PHYSICAL REVIEW C 107, 065801 (2023)

Updated reaction rate of >Mg(p, y) >*Al and its astrophysical implication
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26 Al with a half-life of 7.17x 10° years is one of the most significant nuclides in y-ray astronomy and presolar
grains of meteorites. Its main production mechanism in the H-burning MgAl cycle is the *Mg(p, y)**Al
reaction. In the temperature region of 0.05-0.3 GK of astrophysical interest, the astrophysical *Mg(p, y) Al
reaction rate is dominated by the resonant capture of several low-energy resonances. In this work, we report
the results of a complete experimental investigation of the E., = 92, 130, and 189 keV resonances in the
BMg(p, y) * Al reaction with the Jinping Underground Nuclear Astrophysics Experimental Facility. The up-
dated thermonuclear *Mg(p, y)?°Al reaction rate is (32-39)% higher than that obtained at the Laboratory for
Underground Nuclear Astrophysics around 0.07-0.09 GK, mainly due to the 32% enhancement of the 92-keV
resonance strength. The astrophysical impact of our new rate on the 26Al yield in a 5 M, low-metallicity
asymptotic giant branch star is investigated, in which an increase of (45-79)% in the 2°Al yield is found by

adopting our new ®Mg(p, y) %Al rates.

DOI: 10.1103/PhysRevC.107.065801

I. INTRODUCTION

Since the 1.809 MeV y-ray line emitted by the radioac-
tive decay of the ground state of Al (hereinafter expressed
as 2°Al®) in the galaxy was first observed by the HEAO-3
satellite [1], great efforts [2,3] have been made, which have
revealed the presence of 2.8 & 0.8 My, 2°Al in the interstellar
medium [3]. In view of the lifetime of 2°Al2 (T;, = 7.17x 10°
yr) being much shorter than the galactic evolution (= 10'° yr),
discovery of the 1.809 MeV y-ray line provides a convincing
evidence that the nucleosynthesis of 2°Al is ongoing in our
galaxy. Signs of 2°Al have been also found through the excess
of 2®Mg in meteorites [4,5], some of them provide evidence
for the injection of live Al in the early solar system [6], and
some provide information on nucleosynthesis that occurred
in the parent stars of meteoritic stardust [5,7]. Additionally,
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26Al is also linked to the Mg—Al anticorrelation observed
globular clusters, with metal-poor massive asymptotic giant
branch (AGB) stars as possible polluters [8].

Over the past decades, several stellar sites for the nu-
cleosynthesis of 2Al have been identified, e.g., the core of
massive main-sequence stars [9], the H-burning shell of red
giant branch (RGB) stars [10] and AGB stars [11], as well
as red supergiant stars [12] and binary stars [13,14]. In these
environments, the MgAl reaction cycle is very important for
26 Al, which is produced via the 2Mg(p, y) 2°Al reaction and
destroyed by B+ decay or the 26Al(p, y)?’Si reaction [15].
Therefore, the 2Mg(p, ¥)?°Al reaction plays an important
role in the study of the origin of 2°Al.

At astrophysical relevant temperatures from 0.05 to
0.3 GK, the reaction rate of 25Mg(p, y)26A1 is dominated
by several narrow resonances in the center-of-mass energy
range of E.,, = 30—400 keV. Among them, the 304-keV res-
onance has been well studied in previous direct and indirect
measurements [16-27]. For the 189-keV resonance, in-
stead, the latest direct measurement result of wy;g9 = (9.0 &
0.6)x1077 eV [28] differs from the NACRE [29] value of
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(7.1 £1.0)x 1077 eV by about 30%, which is mainly caused
by the discrepancy in the primary y-ray branching ratios.
For the 130-keV resonance, due to its weak strength and
the interference from other reactions, there are only up-
per limits in the literature [28,29]. Finally, for the 92-keV
resonance, the only direct measurement experiment [28]
gave a resonance strength of wyg; = (2.9 £ 0.6)x 10710 eV,
with a ground-state feeding factor of f3? = 0.67)2. More
recent indirect measurements [30,31] reported two differ-
ent values of 0.52 +0.06 and 0.76 0.1, consistent only
within 1.40 confidence intervals. In summary, all these
uncertain physical quantities significantly limit the current
precision of the astrophysical Mg(p, ) ?°Al reaction rate
and provide motivation to further studies via new direct
measurement.

