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Re-examining the **Mg(a, ’)**Mg reaction: Probing astrophysically important states in Mg
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Background: The **Ne(a,n)>Mg reaction is one of the neutron sources for the s process in massive stars.
The properties of levels in Mg above the a-particle threshold control the strengths of the **Ne(,n)* Mg and
2Ne(ar,y)**Mg reactions. The strengths of these reactions as functions of temperature are one of the major
uncertainties in the s process.

Purpose: Information on the existence, spin, and parity of levels in 2Mg can assist in constraining the strengths
of the **Ne(a,y)**Mg and **Ne(a,n)* Mg reactions, and therefore in constraining s-process abundances.
Methods: Inelastically scattered « particles from a *’Mg target were momentum-analyzed in the K600 magnetic
spectrometer at iThemba LABS, South Africa. The differential cross sections of states were deduced from
the focal-plane trajectory of the scattered « particles. Based on the differential cross sections, spin and parity
assignments to states are made.

Results: A newly assigned O state was observed in addition to a number of other states, some of which can
be associated with states observed in other experiments. Some of the deduced J” values of the states observed
in the present study show discrepancies with those assigned in a similar experiment performed at RCNP Osaka.
The reassignments and additions of the various states can strongly affect the reaction rate at low temperatures.
Conclusion: The number, location, and assignment of levels in 2 Mg that may contribute to the *Ne + « reactions
are not clear. Future experimental investigations of Mg must have an extremely good energy resolution to
separate the contributions from different levels. Coincidence experiments of **Mg provide a possible route for

future investigations.
DOI: 10.1103/PhysRevC.96.055802

I. ASTROPHYSICAL BACKGROUND

The slow neutron-capture process (s process) is responsible
for the synthesis of about half of the overall inventory of
elements heavier than Fe [1]. Two nuclear reactions contribute
most of the neutrons to the s process: 13C(()(,rz)160 and
22Ne(ot,n)ZSMg. The 22Ne(ot,n)stg reaction contributes to
the main component of the s process during thermal pulses in
low- and intermediate-mass asymptotic giant branch (AGB)
stars [2], and contributes to the weak branch of the s process
in massive stars during He burning [3] and C-shell burning
[4]. The efficacy of the 22Ne(Ot,n)25Mg reaction as a neutron
source depends on the strengths of the *Ne(a,n)*Mg and
22Nf:(()t,)/)26Mg reactions. The 22Ne(oz,n)ZSMg reaction is
slightly endothermic (Q = —478.29 keV) and thus does not
operate until higher temperatures (approximately 0.3 GK)
are reached. Meanwhile, the 22Ne(of,y)zﬁMg reaction (Q =
10.615 MeV) can continually operate, depleting the available
inventory of *’Ne and thereby reducing the total neutron
exposure. To constrain the production of s-process nuclides, it
is important to know the *Ne(«,n)*Mg and **Ne(«,y )**Mg
reaction rates over a range of temperatures.
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Owing to the astrophysical importance of the
22Ne(a,n)25Mg reaction, it has been the focus of a
considerable number of studies [5—13]. Direct measurements
of the Ne(«,n)*Mg reaction have been carried out down to
E, =832keV (E, = 11.319 MeV) [6]. For resonances lower
than this, various indirect methods—briefly summarized
below—have been used to try to constrain the **Ne(a,y )**Mg
and **Ne(o,n)* Mg reaction rates.

Longland et al. [7] used the inelastic scattering of polarized
y rays—denoted as 2°Mg(7,y")?*Mg—to assign J”s to levels
in 2Mg. This technique is extremely powerful as it allows for
clear and incontrovertible discrimination between 1~ and 17
states. This reaction is, however, unable to populate O states
due to the y-ray angular momentum selection rules.

Talwar et al. [11] used the 26Mg(oz,o/)zﬁMg reaction to
populate states in 2°Mg. This reaction preferentially populates
low-spin, natural-parity states with the same isospin (7' = 1)
as the ground state of 2*Mg—the states that will contribute
to the ?Ne + « reactions. The high level density can make
it difficult to identify states clearly, however. The shapes of
the differential cross sections from these reactions allow for
assignment of spin and parity to be made.

