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Abstract The interplay and correlation between the
22Ne(a, ¥)**Mg and the competing 2*Ne(a, n)>>Mg reac-
tion plays an important role for the interpretation of the
22Ne(a, n)25Mg reaction as a neutron source in the s- and
n-processes. This paper provides a summary and new data on
the a-cluster and single-particle structure of the compound
nucleus Mg and the impact on the reaction rate of these two
competing processes in stellar helium burning environments.

1 Introduction

Franz Képpeler was instrumental in the experimental and
theoretical exploration of neutron capture reactions in the
helium burning s-process environment as well in the iden-
tification and study of the two most likely neutron sources
driving these processes at different environmental conditions,
BC(a, n)'°0 [1] and 2’Ne(a, n)>Mg [2]. While the first
reaction is better studied and understood over a wide energy
range, especially in light of recent measurements [3], a mul-
titude of questions remain associated with the nature and
strength of the second neutron source. To address the issues
of stellar neutron sources, the Notre Dame group has closely
collaborated with the group of Franz Képpeler at the FZ Karl-
sruhe for nearly forty years. For this reason we will dedicate
this article to the memory of Franz Képpeler and his contri-
butions to this specific scientific question.

The 2*Ne(e, n)>>Mg reaction has been identified as the
main neutron source for the weak s-process in the core
helium burning environment of massive red giant stars [4],
but it also plays an important role as the second neutron
source for the main s-process during the helium flash in
the hydrogen-helium intershell regions of AGB stars [2].
The reaction was also proposed as the main source for the

 e-mail: mwiesche @nd.edu (corresponding author)

b e-mail: rdeboer] @nd.edu

Published online: 30 January 2023

n-process, which is triggered by the expanding supernova
shockfront traversing through the helium burning shell of
pre-supernova stars [S]. In all these cases the *’Ne abun-
dance in the helium enriched burning environment has
been produced by a series of « capture reactions on the
14N CNO ashes of the preceding hydrogen burning phase
[6], "*N(a, y)lgF(ﬂ+v)]80(a, y)zzNe. Because the reaction
rates of "“N(a, y)lSF [7] and of 30(a, y)zzNe [8-11] are
very fast, the initial '*N material is rapidly converted into
22Ne with the on-set of helium burning. The open ques-
tion concerns the subsequent release of neutrons via the
22Ne(a, n)» Mg reaction. For this reason the reaction rate of
the ?Ne(«, n)> Mg neutron source has been of great interest
and a focus of many direct and indirect experimental, as well
as theoretical, studies over the last 30 years [12-28].

The efficiency of the 22Ne(a, n)25Mg neutron source not
only depends on the reaction rate at the specific temperature
conditions of the s- or n-process sites, but also on the 22Ne
abundance in the stellar environment. It was pointed out in
1994 by [6] that the abundance of **Ne is strongly influenced
by the rate of the competing >’Ne(«, y)*Mg reaction. The
22Ne(a, n)» Mg reaction branch has a negative Q-value of
QO (a,n) =-478.34 £ 0.05 keV. This means the reaction chan-
nel for the neutron production opens only at higher tempera-
ture conditions. At lower temperature environments, during
which the 22Ne is being produced, the («, ) channel remains
closed and ?*Ne is not being processed further.

Typically the energy range of stellar burning for a reac-
tion at a certain stellar environment with temperature 7 is
estimated by the Gamow range E, + AE given in units MeV

1/3 1/6
Eo% AE =0.122- (2} 237y 10236 (32313 o

where Z| and Z, are the charge numbers of the interact-
ing particles, u the reduced mass of the interacting particles
in amu and Ty the stellar temperature in units 10° Kelvin.
Nearby resonances outside the Gamow window may also
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contribute to the reaction rate, depending on the resonance
energy and resonance strength for both of the respective reac-
tion branches. The Gamow range differs for the three envi-
ronments where the *?Ne(«, n) reaction is expected to play
an important role as stellar neutron source.

For helium core burning in massive stars, only towards the
very end of the burning phase, when the stellar helium core
contracts towards higher densities and temperatures, does the
neutron channel open and ignite the weak s-process. At these
conditions the 22Ne(q, n)25Mg reaction is considered the
main neutron source. The main s-process, on the other hand,
is driven primarily by the *C(a, n)'O reaction. However,
with the on-set of the helium flash, causing a rapid increase in
temperature in the hydrogen-helium intershell environment,
the 2*Ne(e, n)>>Mg reaction provides an additional neutron
flux over the period of the actual helium flash. The idea of
the n-process is associated with the >?Ne abundance that has
been built up during shell helium burning of massive stars.
With the onset of the core-collapse supernova event and the
emergence of the shock traversing through the helium burn-
ing shell, the material is rapidly compressed to high densi-
ties and temperatures, triggering the 2?Ne(«, n)>Mg neutron
source and causing a high neutron flux for the n-process.

All three hot temperature scenarios are associated with
a preceding cooler phase during which the *?Ne can be
depleted by the radiative capture 2’Ne(a, y)*°Mg reac-
tion, which depends on the nuclear structure of the same
26Mg compound nucleus and the strength of the y chan-
nel. The 2*Ne(w, y)*®Mg reaction has a positive Q-value,
O(,y) = 10614.74 4+ 0.03 keV, and can contribute to the
gradual depletion of ’Ne at significantly lower tempera-
tures than the 2>Ne(a, n)>>Mg reaction, which is expected
to dominate at temperatures between 7 = 0.1 and 0.6 GK,
depending on the actual reaction rates [6,23,29,30].

2 The role of resonance strengths in the reaction rate

The rate of both the 22Ne(e, n)ZSMg and 22Ne(a, y)26Mg o
capture processes depends entirely on contributions from sin-
gle resonances, either as narrow resonance states within the
temperature range of stellar burning, or as tail contributions
from broad, higher energy states. Non-resonant contributions
from E'1 direct capture are forbidden and the influence of M 1
and E2 direct capture is negligible compared to the resonance
contributions. In general the reaction rate can be formulated
as a sum of single resonance contributions, which depends
critically on the resonance energies and strength of the con-
tributing states, but for broader states, and the associated
interference effects, one has to integrate numerically over the
reaction cross section and Maxwell Boltzmann distribution
of the interacting particles.
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where N4 is Avogadro’s number, kp is the Boltzmann con-
stant, T is the temperature, and w is the reduced mass.