In this article, we report on the complete results of a
direct measurement of the low-energy resonances in the
BMg(p, y) % Al reaction using Jinping Underground Nuclear
Astrophysics experimental facility (JUNA) [32]. JUNA is lo-
cated at the China JinPing underground Laboratory (CJPL)
[33], the deepest operational underground laboratory for par-
ticle and nuclear physics experiments in the world. Shielded
by the 2400-m overburden marble, the muon and neutron
background are reduced by eight and four orders of mag-
nitude, respectively, as compared to the flux on the earth
surface [33-35]. The experimental results on the strength and
branching ratios of the 92-keV resonance were reported in our
previous publication [36]. In addition, in the present paper
we present an investigation of the astrophysical impact of
our updated »Mg(p, y) Al reaction rates on a 5 My low-
metallicity AGB star.

II. EXPERIMENT
A. Experiment setup

The experiment was performed on a high-current 400 kV
JUNA accelerator, which can provide H* and He™ beams up
to 10 emA, as well as a He>* beam up to 2 emA [37]. In this
work, the 2Mg(p, ) *°Al reaction was studied in an energy
range of E, = 117-350 keV with a proton beam up to 2 mA.
The experimental setup was described in Refs. [36,38,39].
Briefly, the proton beam was guided by two tantalum apertures
and a copper cold trap, then illuminated the target with a
beam spot of about 2 cm? size. The target was placed at 0°
with respect to the beam direction and cooled directly by the
deionized water. The trap was cooled by liquid nitrogen (LN;)
to minimize carbon deposition on the target surface. The target
and the end of the vacuum tube together formed a Faraday cup
for charge integration. A ring electrode applied with a negative
voltage of 300 V was installed between the target and cold
trap to suppress the secondary electron emission. The JUNA
400 kV accelerator was calibrated by measuring the yield
curves of the ''B(p, y)'2C, “N(p,y) %0, 7Al(p, y)*!Si
resonances and the y-ray energy of '>C(p, y)'>N. The ab-
solute energy was determined to an accuracy of 0.5 keV
with an energy spread of less than 0.2 keV, the detail re-
sults of accelerator calibration will be published elsewhere
[40].
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FIG. 1. Yield curves for the 304-keV resonance at the beginning
of the experiment (i.e., 0 C, blue square), and after 92 C (red circle),
220 C (green triangle), and 350 C (purple inverted triangle) proton
beam bombardment, respectively.

B. Target

The *Mg targets used in this experiment were evaporated
from 2>Mg isotope enriched metal (98.81% =+ 0.02% abun-
dance) onto a copper substrate with a diameter of ®47.5 mm.
The thickness of the target was set to be ~60 ug/cmz, ie.,
the energy loss was 23 keV at E, = 316 keV. A Cr protec-
tive layer with a thickness of ~40 ug/cm? (energy loss of
10keV at E, = 316 keV) was sputtered on the surface of each
target to enhance the radiation resistance of the target [41].
The stoichiometry was mainly composed of magnesium and
oxygen, and the effective stopping power was calculated by a
SRIM code [42]. In addition, several natural Mg targets with
the same structure and thickness were fabricated to evaluate
the background induced by the (p, ) reactions on the target
contaminants, such as "Li, 1B, and 24'26Mg.

In order to accurately measure the radiation damage of the
target under high intensity beam bombardment, the target sto-
ichiometry was monitored during the experiment by scanning
the yield curve of the E, = 304 keV resonance every ~100
Coulomb beam (Fig. 1). This stoichiometry information was
used in the subsequent data analysis to obtain the effective
stopping power as described in detail in Sec. III A. The ob-
served largest decrease of the maximum yield was ~11% after
350 Coulomb beam bombardment, which is much improved
compared with that reported in Ref. [26].