Talwar et al. [11] and others [5,9,14] used the «-particle
transfer reaction **Ne(°Li,d)**Mg to attempt to determine
spins, parities, and a-particle partial widths of states in 2°Mg.
While this reaction may be used to estimate the a-particle
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partial width, the contribution of other reaction mechanisms
such as incomplete fusion and multistep reactions can make
the extraction of the «-particle partial width subject to
considerable theoretical uncertainties unless the asymptotic
normalization coefficient can be extracted [15].

The »Mg(n,y)**Mg reaction was studied using the n-TOF
facility at CERN [10] and the Oak Ridge Electron Linear
Accelerator [12]. In these experiments, several resonances
above the neutron threshold were identified. A number of
properties of these resonances (resonance strengths, spins, and
parities) were measured or constrained, improving the estimate
of the >*Ne(a,n)*>Mg reaction. As the states populated in this
reaction are above the neutron threshold, few constraints can
be easily provided for the contribution to the ??Ne(a,y)**Mg
reaction from states below the neutron threshold.

In addition to these studies, which focused on the astrophys-
ical states of interest, a measurement of the 2*Mg(p, p')**Mg
reaction using a 20-MeV proton beam and a Q3D magnetic
spectrometer was performed [16]. The number and energies of
states in 2°Mg were measured up to E, = 11.171 MeV, but no
information on spins and parities of the states was obtained.

In this paper, we report on a measurement of the
Mg (or,a’)**Mg reaction using the K600 magnetic spectrom-
eter at iThemba LABS, South Africa. This measurement was
taken as part of an ongoing series of studies [17] searching
for monopole and dipole states as signatures of clustering
in light nuclei (see, e.g., Refs. [18,19]). The experiment is
similar to the measurement of Talwar ef al. [11], although
some differences in the interpretation of the two experiments
have been found. As such, we attempt to evaluate the results of
the present experiment, highlighting the discrepancies between
this experiment and Ref. [11], as well as other experimental
studies, to try to provide a consistent description of the states
that contribute to the 22Ne(oz,n)25 Mg and 22Ne(<>e,y)26Mg
reactions.

II. EXPERIMENTAL METHOD

The experimental method is identical to that described in
Ref. [17]. A 200-MeV dispersion-matched «-particle beam
was scattered off an enriched Mg target. Scattered parti-
cles were momentum-analyzed in the K600 Q2D magnetic
spectrometer [20]. A plastic scintillator at the focal plane was
used to trigger the data acquisition and to measure the energy
deposited by the particle hitting the focal plane. The time
between the focal-plane hit and the accelerator RF pulse was
recorded, giving a measure of the time-of-flight of the scattered
particle through the spectrometer. Particle identification was
carried out using the energy deposited at the focal plane and
the time-of-flight through the spectrometer. Particle positions
and trajectories at the focal plane were measured using two
vertical drift chambers.

The data were acquired in two experiments. The first
experiment was in the 0° mode of the K600 [20] using a
99.94% isotopically enriched Mg target of areal density
1.33 mg/cm?. In this mode, the unreacted beam passed through
the spectrometer before being stopped on a Faraday cup lo-
cated within the wall of the vault. An unavoidable background
was observed resulting from particles that had scattered off
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the target and the inside of the spectrometer. To quantify and
subtract this background, the spectrometer was operated in
focus mode in which the reaction products were vertically
focused by the spectrometer quadrupole onto a vertically
narrow band on the focal plane. Using a well-established
method [20], the off-focus regions of the focal plane was
used to construct background spectra, which were subtracted
from the in-focus region to produce background-subtracted
spectra. However, because the reaction products were focused
vertically, any information on the vertical scattering angle
was lost. This limits the data to a cross section for the full
acceptance of O, < 2°.

The second experiment was performed in the small-angle
mode of the K600 in which the spectrometer aperture was
placed at 6y, = 4°, covering i, = 2°—6°. In this experiment,
the target had 99.94% enrichment, and an areal density of
0.6mg/cm?. In the small-angle mode, the unreacted beam
was stopped on a Faraday cup adjacent to the spectrometer
aperture just before the spectrometer quadrupole. In this
mode, because the target-induced background was much
lower, the spectrometer was operated in under-focus mode,
maintaining the link between the vertical focal-plane position
and the vertical scattering angle. The scattering angle of the
scattered particle was reconstructed from the vertical focal-
plane position and the horizontal trajectory. The dependence of
the scattering angles on the focal-plane position and trajectory
was calibrated using a multihole collimator [20].