For narrow and well separated resonances this formula
can be simplified by numerical integration of the equation
leading to the so-called narrow resonance formula:

Np{ov) =1.54- 10“# Zwyi e H60SE /Ty 3)
9 i

which requires the determination of the resonance energies

E, in the center of mass system and the corresponding reso-

nances strengths wy; for the specific reaction channel( both

in units [MeV])).

The 2*Ne(a, y)?°Mg reaction populates the 2°Mg com-
pound nucleus at energies above E, = 10.615 MeV. The neu-
tron channel opens up at an excitation energy of £, = 11.093
MeV. The reaction cross sections for both are character-
ized by a number of resonance states, with the resonance
strengths determined by the different partial widths I, , ,,
which depend on the underlying «- and single-particle struc-
ture component of the various excited states. This yields, for
the strengths of resonances in the (¢, ) channel,

r,-T,

Yy =QRJI+1) ——m——— “
Ve (Iu+ T, + 1)
and for the strength in the competing («, n) channel:
Iy T,
WY@ = Q2J+1)- )

(Fw+ Ty + 1)

where J is the spin of the compound nucleus state being
populated.

For neutron bound states, I, = 0, which contribute as
low-energy («, y) resonances on the depletion of >’Ne the
resonance strengths are entirely determined by the « partial
widths of the o unbound states. Because of the Coulomb bar-
rier, these o widths are considerably smaller than the typical
y widths of the resonance states (I, << I,). In this case
the resonance strength can be simplified to

I, T,
(Fu+1y)

Similarly for neutron unbound states with a substantial
single-particle component the neutron width will be much
larger than the y width, which can be neglected. The neu-
tron width will remain to be larger than the o width and the
resonance strength will be

OY(a,y) = 2J + 1) - =Q2J+1)- Iy 6)

I, I
OVam = QI +1) ——— =Q2J+1)- I, (7
* Ty + Iy)

For excited states, above the neutron threshold, the sit-
uation is more complex when the y- and neutron-widths
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are comparable, while the « widths remain small due to the
Coulomb barrier. In this case, an appreciable single-particle
component in the wavefunction of the resonance state will
play an important role. For pure a-cluster states, with a neg-
ligible single-particle contribution in the wave function, I7,
remains very small and the strengths of the corresponding
(o, n) and (a, y) resonances depend on the strength of the
single-particle channel with respect to the strength of the
electromagnetic y decay channel.

Except for cases where the neutron and y decay channel is
of comparable strength the ratio of the respective resonance
strengths is determined by ratio of the decay probability into
the the neutron or y decay channel

OV(a,n) Q
WYa,y) Ty

For levels with an appreciable single-particle component
in the wavefunction, the neutron width will be larger than
the y width, with the corresponding resonance contribut-
ing to the (¢, n) channel. For states with a negligible single-
particle component, the corresponding resonances will still
contribute to the (o, ) channel however.

The role of the 22Ne(a, n)® Mg reaction as a stellar neu-
tron source therefore depends entirely on the quantum con-
figuration of the o unbound states in the region of the «- and
n-threshold in the compound nucleus 2°Mg. The level struc-
ture of 2°Mg at the corresponding high excitation energies,
above E; >~ 11 MeV, israther complex, which makes areli-
able analysis of the actual resonance components somewhat
daunting.

Previous attempts to derive a comprehensive analysis of
the two reaction rates were based on Monte-Carlo analy-
ses, incorporating all of the identified levels in the critical
excitation range of nuclear burning with the various experi-
mental and theoretical uncertainties in the resonance parame-
ters [29,30] without detailed consideration of the underlying
nuclear structure. The present approach aims at a compre-
hensive R-matrix analysis of the resonance parameters as
identified by the different direct and indirect reaction studies
of the various resonances. In the following sections we will
discuss the a-cluster structure and the single-particle struc-
ture of the resonance components, respectively, in order to
identify the states that contribute to the two reaction chan-
nels. The 2*Ne(e, n)>>Mg reaction rate will be calculated by
numerically integrating the measured cross sections over the
Maxwell-Boltzmann distribution of the interacting particles
for different temperatures. For the 2>Ne(a, y)?®Mg reaction,
primary transition cross section measurements are very lim-
ited, and the approximation of narrow resonance strengths
must still be used.

®)

3 Nuclear structure considerations

For considerations of nuclear astrophysics, the level struc-
ture near the threshold of the entrance channel is of greatest
relevance. Stars are low temperature environments where the
critical energy range is given by the Gamow window which
resembles approximately the shape of a Gaussian function
with the center Eg and width AE given by:

)(1/3) )(1/6)

Eo+ AE =012 (Z3u13) " £0.236- (323u75) . (9)
where Z| and Z; are the charge numbers of the interacting
particles, p is the reduced mass of the interacting particles
and Ty is the stellar temperature in units 10° Kelvin and
the energy width of resonance states in the vicinity of the
Gamow range [31]. The impact of the specific quantum con-
figuration of such low-energy states near the threshold states
is often neglected or treated as a random parameter in the
determination of the level parameters and its contribution
to the reaction rate. In cases such as the one of the *°Mg
compound nucleus considered here, the interplay between
single-particle and a-cluster contributions for the neutron
and o channel, respectively, plays an important role for eval-
uating and comparing the strength of the 22Ne (e, n)>>Mg and
22Ne(«, ¥)**Mg reaction channels. This aspect will be dis-
cussed in more detail in the following two sections to identify
the resonances of impact for each channel.

3.1 The role of a-cluster structure in 2°Mg compound states

The level density in 2°Mg at high excitation energy is large
and, in principle, many resonances may contribute as sug-
gested in a recent analysis by [30]. However, strong selec-
tion rules are expected to substantially reduce the number
of @ induced resonances in the energy range of stellar burn-
ing. This is not only due to the fact that only natural parity
levels can contribute as resonances [32], but also that only
resonances with a pronounced a-cluster configuration will
be able to contribute in a significant manner. According to
the Ikeda rule [33], these kinds of states are anticipated to
emerge near the « threshold as a collective phenomenon due
to the strong coupling of bound states near the threshold to
the continuum [34]. This would translate into a pronounced
« strength and the corresponding resonances therefore may
play a central role for the respective reaction rates.