C. Detector

The emitted y rays were detected by a nearby 47 geometry
BGO detector array composed of eight identical segments.
Each crystal is a quadrangular prism with a length of 250 mm
and a radial thickness of 63 mm, covering an azimuthal angle
of 45°. In order to improve the energy resolution of the de-
tector, all BGO crystals were cooled to about —10 °C [27] by
flowing low-temperature alcohol in the cooper substrates in-
stalled outside of each crystal. Additionally, the detector was
surrounded by 5 mm Cu, 100 mm Pb, and 1 mm Cr shielding
to reduce the background from environmental radiation.
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Two kinds of energy spectra can be obtained with the BGO
detector array: one is the single spectrum, which is the count
superposition of eight spectra obtained by all BGO segments,
and another is the sum spectrum representing the sum of
the energies measured by eight BGO segments. The BGO
detector array was calibrated by two point-like y-ray sources
(®°Co and '¥'Cs), as well as the E.,, = 293 keV resonance
of the 2’Al(p, y)?8Si reaction. The energy resolution was
found to be 11.9%, 8.4%, and 4% at E, = 662, 1333, and
7249 keV in the single spectra of the goCo, 137Cs sources
and the ?’Al(p, y)?!Si reaction, respectively. Furthermore,
the efficiency of the BGO sum spectrum was simulated with a
GEANT4 code [43]. The simulation was validated by measure-
ments of two standard y -ray sources, where the efficiencies of
the sum peaks of the '*’Cs and °Co sources were determined
to be 57(1)% and 31(1)%, respectively.

III. RESULTS
A. Analysis method

The data was analyzed by a y-summing method [44,45].
The advantages of the y-summing method are the relatively
high efficiency and the nearly 4w geometry. The former
enables the measurement of extremely low cross-section re-
actions possible, while the latter could minimize the angular
distribution and angular correlation effects [46]. In the y-
summing method, the characteristic sum peak of the targeted
reaction can be usually identified easily in the sum spectrum
and then used to determine the reaction yield by

Nsum
Y = , ey

6sum

where Ny, is the counts of the sum peak and €y, is the
efficiency of the sum peak (i.e., the summing efficiency).
Different from that of the single y ray, the summing efficiency
of the cascade y transition depends not only on the detector
geometry and experiment setup but also on the decay scheme
of the transition, especially for that with high multiplicity.
Therefore, an accurate decay scheme of the resonance is nec-
essary for the precise determination of the summing efficiency
as well as the yield of the resonance.

In this work, we extracted the decay scheme from the single
spectrum obtained by the BGO detector array. To suppress the
background raised by environmental radioactivity and (p, y)
reactions of contaminants in the target, the single spectrum
was produced by setting an energy window on the sum peak
in the sum spectrum with a width of 800 keV. A Bayesian
method based on the Bayesian Analysis Toolkit [47] was
utilized to extract the decay scheme of the resonance from the
single spectrum.

The Bayesian method takes the counts of each primary
y-ray branch in the >Mg(p, y)2°Al reaction as a posterior
probability, which is a binned likelihood that assumes the
fluctuations in each bin are Poisson-like and independent of
each other. Then, the posterior probability is compared with
the prior distribution, i.e., both the single and sum spectrum
obtained from the experiment, and the possible values for
parameters within a model are given.
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FIG. 2. y-ray spectra of the 304-keV resonance (in blue circles).
(a) Sum spectrum; (b) single spectrum. The red lines represent fitting
results.

Figure 2(a) shows the sum spectrum of the 304-keV res-
onance, and Fig. 2(b) shows the single spectrum by putting
a 6200-7000 keV gate on the sum peak. The primary y-ray
branching ratios for the 304-keV resonance were extracted by
fitting the sum and single spectrum via the Bayesian method,
as shown in Fig. 2. The present results are compared with
those obtained with HPGe detectors in Table I. The transitions
with low branching ratios cannot be reproduced, and several
transitions to near excited states cannot be well distinguished.
This is mainly due to the limitations of the energy resolution
of the BGO detector and the high multiplicity of the cascade
transition. However, the present methods is able to derive
the dominant branching ratios, and the fitting result can well
reproduce the sum and single spectrum, as shown in Fig. 2,
meanwhile, since the background contribution is more than
three orders of magnitude smaller than that of the 304-keV
resonance, the uncertainty of subtracting the background is
negligible.

