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Measurement of the ?’Al(p, «)**Mg fusion reaction at astrophysical energies
via the Trojan Horse Method.
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Abstract. In astrophysics, the abundance of 2°Al is essential for understanding nucleosynthesis in the Milky
Way and Galactic core-collapse supernovae rates. Detection methods involve y-ray lines and comparing Mg
overabundance with the common Mg isotope in meteorites. Therefore, stable isotopes 2’ Al and 2*Mg play a
crucial role and the MgAl cycle affecting aluminum and magnesium production has to be carefully studied.
Recent surveys reveal complexities in stellar populations whose understanding may also benefit from better
constraining the closure of the MgAl cycle. The 2’ Al(p, @)**Mg fusion reaction, a key 2’ Al destruction channel,
is central to these scenarios. Due to uncertainties, the Trojan Horse Method is applied, allowing high-precision
spectroscopy on the compound nucleus 2*Si. It reveals crucial fusion cross section information in the astro-
physically relevant energy range. The indirect measurement by means of the 2H(*’ Al,a®*Mg)n process made
it possible to assess the contribution of the 84.3 keV resonance and to set upper limits on nearby resonances.
This study evaluates the THM recommended rate’s impact on intermediate-mass asymptotic giant branch stars,
showing a notable increase in surface aluminum abundance at lower masses due to fusion cross section modifi-
cation, while 2*Mg remains largely unaffected.

1 Astrophysical background 0.07 < Ty < 0.08, where Ty represents the temperature

expressed in GK.

Measuring Mg and Al isotopic abundances in various as-
trophysical scenarios plays a very important role. Recent
observations, particularly in red-giant-branch stars within
globular clusters like NGC 2808, w-Cen, and M4, have re-
vealed a compelling anti-correlation between Mg and Al
abundances. High-resolution stellar spectroscopy has pro-
vided evidence for the existence of multiple stellar popu-
lations and challenges the conventional understanding of
the correlation between Mg isotopes and Al [1, 2].

This intricate observational scenario suggests the in-
volvement of multiple stellar polluters, such as mas-
sive fast-rotating stars, intermediate-mass asymptotic gi-
ant branch (AGB) stars, and super AGB stars [3]. Theo-
retical models must be fine-tuned, given the sensitivity of
Mg and Al nucleosynthesis to the temperature of stellar
H-burning, especially in the narrow temperature range of
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The MgAl cycle, occurring in high-temperature H-
burning of evolved stars [4], is highlighted for its influ-
ence on Mg and Al isotopes nucleosynthesis, despite hav-
ing higher Coulomb barriers compared to the CNO cycle.
Uncertainties in the 2’ Al(p, @)**Mg reaction rate, a com-
mon thread in these processes, challenge the reliability of
astrophysical predictions [5].

The ?’Al(p, @)**Mg, involved in the destruction of
27 Al the production of >*Mg, and the closure of the MgAl
cycle, competes with the 27A1(p, y)zgsi reaction. The
dominance of the (p, y) rate above 1 GK and its slight ex-
ceedance of the (p,7y) rate in the 0.03-0.08 GK range are
highlighted in ref.[6], though uncertainties in these rates
underscore the need for a careful assessment of the reac-
tion cross section in the energy range typical of stellar nu-
cleosynthesis, approximately around 100 keV.

The 2’ Al(p, @)**Mg reaction is also involved in under-
standing the nucleosynthesis of 26Al in our galaxy. The
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presence of °Al in the Early Solar System is indicated by
large excesses of Mg measured in presolar grains [7].
Such excesses of Mg pointing at 2°Al occurrence are
quantified with respect to the most abundant Mg isotope
(A=24) in meteorites; the precision achieved in isotopic
ratio determinations [7] necessitates high-precision inves-
tigations of the nucleosynthesis of 20Al, 2’ Al, and **Mg.