In the present case, these contributions will be dominated
by J7 = 0" and 1~ states because « particles with higher
orbital momenta, populating higher spin states, will be sup-
pressed by the orbital momentum barrier. Therefore only low-
spin states will be considered. According to the discussion
above, an important, and so far mostly neglected aspect, is
the role of the single-particle component; «-cluster states
with a considerable single-particle component contribute as
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(o, n) resonances, while «a-cluster states with a negligible
single-particle component will emerge as (¢, ) resonances.
All these selection rules need to be taken into account to
identify the most important resonance states in the criti-
cal energy range of stellar burning [2]. For these reasons,
only natural parity states with a pronounced «-cluster struc-
ture will contribute and we consider therefore only states
which have been observed in a-transfer and scattering mea-
surements such as by [23]. This approach differs from the
recent analysis by [30], who included also levels observed in
(p, p") and (d.d") inelastic scattering studies in his consid-
erations. These, however, are no indicator for natural parity
or «-cluster level configurations and are therefore of only
limited value for our considerations. In the energy range
10.65 MeV and 11.35 MeV 37 levels have been observed
[19,35]. The recent (d, p) neutron-transfer study by [36,37]
observed ten levels in this excitation range, which however,
may be due to more limited resolution. The here chosen cri-
terion suggests that only two or three states may contribute
as pronounced cluster resonances in the low-energy range
of the 22Ne(a, n)25Mg reaction, while seven states can be
expected to contribute as resonances to the low-energy range
of the 22Ne(a, )/)26Mg reaction. These states are listed in
Table 1 with the excitation energies as well as spin and par-
ities given in the most recent compilations. Based on these
numbers we have adopted excitation energy as well as spin
parity assignments for these states.

The most remarkable of these a-cluster states is located
at an excitation energy of E, = 11.32 MeV. It shows up as a
strong resonance at about E., = 702 keV in both reaction
channels. This resonance dominates the reaction rate predic-
tions for both channels, but there are discrepancies in the
experimental data from direct studies and indirect measure-
ments of the resonance components. Direct measurements
[15,17,21] suggest an («, n) resonance strength ranging
between 83 +24 peV, 118 &= 11 peV, and 234 £ 77 peV. On
the other hand, the corresponding (, y) resonance strength
is consistently measured to be at 3743 peV [14,18,40,41].
This suggests that the y channel has about 15% to 50% of
the total strength.

Indirect studies of the decay of this level using the
22Ne(°Li, d — y) and the 2Ne(°Li, d — n) reactions [25],
however, suggest a comparable strength between the two
decay modes. Normalizing to the (o, y) resonance strength
would translate into a substantially lower value for the (¢, 1)
channel, significantly lowering the impact of this neutron
source. This would represent a serious discrepancy between
the results of the various experimental techniques. This could
be due to errors in the efficiency of the neutron detection in
the different direct 22Ne(e, n)? Mg measurements, but this
could also be the result of the limited resolution in the (°Li, d)
studies. This might have influenced a reliable and accurate
determination of the branching ratio. The previous discussion
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by [30] of the role of this state in stellar helium burning there-
fore seems premature until this discrepancy in the results of
the different experimental approaches has been addressed.
Angular distribution studies of a-transfer reactions suggest a
J®™ =07 or 1~ spin and parity for the E, = 11.32 MeV state
and a recent 2>Mg(d, p) study [36] strongly supports the 1~
assignment. This assignment removes many of the uncertain-
ties in the previous discussion of the resonance parameters
of this level as discussed in more detail in Sect. 3.2.

A further question concerns possible contributions of
lower energy resonances in both reaction channels. These
again would be natural parity states, in order to satisfy
the required selection rules. Such resonances are a chal-
lenge to measure directly because of their highly Coulomb-
suppressed resonance strengths. For the same reason, only
low spin resonances J* = 0", 1~ are expected to contribute
in a significant manner. There have been a number of indi-
rect attempts to identify and determine such low-energy o-
unbound states below E, = 11.32 MeV by [21-26]. Sum-
marizing the different results, [24] highlights possible «
unbound states in 2°Mg at E, = 11.17 MeV, 11.08 MeV,
and 10.95 MeV, corresponding to resonances at E. ;. =557,
466, and 334 keV, respectively.

Of particular interest for the reaction rate is the potential
contribution of the E, = 11.17 MeV state, which could result
in a resonance at E. ,, = 557 keV, providing a near thresh-
old resonance decay into both reaction channels. This state
has been identified in the 2°Mg(«, ') and >’Ne(°Li, d) [23]
reactions as a 1~ state based on an analysis of the angular
distributions. The predicted resonance strength in the (c,))
channel was wy(q,,) = 0.54 £ 7 neV.

A recent 2*Ne(®Li, d) a-transfer study by [25] suggested
that the level may indeed decay into both the neutron and
y decay channel with seemingly comparable contributions.
This analysis is, however, hampered by the limited reso-
lution of the observed spectra. Contrary to that result, the
recent sub-Coulomb 22Ne(°Li, d) and 22Ne(’Li, 7) studies
by [24] show no indication that this particular level is pop-
ulated by a-transfer. This is a significant discrepancy. The
(°Li, d) spectra taken at high °Li energies by [23] shows a
clearly, and well separated, peak corresponding to this state,
while the (°Li, d) and ("Li, 1) spectra of [24], taken at ener-
gies below the Coulomb barrier, underline equally clearly
the absence of such a transition. In addition, the «-transfer
studies at medium SLi energies in inverse kinematics clearly
show contributions of this level [25,26]. This discrepancy
might be explained if this level has a high spin value, and
the population by low-energy «-transfer is suppressed. Such
a claim needs to be confirmed by directly mapping the exci-
tation curve for this transition.

At lower energies the neutron bound states at excitation
energies of £, = 11.08 and 10.95 MeV are expected to con-
tribute as resonances at E.,, = 466 and E.,, = 334 keV,
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Table 1 Level parameters for suspected near threshold a-cluster states in the 2°Mg compound system from recent reaction studies.

