
Study of the 22Mg Waiting Point Relevant for
X-Ray Burst Nucleosynthesis via the 22Mgðα;pÞ25Al Reaction

H. Jayatissa ,1,* M. L. Avila,1 K. E. Rehm,1 P. Mohr ,2 Z. Meisel,3 J. Chen,1 C. R. Hoffman ,1 J. Liang ,4,†

C. Müller-Gatermann ,1 D. Neto ,5 W. J. Ong ,6 A. Psaltis ,7 D. Santiago-Gonzalez ,1 T. L. Tang ,1,‡

C. Ugalde ,5 and G. Wilson 8

1Physics Division, Argonne National Laboratory, Lemont, Illinois 60439, USA
2Institute for Nuclear Research (Atomki), P.O. Box 51, Debrecen H-4001, Hungary

3Institute of Nuclear and Particle Physics, Ohio University, Athens, Ohio 45701, USA
4Department of Physics and Astronomy, McMaster University, Hamilton, Ontario L8S 4M1, Canada

5Department of Physics, University of Illinois Chicago, 845 W. Taylor St., Chicago, Illinois 60607, USA
6Lawrence Livermore National Laboratory, 7000 East Ave, Livermore, California 94550, USA

7Institut für Kernphysik, Technische Universität Darmstadt, Darmstadt D-64289, Germany
8Department of Physics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803, USA

(Received 30 October 2022; revised 21 February 2023; accepted 8 August 2023; published 15 September 2023)

The 22Mgðα; pÞ25Al reaction rate has been identified as a major source of uncertainty for understanding
the nucleosynthesis flow in Type-I x-ray bursts. 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
MUlti-Sampling Ionization Chamber (MUSIC). The new 22Mgðα; pÞ25Al reaction rate is a factor of
∼4 higher than the previous direct measurement of this reaction within temperatures relevant for x-ray
bursts, resulting in the 22Mg waiting point of x-ray burst nucleosynthesis flow to be significantly bypassed
via the ðα; pÞ reaction.
DOI: 10.1103/PhysRevLett.131.112701

An x-ray burst (XRB) 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
significantly depend on nuclear physics inputs, such as
nuclear 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 carbon-nitrogen-oxygen cycle and its
breakout reactions [10]. It has been suggested that the main
ðp; γÞ nucleosynthesis path in XRBs is halted at several
“waiting points” [11] due to a ðp; γÞ-ðγ; pÞ equilibrium.
Alpha capture reactions could allow the halted nucleosyn-
thesis process to bypass these waiting points to synthesize
heavier elements.
One of the waiting points identified for XRB nucleosyn-

thesis is 22Mg (T1=2 ¼ 3.876 s [12]). The interplay between
the ðα; pÞ reaction with the proton capture reaction on 22Mg
and the subsequent β decay plays an important role for the
subsequent nucleosynthesis flow. Since the Q value of the
22Mgðp; γÞ23Al reaction is small (Q value ¼ 0.141 MeV)
[13], a ðp; γÞ-ðγ; pÞ equilibrium is established [6], and
capture reactions will occur within timescales that are short
compared to the half life of 22Mg. Hence, the reaction flow
through the 22Mgwaiting point is mainly determined by the
22Mgðα; pÞ25Al reaction and the proton capture rate on 23Al

created via 22Mgðp; γÞ23Al reaction. The uncertainties on
the proton capture rate on 23Al have recently been sub-
stantially reduced experimentally [14,15]. Currently, the
22Mgðα; pÞ25Al reaction rate provides the main uncertainty
in constraining the nucleosynthesis flow at the 22Mgwaiting
point, despite recent experimental efforts. Moreover, sensi-
tivity studies have identified the 22Mgðα; pÞ25Al reaction
to significantly impact the XRB light curves and burst
ashes [8,16].
Several experiments have been carried out to constrain