2 Present status

Even if the 2’ Al(p,a)**Mg reaction plays a crucial role
in astrophysics, one of the widely adopted rates, reported
in ref. [9], provides lower, median, and upper values of
1.85x 1071, 4.34% 107", and 8.51 x 10~ cm?® mol~! s,
respectively, at T9 = 0.1. This range covers almost one
order of magnitude, with larger uncertainties at lower tem-
peratures.

The reaction rate in ref.[9] is derived from a com-
bination of direct measurements, compiled spectroscopic
data, transfer-reaction-based branching ratios, and shell-
model calculations. Direct measurements by ref.[10] ex-
plored the low-energy region, setting upper limits for res-
onance strengths. Spectroscopic data from ref.[17, 18]
form the foundation of the calculation, but these datasets
lack experimental data focusing on astrophysical ener-
gies. Ref.[22] used the 2’ Al(*He, d)*Si reaction to set
upper limits and calculate partial widths and resonance
strengths. Shell-model calculations by ref.[19] excluded
certain states based on predicted unnatural parity.

With over 90 resonances in the E., < 3 MeV re-
gion, establishing a reliable reaction rate is challenging.
Ref.[16] presented an analysis of available data, leading to
deviations from the previous recommended rate in ref.[8].
The main update from 2001 to 2010, resulting in the
presently recommended reaction rate in ref.[9], involved
an improved approach for calculating uncertainties using
a Monte Carlo method. This method allowed for a sta-
tistically rigorous definition of the low, median, and high
rates, contrary to the classical upper and lower limits used
in most works.

Recognizing the need for updated data and the lack of
information close to astrophysical energies, a new mea-
surement of the 2’ Al(p,&)**Mg reaction has been carried
out using the Trojan Horse Method (THM) [11]. Like
other indirect methods [12], THM makes it possible to
determine astrophysical parameters with no need of ex-
trapolation. Results have been discussed at length in
ref.[13, 14], and this work aims to provide a summary,
including a comparison with the STARLIB reaction rate
library [15] for the >’ Al(p,a)**Mg case.

3 The method and the experiment

The 2’ Al(p,@)**Mg reaction was studied by applying the
THM to the d(*’Al, o®*Mg)n reaction at 80-MeV 27Al
beam energy. A CD; target (isotopically enriched to 98%)
about 100 pg/cm? thick was used to supply the deuterons.
In the THM application, deuterons are used to transfer a
proton that, under quasi-free (QF) conditions, is the par-
ticipant to the 2’ Al(p,a)’**Mg reaction while the neutron is

emitted without taking part in interaction, so it is labelled
as spectator. The QF condition is enforced by gating on
small p — n relative momenta, corresponding to p — n rel-
ative distances larger than the nuclear interaction radius.
Therefore, p and n acts as independent particles strongly
simplifying the theoretical formalism.

Under QF conditions and assuming that a single res-
onance of energy Ey is populated, the THM differential
cross section for the d(*’Al, o®*Mg)n reaction takes the
form [20]:

dzo'TH _ 1 rn“Mg (Enz“Mg) do—d(ﬂAl,n)szi
dE(!MMg dQﬁ,,zxs, 2r (Ea“Mg —Ep)?+ % FZ(E(YZ"Mg) dQy

K285

ey

do d(2 Al.n)28Si
S is the differential cross section for the

where
K25
stripping d(*’ Al, n)*8Si to the resonant state of 28Si, E Mg
is the @ — >*Mg relative energy, I" and [24mg are the total
and partial width for the resonance under examination. As
discussed in ref.[20], a clear connection between the Breit-
Wigner approximation for the 2’ Al(p,a)**Mg cross section
and the THM cross section of the d(*’ Al, &**Mg)n reaction
can be established, making it possible to deduce the reso-
nance strengths wy that are the main ingredients, along
with the resonance energies, to calculate the reaction rate
of a reaction proceeding through narrow resonances [4].
In comparison with ref.[21], data in ref.[13, 14] were
taken at a higher beam energy, to explore a phase-space
region where the contribution of the Mg compound-
nucleus decay to the reaction yield is negligible. The ex-
perimental setup was made of four 1000-um double-sided
silicon strip detectors (DSSSD), two of them centered at
5.5° and covering each about 4° on opposite sides with
respect to the beam direction. The other two (A and D,
A on the same side as B) were placed at about 25°, each
covering and spanned about 10.5° on opposite sides of the
beam axis. No particle identification [23] using, for in-
stance, AE — E measurements, were necessary thanks to
the peculiar reaction kinematics.