PNe(°Lid)  **Mg(e, ) *Mg(e, ) *Mg(d. d")(p, p’) *Mg(y. y")

Talwar et al. Talwar et al. Adsley et al. Adsley et al. Longland et al. Adopted

(2016) [23] (2016) [23] (2017) [38] (2018) [35] (2009) [39]

Ey MeV) E (MeV) T E. (MeV) Jr E (MeV) Jr Ey MeV) g Ey MeV) J*

10.714 (20) 10.717(9) 1-,2* 10.720 (9) 10.719 (2) 2+ 10.719 (2) 1~

10.806 (10) 10.806 (1) 1~ 10.8057 (7) 1~ 10.806 (1) 1~

10.822 (10) 0, 1~ 10.824 (10) 0F 10.826 (1) 1+ 10.823 (1)  o*

10.977 (20) 10.951(10) 1-,2% 10.949 (10) 1~ 10.950 (1) 1~ 10.9491(8) 1~ 10.950 (1) 1~
11.085 (10) 2%, 3" 11.085 (10) 11.084 (1) 11.084 (1) 2*F

11.169 (17) 11.167 (8) 17,2+ 11.170 (10) 11.165 (1) 2+ 11.165 (1) =1

11.317 (18) 11.317 (8) 11.290 (30) >1 11.318 (2) 1~

respectively, to the 2*Ne(e, y)2°Mg channel only. The pre-
dicted resonance strengths given by [21,23,24] depend on
the « spectroscopic factor deduced from the respective trans-
fer studies and seem to agree within an order of magnitude.
The rather wide range of results obtained by these indirect
studies might be caused by model dependent uncertainties
in the analysis and differences in the adopted model param-
eters used for the extraction of the « spectroscopic factors
of the two respective states. A higher accuracy would cer-
tainly be desirable, but a direct measurement of the two res-
onances remains a challenge. The spin and parity for both
states, based on angular distribution measurements, range
between J* = 0F, 1~ and 2+. Nuclear Resonance Flu-
orescence (NRF) studies [39] suggest a J* = 17 assign-
ment for the E, = 10.95 MeV state, while a y spectroscopy
experiment [27] suggests a J™ = 21 assignment for the
E, = 11.084 MeV level. The uncertainties in these assign-
ments translate directly into the uncertainty in the resonance
strength and the contribution of these low-energy states to the
22Ne(a, y)?®Mg reaction rate. The a-transfer and scattering
studies suggest a number of o unbound states at even lower
excitation energies near the threshold listed in Table 1. These
states may in principle contribute as weak resonances to the
reaction rate but are located below the Gamow range so that
their impact may be limited at the temperatures associated
with the helium burning environment.

3.2 The single-particle component in 2Mg compound
states

The recent comprehensive analyses of the 2*Ne+a reaction
channels by [30] took into account a 25Mg(n, y) radiative
capture study by [19]. This latter study was based on a
time-of-flight experiment at the n_ToF facility at CERN.
Numerous resonances were observed in the 2°Mg compound
nucleus, confirming the high level density of the quantum
system at high excitation energies. Only a small subset of the

observed states contribute to the >Ne+a reactions because
of its particular selection rules.

A measurement of the >Mg(d, p) reaction should show
a level distribution comparable to the resonance distribution
in the radiative capture experiment. However, a recent study
by [36] showed a much lower level density because reactions
like 2Mg(n, y)*°Mg are mainly sensitive to s- and p-wave
capture into J = 1, 2, 3, and 4 single-particle states with a
pronounced y strength. Neutron capture for higher ¢ value
neutrons is reduced because of their reduced neutron penetra-
bility through the orbital momentum barrier at near threshold
energies.

On the other hand, the (d, p) reactions are limited in their
sensitivity to the population of states with a pronounced
single-particle structure. States with a small single-particle
strength cannot be observed in a neutron-transfer reaction.
There are in principle no limitations on ¢-transfer and y-
strength. States observed in the (d, p) reaction can have a y
width that is too small to be observed as a neutron capture or
also « capture resonance. In other words, the (d, p)-transfer
reactions preferentially populate pronounced single-particle
states, while radiative neutron capture resonances correspond
to levels with dominant y-decay strength. This phenomenon
can be utilized for our discussion of the different decay chan-
nels of states populated by 2>Ne+« reactions.

The two neutron unbound states at £, = 11.32 MeV and
11.17 MeV in 2°Mg are clearly observed in the Mg (d, p)
spectrum. For the state at £, = 11.32 MeV, the angular distri-
bution suggests an orbital-momentum-transfer of £ = 3. This
would translate into spin-parity values of 1~ or 37. The latter
assignment is unlikely because it would translate into a high
orbital momentum barrier in the 22Ne+« channel, incom-
patible with the observed resonance strengths. The level has
not been observed as a resonance in the 2>Mg(n, y) exper-
iment by [19], which suggests a very small single-particle
component. This confirms the argument that the neutron par-
tial width I, should be comparable to the y partial width

@ Springer
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Table 2 Partial width predictions for states near the neutron threshold in the 2°Mg compound system

E. (MeV) Ecm. (MeV) ) Talwar et al. Ota et al. Jayatissa et al. Adsley et al. I, (eV) I, (eV)
(2016) [23] (2021) [26] (2020) [24] (2018) [35]
Ty (eV) Iy (V) Iy (eV) Iy (eV)

10.719 0.104 1- 2.5%1073

10.950 0.336 1- 6.7 x 10714 3.00 x 10714 3.00 x 1014 -

11.085 0.471 2t <84x10712 570 x107 ! 5.70 x10~11 5.70 x10~11 34 -

11.165 0.551 4+ <13 x1071 I, <0170,

2t 1.00 x1077 <13 x 1071 I, <0.1r,¢
11.320 0.702 1- 5.00 x1073 3.00 x 1073 1.30 x107° 2.70x1073 0.4-1.0° 1.34

2 An estimate made by [28]

bCalculated range found using I3, from [36] and I3, /I, from direct measurements and from that of [25]

¢See Refs. [17,23]
dSee Ref. [36]

I',. DWBA analysis yields a value of (2J + 1)1, =3.9 V.
This translates into a neutron width of 1.3 eV for the 1~
spin assignment. That is barely within the sensitivity limit
of the >Mg(n, y) study and explains why this specific state
was only weakly observed. The analysis of the >Mg(n, )
resonance yields a y width of about 5+4 eV, which is not
sufficiently accurate to make a conclusion about the relative
strengths of the neutron and y decay channels.

The evaluation of the E, = 11.17 MeV state contributing
to the 22Ne+a reaction branches is rather complex, because,
in previous studies, there have been three neutron unbound
levels identified in this energy range. This makes a unique
assignment and comparison of resonance parameters nearly
impossible. The excitation energies of these levels are not
sufficiently well known to identify which transfer or capture
reaction populates which one of the assembly of unbound
states.