the 22Mgðα; pÞ25Al reaction rate [17–19]. An indirect
measurement was carried out by Matic et al. [17] using
the 28Siðp; tÞ26Si reaction to study the level structure of 26Si.
This work identified four resonances in 26Si above the
α-decay threshold (Qα ¼ 9.166 MeV), with unknown
spins and parities. Because of the limited information
obtained in this work, the 22Mgðα; pÞ25Al 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
experimental reaction rate was considered to be a lower
limit by the authors. Later, the first direct measurement of
the 22Mgðα; pÞ25Al reaction was performed in inverse
kinematics by Randhawa et al. [18]. This work utilizes
recoil protons measured within a limited angular range and
the fusion-evaporation code PACE4 [21] to extract the
angle-integrated cross sections in a center-of-mass energy
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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 angular distributions. To
fit the low reaction cross sections and to extrapolate them
down to the center-of-mass energies relevant for XRBs, the
HF code TALYS [22] was used with notable modifications
to the radius of the α-particle optical model potential, and a
significant increase of the default 26Si level density. When
compared to theHF predictions usingNON-SMOKER [23],
the total reaction cross sections were a factor of ≈8 lower.
Recently, Hu et al. [19] carried out a measurement of the
25Alþ p (in)elastic scattering reaction and studied states
relevant to the 22Mgðα; pÞ25Al reaction in the excitation
energy range of 9.166–11 MeV (above the α-decay thresh-
old). Thiswork performed anR-matrix fit to assign spins and
parities of the states observed. The partial α widths of four
resonances above the α-decay threshold in 26Si were inferred
from the mirror nucleus 26Mg. After taking into account the
energy shift of∼300 keV determined byRefs. [24] and [25],
the energy range studied by Hu et al. corresponds to an
energy range of ∼9.5–11.3 MeV in 26Mg. Surprisingly, the
number of measured resonances is lowwhen comparedwith
the almost 90 known levels in the same excitation energy
range of themirror nucleus 26Mg [26]. Assuming that at least
half of these levels in 26Mghave unnatural parity, the number
of expected candidate levels in 26Si 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
22Mgðα; pÞ25Al reaction rate from that experiment is a factor
of 8 to 10 lower than that obtained fromNON-SMOKER for
∼0.4–1 GK, and increases up to a factor of ∼160 at 3 GK.
For temperatures below 1 GK, this rate is in agreement with
that by Randhawa et al. [18]. From the low reaction rate
found by these two previous measurements, Ref. [19]
concluded that the XRB reaction flow follows mainly the
22Mgðp; γÞ23Alðp; γÞ24Si path, implying that the 22Mgwait-
ing point is potentially not bypassed. Further astrophysical
implications of the low 22Mgðα; pÞ25Al rate from this work
can be found in Ref. [27].
In this Letter, we present a new independent study of the

22Mgðα; pÞ25Al reaction that directly measures angle- and
energy-integrated cross sections, removing the model
dependence for obtaining the total cross sections, common
to all previous measurements. A direct measurement of the
22Mgðα; pÞ25Al reaction in inverse kinematics was per-
formed using the Argonne Tandem Linac Accelerator
System (ATLAS) at Argonne National Laboratory. A radio-
active beam of 22Mg12þwas developed with the ATLAS in-
flight system [28] using the 20Neð3He; nÞ22Mg reaction with
a primary beamof 20Ne at an energy of 125.0MeV.The 22Mg
beam, with an energy of 74.0� 1.5 MeV, and an average
intensity of 200 pps was delivered to the MUlti-Sampling
Ionization Chamber (MUSIC) detector [29] filled with
404 Torr of pure He gas. The 22Mg beam energy was
determined using a silicon detector upstream ofMUSIC 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 20Ne beam as determined by the ATLAS time-
of-flight system. The main contaminants of the 22Mg beam
include different charge states of the primary 20Ne beam and
a small amount of 22Na10þ. The ratio of 22Mg to contam-
inants was about 18%. Using the energy deposited in the
Frisch grid and the first anode strip, the 22Mg beam can be
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 MUSIC to
measure the remaining 22Mg beam energy. Since the beam
stops inside the detector for the He gas pressure used for
this measurement, the pressures were lowered to allow the
22Mg beam to go through the gas and exit window foil. The
gas pressures used ranged from 0 to 250 Torr in steps of
50 Torr. The beam energies measured with this silicon
detector were well reproduced using energy loss calcula-
tions 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 pressure used for the final measure-
ment. This work presents a direct 22Mgðα; pÞ25Al cross
section measurement in the center-of-mass energy range of
3.3–6.9 MeV.
The MUSIC detector is sensitive to the energy loss of a

particle as it travels through the gas and has the ability to
measure an excitation function with a single beam energy.
When a reaction occurs at any anode strip, differences in
the energy deposited can be used to separate out the ðα; pÞ
events of interest from the other reaction channels.
Summing the energy deposited in various numbers of
consecutive strips using a ΔE − ΔE technique after a
reaction occurs allows for further separation of the different
reaction channels (see Ref. [31]). More information on
using MUSIC for direct α-induced measurements can be
found in Refs. [31–35]. For the energy range covered in this
work, the ðα; γÞ, ðα; pÞ, ðα; 2pÞ, elastic ðα; αÞ, and inelastic
ðα; α0Þ channels are energetically allowed. The MUSIC
detector cannot distinguish the ðα; 2pÞ reaction due to
indistinguishable energy losses from other ðα;αÞ or ðα; α0Þ
channels.
For the center-of-mass energies corresponding to each