The focal plane was calibrated using well-known states
in 2*Mg. A linear offset was introduced into the focal-plane
excitation energy to account for the differing target thickness
as the energy loss for targets scattered from the front and
back of the target are almost identical. The calibrations are
validated by confirming that well-known states in Mg (the
1~ states at 10.495 and 10.575 MeV, which were observed in
IMg(y,y")**Mg reactions [7]) appear at the known excitation
energy. The difference between the weighted means of these
level energies and the known energies of these levels was 5 keV
and this was taken as the systematic uncertainty. This was
combined with the statistical uncertainty in the peak-fitting to
give a total uncertainty.

Excitation-energy spectra were fitted with a number of
Gaussian peaks to identify states and extract differential
cross sections (Fig. 1). The Gaussians have a common width
representing the experimental resolution of 64-keV FWHM
for the 0° data and 53-keV FWHM for the small-angle data.
The 0° spectrum had a background subtraction performed and
was thus fitted using the x> method. The other spectra were
fitted using the log-likelihood method. Owing to the high level
density relative to the experimental resolution, it was necessary
to fix states with known excitation energy, e.g., the states
observed in Ref. [7]. Other states, which are cleanly observed
at some angles and not others, were also fixed based on the
fits for those angle bites, see Table II for details. The region of
the fit was limited to just below the a-particle threshold (E, =
10.615MeV) upto E, = 11.6 MeV, which covers the Gamow
window for the 2*Ne + « reactions (E, = 10.85-11.5 MeV)
at astrophysically relevant temperatures [13]. The reason that
the analysis included the region below the «-particle threshold
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FIG. 1. Excitation-energy spectra for the 26Mg(ot,ot’)%Mg reaction for the 6, < 2° angle bite (top), 2° < i, < 3° (second), 3° < O, < 4°
(middle), 4° < Oy, < 5° (fourth), and 5° < 6, < 6° (bottom). The solid vertical lines are states with fixed energies, the dashed vertical lines
are states without fixed energies, and the dotted lines show the positions of the «-particle and neutron thresholds. The solid red line is the total

fit and the dashed red lines are the contributions from individual peaks.

was to make use of the previously identified 10.577-MeV 1~
state observed in 26Mg(7, y’)26Mg [7], which was used for
comparison to other potential 1~ states.

To verify that the ?Mg data were free from contamination
from other magnesium isotopes, data were also taken covering
a lower excitation-energy region, including the ground state,
during the small angle experiment. The first 2+ state from 2*Mg
(at E, = 1369 keV) is not observed in these data, which leads
us to conclude that none of the states observed in the present
experiment are likely to result from 2*Mg. The equivalent
spectra for 2*Mg and **Mg are shown in Fig. 2. The other major
target contaminants ('>C and '°0) are not observed strongly
in these data. In addition, previous experimental studies of the
2C(a,a")'?C and '°O(w,a’) !0 reactions showed that there is
only one narrow state in the excitation-energy region discussed
in this paper, a J™ = 27 state in '°0 at 11.52 MeV [21]. Small
amounts of water are present in the target and are responsible,
through the p(«,«)p reaction, for the broad structure at lower
excitation energies. Based on these considerations we conclude

that the states observed in the present experiment all originate
from **Mg.

The differential cross sections (Fig. 3) were used to make
assignments of the ¢ value of the reaction. As the focus
of the original experiment was on monopole and dipole
states, only the 0°—6° laboratory scattering angle region was
covered, and thus only £ =0 or £ = 1 assignments can be
made. It is helpful to set out qualitatively the shapes of
the differential cross sections in this experiment. The signature
of the differential cross sections can then be followed in the
experimental excitation energy spectra (Fig. 1) at different
angles in addition to the differential cross sections generated by
fitting the spectra. For £ = 0 transitions, the differential cross
section shows a strong peak at a scattering angle of 6, = 0°
and a minimum around 6, = 4°. For £ = 1 transitions, the
signature of the differential cross section is less obvious—the
differential cross section has a peak between 6, = 3° and
4° and drops off strongly towards 6, = 6°, the edge of the
aperture for the small-angle measurement. These behaviors
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FIG. 2. Excitation-energy spectra taken with the field setting that includes the elastic peak with the spectrometer aperture centered on
6 = 6°. The top spectrum is Mg data and the bottom spectrum is >*Mg data. The broad background up to around 9 MeV is due to p(a,a’)p

reactions off water in the target.

are well understood and were observed previously in a similar
experiment using **Mg and 2%Si [17].