The R-matrix analysis of the (n, ) data by [19] suggests
two states at E, = 11.163 (27) and 11.169 (37) MeV, both
having a neutron width in the keV range. A third state is at
E, =11.171 MeV, with a y width of 511 eV and a neutron
width of 1-30 eV.

The angular distribution of the (d, p) single-particle tran-
sition to the E, = 11.165 MeV state in [36] excludes an
£ = 0 transfer. The best fit suggests £ = 1; excluding a 2+
assignment, we therefore suggest that this state most likely
corresponds to the 3™ state identified by [19].

The E, = 11.171 state was neither observed in the (d, p)-
transfer experiment by [36], nor in the (7, y) study by [19],
suggesting a very small neutron width. We identify this state
as the 22Ne+a resonance state observed in the (6Li, d) and
(a0, ') studies by [23]. Given the upper limit for the («, n)
strength given by [17], indeed requires a small neutron width
in the eV range. While the 2?Ne(®Li, d) transfer studies by
[25] at medium energies also shows indications for this level,
the sub-Coulomb transfer measurement by [24] has no indi-
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cation of this particular level at E, = 11.17 MeV and the
upper limit for the resonance strength would be in the range
of w¥(q,y) = 0.006 |LeV. This has been interpreted as an indi-
cation for a higher spin parity assignment than suggested by
[23]. Inelastic scattering (d, d") and (p, p’) studies populat-
ing this level are still consistent with a spin of 4T, but higher
spins are unlikely to be observed in light particle scattering.
Following [35] we adopt an excitation energy of 11.165 MeV
and list the partial widths for this state for the possible 27
and 47 assignments in Table 2.

4 Resonance strengths in 22Ne(«, n)>*Mg and
2Ne(a, y)*Mg

The amplitude of the «-cluster and single-particle configura-
tions of the ¢-unbound states near the threshold determine the
strengths of the various resonances in the two reaction chan-
nels as discussed in the previous section. In the following
section we will discuss the present status and uncertainties
associated with the resonance strengths and the impact on
the reaction rates.

We will first focus primarily on the narrow resonances.
The neutron unbound states with fairly large neutron widths
in the keV range will be discussed in Sect. 5. In the case of
the aforementioned narrow resonance at E., = 702 keV,
associated with the level E = 11.32 MeV in the 2°Mg com-
pound nucleus, the critical issue for the resonance strength is
the comparison between the (o, n) and the (¢, y) channels,
which determine the efficiency of the ??Ne(a, n)>Mg reac-
tion as a neutron source in high temperature environments
as outlined in Sect. 1. The ratio of the resonance strengths
equals the ratio of the neutron partial width I, of the state
over its y partial width I}, as defined in Eq. 8.

As mentioned before (see Sect. 2), [24] had derived
a ratio of I},/I, = 1.14(26), suggesting that the (o, y)
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Fig. 1 Comparison of wy(q ) for the E., = 702 keV resonance in
the 22Ne(e, n)25Mg reaction

and the («, n) reaction strengths are about equal. This dis-
agrees with a series of independent direct resonant cap-
ture studies of this state, which indicate a substantially
higher neutron branching. The four measurements of the
resonance strength of 2?Ne(«, n)>Mg have been performed
independently by [15-17,21] using different target and neu-
tron detection techniques, the results vary, but are consis-
tent within the error bars with a weighted mean value of
@Y(a,n) = 118 £ 105 £ Tlgyse eV, with statistical and
systematic uncertainties accounted for separately. The devi-
ations between the values are primarily due the systematic
uncertainties.

The resonance strength, wy(q,») =234 £ 77 peV given by
[21]is based on an experiment with an implanted 22 Ne target.
Within the given uncertainties this value is in fair agreement
with the strength, wy(q,n) = 180 £ 30 peV, obtained by an
extended gas target measurement [16]; a subsequent gas tar-
get measurement with “improved detector sensitivity”, how-
ever yields a substantially lower value, 120 £ 13 peV [17].
The measurement by [15] also gives a very low value for
the resonance strength of wy(y,») = 83 £ 20 peV with 1 o
uncertainty. This value, however, was not obtained in a direct
experiment because of the low efficiency of the *He spec-
trometers, but was estimated from comparison with the data
observed by [14]. A comparison of the resonance strengths
is given in Fig. 1.

The differences in target and detector arrangements
between all these experiments, cause the spread in data and
the relatively large systematic errors. However the data points
overlap within the range of the given uncertainties and are
systematically higher than the average value for the reso-
nance strength in the competing >*Ne(w, y)2°Mg channel
WY(a,y) = 37E 5 peV as measured by [14,18] and more
recently by [41]. This difference in strength of the («, n) and
(o, y) channel is clearly discrepant with the claim of a com-
parable strength for both channels by [24]. The limited reso-

lution in their (°Li, d) study of 230 keV, may have inhibited
a clear identification and resolution of the populated excited
states, which might have influenced the determination of the
branching ratio.

This discrepancy cannot be addressed in the framework
of the existing data and has to await the results of a recent
22Ne(oz, n)25Mg measurement, which was performed at the
CASPAR underground accelerator and is presently being
analyzed.

No direct measurements of resonance strengths are avail-
able for the lower unbound excited states. The resonance
strengths of the states in the different reaction channels
depend on the partial width in the o, neutron, and y chan-
nels as outlined above. The partial widths used in this
work have been deduced from a number of indirect studies
[23,35,38] complemented by additional information from
neutron capture [19] and neutron-transfer measurements
[36]. Of great interest is the resonance corresponding to the
neutron unbound state at 11.17 MeV. This level has been iden-
tified as a potential 1~ by state [23] but the recent «-transfer
studies by [24,26] indicate that the cross section for the a-
transfer depends sensitively on the beam energy and cannot
be observed at sub-Coulomb energy. This suggests that the
state at 11.17 MeV most likely corresponds to a higher spin
value. Because of the close vicinity of other levels [19] it is
very possible that the different transfer reaction studies are
also handicapped by populating nearby unresolved states in
that excitation range. Indeed, recent direct radiative o cap-
ture measurements by [41] only obtained an upper limit for
the resonance strength that is inconsistent with the value sug-
gested by [23]. We therefore conclude that the existence of
a lower energy *Ne(a, ) resonance is unlikely contrary to
earlier claims [23]

Lower-energy a-unbound states are all neutron bound and
therefore may only contribute to the *Ne(, ) reaction
channel. For our considerations, we include only the ones
characterized by a pronounced «-cluster structure reflected
in the strong population of the levels in a-transfer and inelas-
tic « scattering. The results are listed in table 3, comparing
the results of the recent evaluation by [30] and the results by
[23] modified by small changes in the energy assignment of
the resonance states based on higher resolution experiments
[36,37].