strip, the total ðα; pÞ cross section can be obtained by
normalizing the total number of ðα; pÞ events identified for
each strip to the measured beam intensity. The correspond-
ing statistical and systematic uncertainties of the cross
sections from the present work are tabulated in Table I.
Here, the effective center-of-mass energies (Eeff

c:m:) have
been adjusted to take into account the energy dependence
of the cross sections over the target thickness for each
data point. The uncertainties of Eeff

c:m: is defined by the
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uncertainty of the beam energy. The estimated energy loss
of the beam within each anode strip defines the energy
binning ΔEc:m:. The systematic uncertainty of the cross
sections arises predominantly from the analysis techniques
and conditions used to separate the ðα; pÞ events from the
beam and other reaction channels. This separation becomes
more difficult at the beginning of the detector and as the
reaction vertex gets closer to the Bragg peak of the beam.
Thus higher systematic uncertainties (∼12%) are assigned
for the first two and last three energy points.
Figure 1 shows the total reaction cross sections of only

22Mgðα; pÞ25Al 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 reproduce
the data of Ref. [18]. However, it is important to note that
the NON-SMOKER calculations do not differentiate
between the contributions from the ðα; pÞ and ðα; 2pÞ
channels, which do not represent these experimental data.
The total reaction cross section using TALYS were calcu-
lated using the α-particle optical model potential by
McFadden and Satchler [36], which has been shown to
work well for masses 20≲ A≲ 50 [37]. The statistical
model [20] distributes the total cross section σ among the
open reaction channels in the energy range under study.
The contribution of the ðα; γÞ channel to the cross section
remains very minor (≈5 orders of magnitude smaller).
The theoretical 25Al production cross section in the
22Mgðα; pÞ25Al reaction, as measured by MUSIC, was
calculated by the sum over the final states in 25Al;
σð25AlÞ ¼ P

i bi σðα; piÞ where the branchings bi describe
the probability that the ith excited state in 25Al finally

decays to the ground state; ð1 − biÞ corresponds to the
probability that the ith state decays by proton emission. In
practice, bi ¼ 1 for all states below the proton binding
energy in 25Al of 2.27 MeV, and bi ≈ 0 for most states
above 2.27 MeV; only a few states above 2.27 MeV with
high Jπ decay preferentially by γ emission to the ground
state of 25Al. It has been seen from the present study that
such manual summing of the different exit channels in
combination with the dominating ðα; pÞ and ðα; 2pÞ
channels makes the calculation almost insensitive to other
ingredients of the statistical model like the gamma-ray
strength function, the level density, or the proton optical
model potential. 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 25Al production cross sections have been scaled
down by a factor of 0.93, which is well within the expected
uncertainty of a factor of 2. 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 2, but differ at higher energies due to a larger
contribution of the ðα; 2pÞ channel that is not subtracted in
NON-SMOKER. See Supplemental Material [38] for a
more in-depth explanation of the applicability of TALYS
for the 22Mgðα; pÞ25Al reaction.
Some observed deviations between theory and experi-

ment could be explained by the presence of strong
resonances 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 22Neðα; nÞ25Mg mirror reaction
[39,40] can be found, taking into account the energy shift of
∼300 keV between mirror states in 26Mg and 26Si.

TABLE I. Total reaction cross sections, σ, and associated
systematic and statistical uncertainties obtained from the present
measurement for the 22Mgðα; pÞ25Al reaction for center-of-mass
energies corresponding to anode strips 2-12 of MUSIC.

Eeff
c:m: (MeV) ΔEc:m:

a (MeV) σ (mb) Δσsys (mb) Δσstat (mb)

6.93 (28) þ0.17
−0.17 91 11 11

6.60 (29) þ0.18
−0.18 127 15 14

6.25 (29) þ0.18
−0.18 111 7 13

5.91 (30) þ0.19−0.19 102 6 12

5.55 (31) þ0.19
−0.20 75 5 10

5.19 (31) þ0.19
−0.21 111 7 13

4.82 (32) þ0.20
−0.23 71 4 10

4.44 (33) þ0.20
−0.24 57 3 9

4.06 (33) þ0.19
−0.26 36 4 7

3.67 (34) þ0.18
−0.29 26 3 6

3.25 (35) þ0.18
−0.30 14 2 4

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

2 3 4 5 6 7 8 9 10
(MeV)c.m.E
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Randhawa et al. [18]
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TALYS x 0.93 (this work)