4 Reaction channel and reaction
mechanism selection

Many reactions can be induced in the measurement tar-
get due to the presence of carbon and also of contami-
nants. However, the THM offers the opportunity to carry
out accurate channel selection procedures to reduce possi-
ble background to negligible values, by making use of the
peculiar kinematics of reactions with three particles in the
exit channel. While most details can be find in ref.[14],
here we mention the use of the energy-momentum plot
[23, 24].

In the case of aa+b — ¢ +d + e reaction (for instance,
the YAl + d — a + **Mg + n), the X and Y variables are
defined as (assuming that b is the target nucleus, at rest in
the laboratory frame):

o

= Y=E,-E.-E,;. )
2u
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Figure 1. X-Y plot obtained following the procedure in [23, 24]
in the laboratory frame. The short-dashed line is used to mark
the theoretical locus for the 2H(*’ Al,a**Mg)n reaction populating
%Mg ground state (Qy = —0.624 MeV, A, = 1). The dotted—
short-dashed line highlights the predicted trend for the feeding
of the 2*Mg first excited state (Q; = —1.993 MeV, A, = 1).

Here, p and E are the momenta and energies of the marked
particles and u is the unit mass in a.m.u.. Energy conserva-
tion implies that X and Y are linked by the linear equation:

1
Y=-X-Q 3)

e

where A, is particle e mass in units of # and Q is the Q-
value of the reaction a + b — ¢ + d + e. Therefore, the
intercept on the Y-axis of eq.3 is equal to the Q-value of
the reaction with opposite sign and, since p, is calculated
without any assumption on particle e mass [24], the slope
is equal to the inverse of the mass of particle e in units
of u. Of course, only events for which the energy and
momentum conservations laws are satisfied gather along
the straight line 3. Other reactions lead to the population
of loci well different from a straight line as illustrated in
ref.[24].

The X-Y plot representing the current experiment is
depicted in fig. 1. The illustration distinctly reveals only
two loci, seemingly devoid of any background, instilling
confidence in the absence of parasitic processes. Both
loci are associated with the 2H(*’Al,a®**Mg)n reaction.
A meticulous examination and comparison with theoret-
ical lines elucidate that events clustering along the short-
dashed line correspond to the 2H(*’ Al,a**Mg)n reaction
populating the 2*Mg ground state (Qy = —0.624 MeV,
and A, = 1). On the other hand, the locus marked
by the dotted-short-dashed line is attributed to the
ZH(*’ Al,e**Mg)n reaction populating the *Mg 1st excited
state at 1.369 MeV (Q; = —1.993 MeV, and A, = 1). The
slopes of the lines distinctly indicate the mass of the un-
detected particle to be approximately 1 a.m.u., while the
intercepts validate the precision of the detector calibration
performed.
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Figure 2. Experimental neutron momentum p, distribution
(solid circles). The theoretical red curve [25] follows very
closely the experimental points up to about |p,| < 40 MeV/c.

This analysis and the other ones detailed in ref.[14]
show the absence of any observable background, so the
investigation of reaction mechanisms leading to the pop-
ulation of the exit channel was conducted. The equations
briefly outlined in sec.3 can only be applied under the as-
sumption that the 2H(*’ Al,a**Mg)n reaction can be de-
scribed as a QF process. Following the procedure outlined
in [14], we examined the relative energy spectra to ex-
clude the presence of sequential decay processes, namely,
whether 28Si states are populated in a two-step process.
Additional tests, particularly the study of the experimen-
tal neutron momentum distribution |<I)(p,1)|2, were carried
out. If the process is direct, neutrons should maintain the
same momentum as inside deuterons, and deviation from
the theoretical trend [25] would indicate the prevalence of
a non-QF reaction mechanism.