The 27T resonance level a E; = 11.085(1) MeV has been
observed in «-transfer and « inelastic scattering studies
[23,38]. The corresponding resonance at E.n, = 471 keV
is just below the neutron-threshold (S, = 11.093 MeV) and
is expected to only contribute to the (o, y) reaction channel.
The listed resonance strengths are consistent with each other.
The predicted strength of the 1 ~ resonance at E 1, =335 keV
(Ex =10.950(1) MeV) is solely based on the data provided
by [23]. The assumptions about the o spectroscopic fac-
tor [22] made in the former evaluations [29,30] have not
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Table 3 Resonance strengths for the 22Ne(a, y)%Mg and the 22Ne(a, n)QSMg reactions at energies below 1 MeV

E, (MeV) E$™ (MeV) g [30] [30] [23] [23]
OY(a,y) €V) ©Y(a.n) (€V) OY(a.y) (€V) ©Y(a.n) (€V)
10.719 (2) 0.104 1= 24146 5 1073
10.950 (1) 0.335 1- 2(1)x10~13
11.085 (1) 0.471 2t 2.85x10710 <42x19710
11.320 (2) 0.702 1- 3.7(4)x 1073 42(11)x 1073 3.5(4)x 1073 1.2(4)x 10~4

The data of reference [23] depend on 22Ne(°Li, d)26Mg transfer studies except for the state at £, = 11.32 MeV, which is based on direct
measurements. The low-energy resonance data of [30] takes additional proton and deuteron induced reaction studies into account. The resonance
strength associated with the £, = 11.32 MeV relies on transfer studies by [24,26]. For this table only resonances with an appreciable strength have

been considered

been confirmed. The level has also been observed in inelastic
%Mg(a, «’) scattering [38], but no estimate for the resonance
strength has been given.

A very low-energy resonance at E. . = 104 keV (Ex =
10.719(2) MeV) is included in the Table 3 [23]. Angular
distribution measurements suggests either a 1~ or 2% spin
and parity assignment. The resonance strength is too low to
make a contribution to the reaction rate.

5 Rate of the 22Ne(oc, n)25Mg reaction

The most recent calculations of the reaction rate have been
done using resonance strengths and the narrow resonance
approximation [29]. For low energies, where no experimen-
tal data exist, this method may be valid, as the resonances
that are thought to contribute substantially to the reaction
rate are very narrow. However, at higher energies the cross
section is well measured and has been shown to be composed
of broad overlapping resonances, not narrow isolated ones.
Therefore, it seems more appropriate for the reaction rate
to be calculated by numerically integrating the well-mapped
experimental cross sections where available. This also has
implications for the way in which the uncertainties should
be interpreted.

5.1 22Ne(a, n)>®Mgat T > 0.3 GK

The rate of the 22Ne(«, n)25Mg reaction around 0.3 GK can
be calculated via direct numerical integration of the experi-
mental cross sections for £, >800 keV in the center of mass
system. The data of [13,16,17], which are largely consis-
tent with each other in overlapping energy regions, cover
the energy range 0.693 < E.n < 4.34 MeV. Statistical
model calculations from the Hauser-Feshbach (HF) code
SAPPHIRE [42] are used to estimate the cross section up
to Ecm. = 18 MeV. This allows for direct calculation of
the reaction rate by this method in the temperature range
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Fig. 2 Experimental cross sections by Jaeger et al. [17], Drotleff et al.
[16], and Haas et al. [13]. An R-matrix calculation of the cross section,
over the region of the data of [17], is indicated by the solid red line
while an HF calculation, over the entire energy range (which extends
up to E. . = 18 MeV), is indicated by the dashed blue line

0.3 < T < 10 GK. The cross section data are shown in
Fig. 2.

The measurements of [15] also report excitation functions
that overlap with the energy ranges of [16,17]. These mea-
surements report partial cross sections of the >Ne(«, n)> Mg
reaction through measurements of the prompt neutrons using
ionization chambers, providing a means of high resolution
neutron spectroscopy. However, the cost to efficiency from
this type of experimental setup required the use of thicker
targets, resulting in considerable energy broadening.

At « energies above E.,;, = 1.06 MeV additional neutron
channels are opening up populating excited states in > Mg.
The measurements of [15] have the significant advantage that
the neutron energies are known, and thus there is no ambigu-
ity in the efficiency. This is not the case for the measurements
of [16], where their counter thermalizes the neutrons and all
neutron energy information is lost. This issue with neutron
counter type detectors has been highlighted recently for the
13C(a, n)'°0 reaction [43].
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The total cross section curve of [16] and the excitation
functions of [15] were normalized, numerically integrated
to obtain the partial rates, and summed to obtain the total
rate. This was then compared to the rate obtained with the
data from [16], and was found to agree to with in ~10%.
Therefore, for the remainder of this work the data of [16]
was used.

Within the experimental range, the total uncertainty is
dominated by the common-mode (systematic) uncertainty in
the absolute cross section for each measurement under con-
sideration. Only the experimental data of [13] give a clear
statement of their systematic uncertainty, which is quoted
as 12%. From the uncertainties in the resonance strengths
of [16], their systematic uncertainty was ~11%. Resonance
strength uncertainties in [17] are as small as 4%, which seem
to not take into account, or grossly underestimate, system-
atic uncertainties of the target thickness and neutron detec-
tion efficiency. This type of uncertainty underestimation has
been shown to be an issue for similar measurements of the
B3C(a, )90 reaction [43].

As the data of [17] overlap with those of [16] who in turn
overlap with [13] as shown on Fig. 2, the level of agreement
in both the energy dependence and absolute cross sections of
the different data sets can be easily compared. The data of
[16,17] are found to be in good agreement in both respects.
The data of [13, 16] show some discrepancy in both shape and
absolute scale. Much of the difference in shape appears to be
the result of rather different target thicknesses and levels of
background. It is estimated that the data of [13] should be
reduced by ~25% in order to be more consistent with the
data of [16].