The differential cross sections were compared to distorted-
wave Born approximation (DWBA) calculations. The optical-
model potential used for the DWBA calculations is that
of Nolte, Machner, and Bojowald [22]. The optical-model
parameters for the Woods-Saxon potential are given in Table 1.
To ensure that the DWBA calculations can be directly
compared to the data (i.e., that the calculated quantity resulting
from the DWBA calculations is the same as the experi-
mental observable), the DWBA differential cross sections
were integrated over the pertinent angular regimes, and the
effective differential cross section for that angular regime was
computed. The DWBA differential cross sections were only
computed for £ =0 and £ = 1 transitions as these were the
only angular momentum values which may be firmly assigned
in the present experiment.

TABLE 1. The optical model potential parameters used for the
DWBA calculations. V and W are the real and imaginary potential
depths, respectively. ror (ro;) is the reduced radius for the real
(imaginary) part of the potential and ag (a;) is the diffusivity. The
reduced Coulomb radius is given by ..

Parameter Value

\% 76.01 MeV
Tor 1.245 fm
ar 0.79 fm
w 22.97 MeV
ror 1.57 fm
a; 0.63 fm
roe 1.3 fm

III. DISCUSSION

Based on the differential cross sections measured in the
present experiment combined with other experimental data
[7,11], we assign spins and parities to states as summarized in
Table II. The rationales and further details for the assignments
of certain states are set out below.

10.50 MeV: This state is J™ = 1. It shows clear sim-
ilarities with the known 1~ state at 10.573 MeV observed
in °Mg(7,y’)**Mg measurements [7]. This assignment is in
agreement with that of Ref. [11].

10.57 MeV: This state is the known 1~ state observed in
Mg(y7,y")**Mg measurements [7]. It shows a clear £ = 1
differential cross section in good agreement with the DWBA
calculations and previously observed J” = 1~ states in 2*Si
[17].

10.72 MeV: We favor an assignment of J > 1. The possible
values for this state are 1~ and 2* [11]. Excluding J™ = 1~
results in an assignment of J” = 2. This state does not appear
in the calculation of the reaction rates by Longland, Iliadis, and
Karakas [13].

10.806 MeV: This is the J” = 1~ state observed by
Longland et al. [7], and is not well resolved from the reassigned
10.824-MeV J™ = 0% state; this is likely the reason for the
high cross section observed at 6y, < 2°. This results in a
differential cross section that does not show a clear £ =1
pattern. The J™ = 1~ assignment given by Longland et al. is,
however, conclusive.

10.824 MeV: This state shows a clear £ = O distribution
and must have J” = 0%, and may be associated with the
one observed by Moss at E, = 10.824(3) MeV [16]. While
the rationale given in Ref. [11] as to why the state observed
in that experiment at E, = 10.822 MeV cannot be the
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TABLE II. Energy levels and J™ assignments from various sources for *Mg levels. The adopted values for the excitation energy and the

J7 are given in the final two columns.

E, [MeV]* J™  E,[MeV]° Jr®

E, [MeV]® J7¢

E.[MeV]® J™  E [MeV]® J™° E, [MeV] Jt

10.50(2) 1= 10.495(9) -
10.57(1) 1= 10.575(10) 1-,2  10.5733(8) 1~
10.72(1) 10.7179) 17,2+

10.806(10)z 10.8057(7)  1-
10.824(10)5 0+ 10.822(10) 1-

10.89(1)e- > 1

10.949(10)2 1= 10951(21) 1-,2*  10.9491(8) 1~
11.085(10)2 11.085(8)  2+,3-

11.17(1) 11.167(8) 17,2+

11.29(3) >1 1130109

11.34(2) > 1

11.44(1)¢ 11.4459)  1°,3-

11.50(1) 1= 11.506(11)  0*,1-

11.55(3)% 1-H)

10.495(9) 1-

10.5733(8) 1-

10.717(9) 2+

10.8057(7) 1-

10.824(3)" 0+

10.89(1) > 1

10.9491(8) 1-

11.085(8)  2+,3~

11.167(8) 2*)

11.301(9) > 1

11.3347(4) (1) 113347(4) > 1
11.441(2) 11.4412) 17,3~

11.50014) (1)  11.506(2) 11.5001(4) 1-
(11.526) (1)

“Present experiment.

bReference [11]: *Mg(«,a’)**Mg.