FIG. 1. Experimental cross sections for 22Mgðα; pÞ25Al from
the present measurement (red triangles) and the data from
Ref. [18] (blue squares). Also shown are the theoretical HF
cross section calculations using TALYS × 0.93 for ðα; pÞ 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 ðα; pÞ and ðα; 2pÞ.
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The present work provides an experimental reaction rate
corresponding to the upper end of the Gamow window for
T ≈ 1.8 GK. To extrapolate the rate to lower temperatures,
the experimental total reaction cross sections were com-
bined with the TALYS predictions at lower energies with an
uncertainty of a factor of 2 (see Ref. [38] for 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 Randhawa et al. [18] (blue dot
dashed line) and Hu et al. [19] (black dashed line). A table
with the recommended reaction 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 22Mgðα; pÞ25Al reaction rate from the
present work is significantly higher than those by Refs. [18]
and [19]. The factor of ≈4 between the new 22Mgðα; pÞ25Al
rate and that of Randhawa et al. reflects the factor of ≈4
between the reaction cross sections for Ec:m: ≤ 3 MeV.
Although not understood, this discrepancy could be asso-
ciated to the model dependency of the obtained angle-
integrated cross section in Ref. [18]. The discrepancy with
the measurement 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 that could potentially contribute is
expected 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 25Al, resulting in a weak
signal in the excitation curve of proton elastic scattering.
Hence, resonances with small Γp0 in 26Si may remain below
the detection limit of [19]. Additionally, the energy interval
measured by Ref. [19] in 26Si only covers up to ∼1 GK,
explaining the larger discrepancy at higher temperatures.
The implications of the new 22Mgðα; pÞ25Al reaction rate

for XRB model calculations and the flow through the 22Mg

waiting point are discussed below. The impact on the flow
into the αp process can be calculated by using the two
reactions affecting the destruction of 22Mg: namely
22Mgðα; pÞ25Al and 23Alðp; γÞ24Si as previously described.
The flow can then be defined as λðα;pÞ=ðλðα;pÞ þ λðp;γÞÞ,
where λi ¼ WiρNAhσνiXfuel=Afuel with Afuel and Xfuel being
the mass number and the mass fraction of hydrogen and
helium for the 23Alðp; γÞ24Si and 22Mgðα; pÞ25Al reactions,
respectively [42]. Here, Wi is a weight factor that deter-
mines the equilibrium abundance of a nuclide calculated
using the Saha equation for a given temperature. In order to
obtain the relevant temperatures and mass fractions, the
model by Merz and 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 ¼
0.7 GK with XH ¼ 0.06 and XHe ¼ 0.19 and a peak
temperature (Tpeak) at 1.0 GK. The nucleosynthesis flow
into the αp process for temperatures ranging from the
ignition point to peak temperatures are of interest.
For the following discussion, this work considers a 10%

flow as the onset point or the point when the αp process
becomes significant (as was done in Ref. [14]) and
considers a flow greater than 50% as a significant bypass
of the 22Mg waiting point via the ðα; pÞ reaction. The
23Alðp; γÞ24Si reaction rate used for the flow calculations
are from a recent high-precision mass measurement of 24Si
that significantly reduced the previous rate uncertainties
[14]. The calculated nucleosynthesis flow into the αp
process presented in Fig. 3 shows that the previous
22Mgðα; pÞ25Al rates by Randhawa et al. and Hu et al.
results in a relatively minor flow into the αp process at 22Mg
(ranging from 3% to 51% even at Tpeak ¼ 1 GK) for the
relevant temperatures, indicating that the 22Mg waiting
point is potentially not bypassed. Using the results from the
present work, the flow into the αp process is significant
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FIG. 3. The upper and lower bounds of the flow into the αp
process calculated using the ignition conditions ofMerz andMeisel
[42] (XH ¼ 0.06,XHe ¼ 0.19) using the 22Mgðα; pÞ25Al rates from
the present work (red solid lines), Hu et al. (black dashed line), and
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with at least 23% and as high as 82% at 1 GK. In addition,
this new rate suggests that the onset of the αp process
occurs at a lower temperature T9 ¼ 0.87� 0.06, while the
onset temperatures using the rates of Randhawa et al. and
Hu et al. occurs at T9¼0.99�0.09 and T9 ¼ 0.94� 0.06,
respectively, which is close to the peak temperature. The
enhanced flow through the 22Mgðα; pÞ25Al 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 ampli-
tudes of the new 22Mgðα; pÞ25Al 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 22Mgðα; pÞ25Al
reaction, whichwas found to be a factor of≈4 higher than the
previous direct measurement. The new reaction rate shows a
significant nucleosynthesis flow into the αp process at the
22Mg waiting point, contradicting recent results that found
this to be relativelyminor with themain nucleosynthesis flow
occurringvia 22Mgðp; γÞ23Alðp; γÞ24Si. In addition, thiswork
found that the onset of the 22Mgðα; pÞ25Al reaction occurs at
lower temperatures.
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