The average cross section calculated using the Hauser-
Feshbach model with the code SAPPHIRE agrees reasonably
well with the average cross section of the data of [16,17].
However, the HF calculation tends to over predict the data
of [13] above E.m. =2.9 MeV by about 20%, or a 40% over
prediction when normalized to the data of [16]. The reaction
rate obtained using the SAPPHIRE code agrees to within
10% with the high temperature (T > 2.5 GK) rate of [29].

While the cross section at higher energies is dominated
by broad resonance structures, i.e. with widths that are much
larger than the energy loss through the targets used by the
experimental studies. In order to more accurately calculate
the rate over this energy region, an R-matrix fit [44,45] was
performed to the data of [17], which included an experi-
mental target thickness correction. The R-matrix cross sec-
tion, free of the resolution correction, was then used for the
numerical integration. The R-matrix fit to the S-factor of
the 22Ne(w, n)>>Mg reaction data by [17] after target thick-
ness correction is shown in Fig. 3. At higher energies, it
becomes energetically possible for the 2?Ne(a, n)> Mg reac-
tion to populate excited final states in 2> Mg, greatly compli-
cating the R-matrix analysis. However, in conjunction with

22Ne(oc,n)ZSMg

LRALLL R EELLL B R AL

S-factor (MeV b)

WAL B AL AL

6 . Jaeger et al. (2001)
10 - — - SAPPHIRE, HF calculation
— — — R-matrix fit with experimental resolution
105 ——— R-matrix calculation without experimental resolution

connd cvd cvd Tl il sl

i | | | | | |
1005 06 07 08 09 1 11 12
Center of Mass Energy (MeV)

Fig. 3 R-matrix calculation from a fit to the experimental
22Ne(e, n)ZSMg data of Jaeger et al. [17] (black points). The R-matrix
S-factor, without (with) experimental resolution correction, is indicated
by the red solid line (grey dashed line). A SAPPHIRE HF calculation
is shown for comparison (blue dashed-dotted line)

the 2’Ne(a, y)*°Mg data, the partial cross section data of
[15] are fit, as described in Sect. 5.2.

Figure 4 shows the ratio of the reaction rate calculated by
direct numerical integration as described above to the median
rate of [29]. Significant differences are observed in both the
uncertainty and the median values of the reaction rates. In the
present work, an energy independent (or temperature inde-
pendent) uncertainty of 15% has been adopted based on the
systematic uncertainties of the experimental cross section
curves. In [29], resonance strengths with varying uncertain-
ties were used, mostly from [17]. However, in [17] the cross
section data were fitted as a sequence of non-interfering but
overlapping and Breit—Wigner resonances, which actually
should be strongly correlated. Thus the uncertainties quoted
in [29] cannot be treated as independent parameters and many
of the resonance strength uncertainties are greatly underes-
timated. This leads to a significant underestimation of the
reaction rate uncertainty at temperatures above ~ 0.6 GK.

The differences in the central value of the present rate
compared to that of [29] comes mainly from the energy (or
temperature) where the rate calculations switch over from
isolated resonance or direct integration of the experimental
datato a statistical HF cross section. In [29], the effective ther-
monuclear energy range of [46] was used to determine the cut
off temperature at which experimental resonance data should
be replaced with an HF calculation. While this method may
be a good general method, in the case of the >*Ne(«, n)>>Mg
reaction, there exists accurate total cross section data up to
quite high energies [13,16]. In Fig. 4, the increase in the reac-
tion rate of this work over that of [29] at T ~ 1 GK comes
from the inclusion of the cluster of strong, narrow, resonances
observed in the data of [16], at just higher energies than the
data of [17], between 1.23 < E. . < 1.46 MeV. At higher
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Fig. 4 The 2Ne(a, n)? Mg reaction rate of this work and that of Ads-
ley et al. [30] relative to the median value of Longland al. [29]. The
median value of this work is indicated by the blue solid line, while the
estimated 15% uncertainty band is indicated by the blue shaded region.
The median value of Adsley et al. [30] (with Texas A&M results) is
indicated by the orange long dashed line while the associated uncer-
tainty is indicated by the shaded orange region. The uncertainty band
of [29] is indicated by the gray shaded region. See text for details

temperatures (7 > 2 GK), the reduction in the rate comes
from the use of the data of [13] as described above, which are
systematically lower than the HF calculations by ~ 20-30%.

There is also a significant difference of the reaction rate
presented here at high temperatures compared to that of
[29]. This stems directly from the underestimation of the
strength uncertainties in [17], which were then used by
[29]. For example, the highest energy, strong, resonance at
E, = 1434 keV observed by [17] has an uncertainty in its
strength of ~ 4%, which is essentially the uncertainty in the
reaction rate of [29] at T > 1 GK. This same uncertainty
seems to have been adopted for the HF portion of the reac-
tion rate as well. This seems rather optimistic considering
that the higher energy data of [13,16] continue to show clear
resonance structures in the cross section up to their highest
energies.

5.2 22Ne(a, n)*Mg at temperatures 7 < 0.3 GK

In the low temperature region, below the lowest observed
resonance at E¢, = 702(2) keV, corresponding to the state
at £y = 11.318(2) MeV and above the neutron separation
energy at S, = 11.09308(4) MeV [47,48], the reaction rate
is determined from energies and partial widths from indirect
studies. There have been many levels observed over this exci-
tation energy region, but a-transfer reactions indicated that
only a single level is present in this region with a large o-
particle strength at Ey = 11.165 MeV (E. . =551 keV) (see
Table 2). From the upper limits on the >*Ne(a, n)>>Mg cross
section measured by [17], the upper limit on the strength for
this resonance is wy(q,n) < 6% 10~8 eV.

