nucleosynthesis flow occuring via
2Mg(p,v)?2Al(p,v)**Si. In addition, this work found
that the onset of the 22Mg(a,p)?°Al reaction occurs at
lower temperatures.

The Supplemental Material [38] provides the fol-
lowing additional references: [44-63]. This material
is based upon work supported by the U.S. Depart-
ment of Energy, Office of Science, Office of Nuclear
Physics, under contract number DE-AC02-06CH11357,
and National Research Development and Innovation Of-
fice (NKFIH), Budapest, Hungary (K134197). This
research used resources of Argonne National Labora-
tory’s ATLAS facility, which is a DOE Office of Science
User Facility. AP also acknowledges support from the
Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation)-Project No. 279384907-SFB 1245,
and the State of Hesse within the Research Cluster EL-
EMENTS (Project ID 500/10.006).
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