The experimental ICI)(pn)I2 was obtained following the
prescriptions in [25]. The resulting experimental neutron
momentum (p,) distribution is depicted with solid circles
in fig. 2, for an Exsyj,_, energy window 50-keV-wide cen-
tered at 2.2 MeV. Similar results are obtained for other en-
ergy values. In the construction of fig. 2, positive or nega-
tive sign to p,, was attributed depending on the sign of the
cosine of the neutron azimuthal angle cos ¢,. In this figure,
the theoretical p—n relative-momentum distribution is rep-
resented with a red solid line, scaled to match the arbitrary
normalization of the experimental data. Good agreement
is present up to about |p,| < 40 MeV/c, as expected (see
[14] and references therein). This instills confidence in the
occurrence of the QF mechanism in the 2H(*’ Al,a**Mg)n
reaction at 80-MeV beam energy, aligning with findings
by [21], suggesting the most suitable cut to introduce in
the next steps to single out the QF reaction process.
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Figure 3. Comparison of THM reaction rate (green line: median
rate; red lines: 1o uncertainty range) with the one listed in the
STARLIB compilation [6]. Both median rates and the low/high
rates are divided by the STARLIB recommended rate (equal to 1
in this representation).

5 From the resonance strengths to the
reaction rate

For the QF events, after angular distribution integration
[14], we deduced the 2H(27A1,a/24Mg)n cross section and,
following the procedures in ref.[14, 20] we deduced the
resonances strengths for 28Si states up to about 1.5 MeV
above the proton emission threshold. In particular, we
could observe a resonance centered at about 84 keV, very
important given that the energy region of greatest astro-
physical relevance is around 100 keV. High energy reso-
nances, in particular those at 903.54 keV and 1388.8 keV,
were used for normalization since: (i) they sit at energies
larger than those for which electron screening effects are
expected; (ii) they are affected by a comparatively low un-
certainty, making it possible to reduce the normalization
error; (iii) it has been proved that extending normaliza-
tion to more than one resonance, a reduction in unpre-
dictable systematic errors affecting direct measurements
can be reached [26]. In total, we could determine the res-
onance strengths of nine resonances and set more strin-
gent upper limits on the strengths of additional three res-
onances. The resonances strengths deduced in this work
are given in tab.1, along with the comparison with ref.[6]
strengths. Whenever measured strengths are available in
ref.[6], a very good agreement is found with the THM
ones, providing a validity test of the method.

For astrophysical applications, the reaction rate of
the 2’ Al(p, @)**Mg was computed utilizing the detailed
Monte Carlo method implemented in the RatesMC code
([6] and references therein). This code offers a statisti-
cally robust treatment of uncertainties, incorporating the
Porter-Thomas distribution to adequately address upper
limits on resonance strengths. Additionally, it employs
lognormal probability density for both measured reso-

nance strengths and the overall reaction rate. For the rate
calculation, strengths were extracted from tab.1 (columns
6 and 7), while the resonance energies were set to the val-
ues reported in ref.[6] (column 2). The comparison of
the reaction rate, as depicted in Fig.3, reveals the present-
work strengths against the STARLIB values [6]. In this
representation, black lines and symbols correspond to lit-
erature rates, while the median, low, and high THM rates
are represented by green, red, and red lines and symbols,
respectively. Despite the persisting uncertainties, particu-
larly above Tg ~ 0.1, where some resonances only have
upper limits (albeit lower than those in [6]), a notewor-
thy outcome is a approximately threefold reduction in the
reaction rate, specifically at temperatures relevant to as-
trophysical scenarios, below Tg ~ 0.1. This might have
important consequences for astrophysics that are under ex-
amination.
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