@ Springer

6 Rate of the 22Ne(oc, 7)26Mg reaction

There are only a few studies of the >*Ne(a, y)?°Mg reaction.
The resonance pattern follows at higher energies the pat-
tern of the competing *Ne(«, n)>>Mg reaction as reflected
by the excitation curve studied by [14] in the energy range
800 keV < E, < 2.2 MeV. This excitation curve is based
on the transition of the first excited state (J* = 21) at
E, = 1.809 MeV to the ground state. Most of the reaction
strength is assumed to be in that transition since resonances
decay primarily as cascades to this state and then to the
ground state. The cross section does not reflect a possible
direct capture to the ground state of 26Mg, but this transition
is largely suppressed in « capture by the effective charge fac-
tor of 0.045 and expected to be negligible compared to the
contributions of the overlapping broad resonances [8]. The
resonance strengths of the levels between 1.4 and 2.05 MeV
a-energy, documented in Table 1 of [14], are substantially
smaller than the strengths of the resonances in the compet-
ing (o, n) reaction channel. However, at lower energies the
strength of the E, = 830 keV resonance is comparable to the
strength of the resonance in the competing 22Ne(a, n)> Mg
reaction channel as mentioned before. This resonance dom-
inates the rate at temperatures between 0.25 and 1.0 GK,
and thus has seen special additional attention in subsequent
publications by [18] and more recently by [41]. Unpublished
results can also be found in [40], which confirm the strength.

In a similar manner to the 2*Ne(a, n)25Mg reaction,
the 2*Ne(, ¥)*°Mg rate is calculated utilizing the single
narrow resonance approach for the energy range up to
E.m. =~ 1.2MeV. For the range from 1.2 < E. . < 1.8 MeV
an R-matrix fit to the data of [14,40] is used, which was
fit simultaneously to the partial 2*Ne(a, 10,1.2)>>Mg cross
sections of [15], as shown in Fig. 5. At higher energies,
the rate was calculated using the HF cross section from the
SAPPHIRE code. The components were summed to deter-
mine the total reaction rate for the 2*Ne(a, y)*°Mg over the
entire temperature range.

6.1 22Ne(a, y)*°Mg at temperatures T > 1 GK

The R-matrix analysis for the observed resonance features
in 22Ne(a, y)26Mg for energies 1.2 < Ec. < 1.8 MeV is
based on the experimental data provided by [14,40] for the
y transition from the first excited state to the ground state.
Detailed decay branchings have not been determined, but
similar to what has been reported for the B0(a, y)220 reac-
tion [8], the results by [14] suggest that a direct ground state
transition is expected to be small, with between 84 and 98%
of the 2Ne(a, y)*®Mg strength as reflected in the secondary
y-ray decay from the first excited state to the ground state.
Figure 5 shows the R-matrix fit for the secondary transi-
tion from the first excited to ground state compared to the fit
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of the *Ne(e, n)>>Mg data by [15]. Despite the rather high
level density, the resonances populated in *’Ne(«, y)**Mg
and 2Ne(w, n)? Mg reaction channels seem to be the same,
greatly facilitating the R-matrix description of the data. There
are some regions where the R-matrix fit somewhat poorly
describes the experimental data, which is likely a combined
result of only an approximate modeling of the experimen-
tal resolution, contributions from weaker underlying states,
and incorrect interference resulting from incorrect J” assign-
ments.

The uncertainty of the [14] data are dominated by the
overall systematic uncertainty, 9%, and the uncertainty in the
contribution of the ground state transition. Therefore, a 9%
uncertainty is adopted for the lower uncertainty of this data
while a 20% uncertainty is adopted for the upper uncertainty.
At higher energies, the only data available is that of [49].

Based on a comparison of the data of [14,49] with the
HF cross section calculated from the SAPPHIRE code, an
uncertainty of an order of magnitude is estimated. Similar
to the 22Ne(«, n)® Mg reaction rate calculation described in
Sect. 5, the present rate differs substantially from that of
[29] above &~ 2 GK because the present calculation con-
tinues to use experimental data in this region instead of
an HF calculation. In contrast to the situation with the
22Ne(a, n)»Mg reaction rate, this results in a significantly
smaller 2>Ne(a, y)?®Mg reaction rate at higher temperatures.
Also, in contrast to [29], a much larger uncertainty is adopted
based on direct comparison of the HF calculations to this
higher energy data.
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Fig. 6 The 2*Ne(a, y)?°Mg reaction rate relative to the median value
of Longland et al. [29]. The median value of this work is indicated by
the blue solid line, while the estimated uncertainty band is indicated by
the blue shaded region. The median value of Adsley et al. [30] (with
Texas A&M results) is indicated by the long dashed orange line, while
their reported uncertainty is indicated by the shaded orange region. The
uncertainty band of Longland et al. [29] is indicated by the gray shaded
region. See text for details

6.2 2’Ne(a, y)**Mg at temperatures < 1 GK

The rate for the 2*Ne(a, y)*°Mg reaction for the lower tem-
perature range of stellar helium burning environments was
calculated using the narrow resonance formalism based on
Eq. (3). The strengths of the lower energy resonances, which
have not been directly observed, have been calculated from
the partial widths given in Table 2 as described in the pre-
vious section. No direct measurements of the strengths of
the low-energy resonances are available. Over much of the
temperature range from 0.25 to 2.0 GK, the present rate is
very similar to that of [29], but systematically lower by about
15%.

At temperatures below 0.25 GK, the present rate is domi-
nated by the narrow resonance at E. ,, = 336 keV. This res-
onance, whose strength is based on the work of [23], was not
included in the calculation by [29], which were performed
prior to that experiment. Thus a substantially increased rate
is obtained at these lower temperatures. A recent attempt of
the LUNA collaboration [50] to directly measure the reso-
nance strength yielded an experimental upper limit for the
resonance strength, which however, would translate into a «
spectroscopic factor, which is much larger than the allowed
by the Wigner limit. The reaction rate is compared to that of
[29] in Fig. 6.

7 Conclusion

With this paper, we have tried to elucidate the impact of
nuclear structure configurations in the high excitation range
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of the 2°Mg compound nucleus on the resonance contri-
butions and strengths in the 2*Ne+o reaction processes.
These configurations emerge in the vicinity of the o thresh-
old at S, = 10.61474(3) MeV and the neutron threshold
S, = 11.09309(4) MeV due to the collectivization of single-
particle shell model states forming pronounced «-cluster
configurations in an open many body quantum system. These
a-cluster states dominate the reaction rates for both the
22Ne(a, n)*Mg and the 2>Ne(a, y)*°Mg reaction channels
with the respective resonance strengths depending on the
single-particle components in the associated wave functions.
These quantum effects determine the overall reaction rates,
which therefore need to be considered in the framework of
single-level considerations based on the R-matrix approach,
taking all these parameters into account, rather than random
statistical consideration of the Hauser-Feshbach model.
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