°Reference [7]: **Mg(y,y’)**Mg.

dReference [10]: Mg(n,y)**Mg.

°Reference [6]: 2Ne(a,n)>Mg.

fAdopted in the present work.

£Fixed peak position—uncertainty is assumed to be 10 keV.
hE . value taken from Ref. [16].

New state.

iState with changed assignment.

J®" =17 state observed at E,=10.81 MeV in
BMg(p, p)**Mg experiments—that unnatural-parity states
are not strongly populated in inelastic «-particle scattering—is
correct, based on the differential cross section this state cannot
be the J™ = 1~ state observed in **Mg(¥,y")**Mg measure-
ments [7]. This leads to the conclusion that there is a third state
at this energy with J* = 0. In conclusion, there are three
states at approximately this energy: a J* = 17 state at 10.81
MeV [23], the 10.806-MeV J™ = 1~ state [16], and a 10.824-
MeV J™ =07 state observed in 2Mg(a,a’)**Mg (present
experiment). We note that the differential cross section shown
in Ref. [11] is not inconsistent with a J* = 0" assignment.

With the reassignment of a different state at this energy,
it is not clear if the previously accepted association (e.g.,
[13]) between the J™ = 1~ 10.806-MeV state observed in
Mg (¥,y")**Mg [7] and the 10.808(20)-MeV state observed
in 22Ne(°Li,d)**Mg [9] still holds.

In addition, we note that an additional J* = 2% state has
been identified at E, = 10.838(24) MeV in **Mg(e,¢’)**Mg
reactions, and that Moss made a connection between this state
and the 10.824-MeV state observed in that experiment. Based
on the present reassignments, we do not observe a J7 = 2%
state as observed in Ref. [24] meaning that another unobserved
state may exist at around this excitation energy.

10.89 MeV: This state is not reported in Ref. [11] and there
is no obvious correspondence between this state and any of
those listed in Ref. [13]. However, the state is clearly observed
in the present experiment, especially in the 4° < 6, < 5°
and 5° < 6}, < 6° angle bites. The higher cross section

observed at 6i, < 2° is due to the strength of the unresolved
J™ = 0% state at 10.824 MeV. This state is tentatively given
an assignment of J > 1 because the largest cross section is
observedin4® < O, < 5°and 5° < 6y, < 6° angle bites. This
state may correspond to the 10.881- or 10.893-MeV states
observed by Moss [16].

10.949 MeV: Based on the differential cross section ob-
served, we concur with the J” = 1~ assignment of Ref. [11].
This state is the 10.949 MeV J” =1~ state listed in
Ref. [13] which was observed in 26Mg(?,)/)%Mg [7] and
*Mg(p. p'y**Mg [16].

11.085 MeV: This state is observed in Ref. [11] and in the
present experiment. The differential cross section is indicative
of a spin of J > 1. Owing to the limited angular range studied
in the present experiment, we are unable to improve upon the
assignment of J” = 2% or 3~ given in Ref. [11].

11.17 MeV: This state is observed in both Ref. [11]
and the present experiment. The differential cross section
does not support an assignment of J* = 1~. The authors of
Ref. [11] limited the potential J* to 1~ or 2*. A tentative
assignment of J” = 2% is reasonable, in the absence of a
definitive differential cross section. As such, it is reasonable to
associate this state with the 11.163-MeV, J* = 27 state seen
in Mg(n,y)**Mg reactions [10].

11.29 MeV: This state is observed in Ref. [11]. The
differential cross section does not show any clear ¢ =0 or
£ = 1 shape leading to a conclusion that this state has J > 1.
A number of states at this approximate excitation energy were
observed in 2Mg(n,y)**Mg reactions. It is unclear which of
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FIG. 3. Experimental differential cross sections for various states in 2°Mg. The states are labeled on the corresponding figure. The red solid
lines are the angle-averaged DWBA differential cross sections for that particular state, normalized to the 0° datum for £ = 0 transitions, and to
the 6., = 3—4° degree datum for £ = 1 transitions. For more detailed discussions of the differential cross sections, consult the text.

these states corresponds to the state observed in the present
experiment.

11.34 MeV: This state may correspond to the
11.335-MeV state observed in Refs. [10,12] at E,, = 253 keV.
This resonance is tentatively assigned J” = 1~ in those
studies. On the basis of the present experiment, in which the
differential cross section does not have an £ = 1 shape, an
assignment of J > 1 is given.

11.44 MeV: This state is not well resolved from the 1~ state
at 11.50 MeV. The potential assignments made in Ref. [11]
are J* =1~ or 37. The differential cross section is not
conclusive. This state may be the 11.441-MeV state observed
in 22Ne(a,n)25Mg reactions [6].

11.50 MeV: The state observed at 11.50 MeV was also
observed in Ref. [11]. This state is probably the 11.506-MeV
resonance observed in 2*Ne(«,n)> Mg [6] and the 11.50-MeV
(E, = 423.43 keV) resonance observed in 25Mg(rz,)/)26Mg
[10]. From the differential cross section, this state must have
J™ = 1. There is a known state in '°0 at 11.52 MeV with
J* =27 [21], but both from the differential cross section in
the present data, and from the discussion of possible target
contaminants above, it is clear that the state observed in this
experiment is distinct from the '°O state.

11.55 MeV: This state is not well resolved from the
11.50-MeV J7 = 1~ state. There is no obvious corresponding
known state for this state. There is, however, a resonance
reported in the literature at 11.526 MeV, which has J* = 1~

[13]. It is possible that these states are, in fact, the same
state and that the shift is an artefact of the inability to
resolve the 11.50- and 11.55-MeV states. For the purposes
of calculating the rate below we use the data derived from
direct measurements where available [6] and so this state is
omitted.

IV. IMPLICATIONS FOR THE ASTROPHYSICAL
22Ne(o,7)**Mg REACTION RATE

The **Ne(x,n)*Mg reaction can contribute as a neutron
source both in the advanced thermal pulses in AGB stars and
also in the weak s process in core-He burning in massive
stars. In the case of core-He burning, the contribution of the
22Ne(a,n)* Mg is negligible until the end of He burning when
the temperature exceeds 0.25 GK. Before this point, 2>Ne may
be depleted by the >Ne(«,y)**Mg reaction which reduces
the final neutron exposure achieved during the final stages of
core-He burning. Thus, the behavior of the *’Ne(x,y)**Mg
reaction at lower temperatures (79 < 0.3 GK) can influence
the final s-process production.

In this paper, the particular changes that were made to
the assignments of levels in Mg are as follows: a 0T state
at 10.82 MeV was observed in addition to the 1~ state at
10.805 MeV, and a new state with J > 1 was observed at
10.89 MeV. In addition to the reassignment and the new
10.89-MeV state, the 10.838-MeV J” = 2% state observed
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TABLEIIL. State information for the resonances in 2*Mg used for
the Monte Carlo calculation of the **Ne(«,y)**Mg reaction rate.

E, [MeV] E,cm. [keV] JT Loy [eV]
10.717(9) 102.2(9) 2+ 1.01 x 10~
10.8057(7) 191.9(7) 1- 6.65 x 1022
10.824(3) 209(3) 0+ 534 x 1072
10.838(24) 223(24) 2+ 7.76 x 1072
10.89(1) 275(10) 2+ 1.62 x 10716
275(10) 3- 2.05 x 10717

in 2Mg(e,e’)**Mg was included as it has previously been
omitted from calculations of the rate, but cannot be firmly
associated with another state in 2*Mg such as the 10.824-MeV
state which has a different J*. The 11.29-MeV state was
omitted as it probably corresponds to one of a number of
known states at around this excitation energy [13], which
are included within the STARLIB calculation already. The
potential new E, = 11.55-MeV state is not included in the
STARLIB calculation as it has not been observed in direct
measurements of the 22Ne(oz,n)ZSMg reaction [6].

To quantify the effect of the changes to the resonances
made in this experiment, a Monte Carlo simulation using the
STARLIB tool [25] has been performed. Input information for
most resonances has been taken as the STARLIB default with
only those resonances listed above changing. The 10.89-MeV
state calculation was performed twice, assuming J* = 2% and
J7 = 37, respectively, in the two cases. The input information
is summarized in Table III and the input files themselves are
available in an online repository [26].

The a-particle widths for the new resonances were calcu-
lated using Ty, = 2P,(E)y? where the reduced width y? is
given by [13]

h2
Vo= 50 (1)
na
ﬁz
= z—smz(a). 2)
na

The Py;(E) factor is the R-matrix penetrability which is
calculated using [27]

ka

MO FEr + GuEr

(3)
where F¢(E) and G¢(E) are, respectively, the regular and
irregular Coulomb functions [28], k is the wave number and
a = 1.25(22'3 + 4173) fm is the channel radius.

For the purposes of quantifying the upper limits of the
resonance strengths, STARLIB samples the width according
to a Porter-Thomas distribution [25]. We assume, in this case,
that the upper limit for the width is that from the R-matrix
calculation and that the dimensionless reduced widths are
distributed according to a Porter-Thomas distribution with
6% = 0.01. However, other authors [13] assumed a smaller
upper limit on the a-particle width for the 10.806-MeV state
than was assumed in the present calculation. The upper limit
on this state was relaxed as the correspondence between the
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FIG. 4. Ratio of the new to old median rates. For details of the
calculation inputs, see the text. The black curve is the ratio with a
J™ = 2% assumption for the 10.89-MeV state while the red curve is
the calculation assuming a J™ = 3~ assignment.

states observed in 22Ne(f’Li,d)%Mg and those states observed
using other reactions is now unclear.

The ratios of the median rate of the current calculations to
the STARLIB reference are shown in Fig. 4 and the ratios of
the upper limits of the current calculations to the STARLIB
reference are shown in Fig. 5. The new and reassigned
resonances mainly contribute to an increase in the reaction rate
at temperatures below Ty = 0.1, as would be expected due to
the low resonance energies of the reassigned resonances. This
may increase consumption of 2*Ne before the 2Ne(a,n)> Mg
reaction can operate.

V. CONCLUSION

The *Mg(x,a’)**Mg reaction was performed using the
K600 magnetic spectrometer at iThemba LABS in South
Africa. Spins and parities are deduced from the differential

5 I T

ref

w

N,<ov>/N,<ov>

(S}

0.01 0.1 1
T, (GK)

FIG. 5. Same as Fig. 4 except for the ratios of the upper limits of
the rates.
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cross sections of scattered « particles and show some dis-
agreement with the values deduced in a similar experimental
study at RCNP Osaka [11]. Reassigned states, such as the
now-separated 1~ state at 10.805 MeV and the 0" state at
10.824 MeV, and a state with an unknown spin-parity at
10.89 MeV, which is omitted from Refs. [13] and [11]. In
addition, with the reassignment of the 10.822-MeV state from
Ref. [11], there is evidence from a study of the 26Mg(e,e/)%Mg
reaction that another state at 10.838-MeV with J* = 2% is
present but not included in previous calculations of the reaction
rate [16,24]. Additionally, J™ = 1~ strength was observed at
E, = 11.55MeV;itisunclearif this is a new state or an artefact
of the E, = 11.5and E, = 11.526 MeV states known in this
region [6].

A new reaction rate and upper limit were computed using
the STARLIB tool to quantify the difference to the reaction
rate caused by these additional states, which shows that a
considerable increase in the total reaction rate is possible at
Ty = 0.04-0.1.

It is clear from this paper that, despite the high number of
experimental investigations of astrophysically important states
in 2°Mg, considerable uncertainty remains over the properties
of the resonances in Mg including most fundamentally
the number and excitation energies of the resonances. Part
of this uncertainty arises from the highly selective reaction

PHYSICAL REVIEW C 96, 055802 (2017)

mechanisms used in many experimental studies of Mg
which do not populate all of the states coupled with energy
resolutions that cannot resolve the energy levels. This is
potentially a grave problem if, for example, measurements
of a-particle spectroscopic factors through 2’Ne(°Li,d)**Mg
reactions cannot be firmly connected to particular known
states due to insufficient excitation-energy resolution. More
information on the number and position of levels in Mg
is required, especially below the neutron threshold where
Mg(n,y)**Mg reactions cannot easily probe. Of particular
use in separating the states below the neutron threshold in 2 Mg
may be coincidence measurements such as 2Mg(a,y)**Mg
or 2?Ne(°Li,dy)**Mg.
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