In the case of measuring narrow resonances with a thick
target, the resonance strength wy can be determined by mea-
suring the maximum yield Yiax [48],

MM4m 1
Ymax = wy, (2)
2 M Eeff

where A and . represent the de Broglie wavelength and the
effective stopping power of proton in the target, M and m are
the atomic masses of Mg and proton, respectively. Since
the 304-keV resonance was studied precisely in the previ-
ous work [27], the recommended resonance strength wy3ps =
31.0 £ 1.0 meV can be used as a reference to calculate the
lower energy resonances. In the present relative measurement,
the strengths of the 189, 130, and 92 keV resonances were
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TABLE L. Primary y-ray branching ratios (in %) for the 304-keV
resonance of the *Mg(p, y) *°Al reaction.

E, Present work Ref. [27] Ref. [26]
5916 0.07 £ 0.02 0.09 £ 0.02
5726 0.09 £+ 0.02 0.10 £+ 0.01
5457 0.15 £+ 0.06
5396 0.24 £ 0.03 0.22 £ 0.02
4940 0.12 + 0.07 0.08 + 0.01
4622 1.7 £ 0.2 0.27 £ 0.11 0.28 + 0.07
4599 0.11 £ 0.03 0.12 £ 0.01
4548 1.26 £+ 0.08 1.30 £ 0.07
4349 0.03 + 0.01
4206 29 £ 03 0.18 £ 0.04 0.25 £ 0.02
4192 16.7 £ 1.7 189 £ 0.3 19.1 £ 0.3
3963 0.18 £+ 0.03 0.17 £ 0.01
3751 25 +£03 0.90 £ 0.05 0.92 £ 0.02
3681 1.02 £ 0.05 1.09 + 0.03
3675 0.92 £+ 0.13 0.86 £+ 0.13
3596 50 £ 05 4.31 £ 0.20 4.29 £ 0.07
3160 11.1 £ 1.1 11.3 £ 0.05 114 + 0.2
3074 0.13 £ 0.05 0.11 £ 0.04
2913 20 £02 3.07 £ 0.14 3.04 £ 0.05
2661 1.06 £ 0.06 1.00 £ 0.02
2545 39+ 04 1.45 £ 0.03 1.46 £ 0.03
2365 0.37 £+ 0.05 0.47 £ 0.02
2069 59 £ 0.6 6.3 £ 0.1 6.0 =+ 0.1
1759 155 £ 1.5 15.8 £ 0.3 16.1 = 0.3
417 33.0 £ 33 31.7 £ 04 31.8 £ 0.5
0 0.058 £ 0.004
obtained by the following expression:
A2(304)  A/n Ny eerr
= wyso4,  (3)

A2 Asu/nzos N e (304)

where A, n, and N are the sum peak count, sum peak effi-
ciency, and proton numbers in the corresponding resonance
measurement, respectively. In the present analysis, the sum
spectra of GEANT4 simulations were fitted to the experimental
spectra by normalized scale, the sum peak counts A were
obtained from the scale factor and the total event number
generated in the GEANT4 simulation, and the efficiency n was
determined by the full decay scheme. Considering the main
components of the target, the effective stopping power of Mg
targets gefp is given by

o
Eeff = EMe + —— €0, 4
off = EMg NMgO @

where No and Ny, are the number densities of oxygen and
magnesium in the targets, respectively. The effective stopping
power & is affected by the stoichiometry of >>Mg target, and
the ratios eqfr/€.r(304) were calculated with an O abundance
of 22% [27]. To investigate the effect of the O/Mg ratios
change during the strong proton beam bombardment, the
effective stopping power ratio /e (304) was calculated
over a large range of O/Mg ratios, revealing a maximum
etf /€t (304) variation of 1.2%.
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FIG. 3. Yield curve measured for the 189-keV resonance.

B. The 189-keV resonance

Figure 3 shows the yield curve measured for the 189-keV
resonance over a proton energy E, range between 204 and
220 keV, with a proton beam intensity of about 1 mA. The
stoichiometry change was found to be 11% by scanning the
304-keV resonance before and after the measurement. At the
top of the plateau, the spectrum at the £, = 216.3 keV run was
used to obtain the resonance strength and branching ratios.

The sum spectrum with a total charge of 3.6 C is
shown in Fig. 4(a), while the single spectrum obtained by
putting a 6000—6800 keV gate on the sum peak is shown
in Fig. 4(b). The beam-induced background mainly consists
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FIG. 4. y-ray spectra of the 189-keV resonance (in blue circles).
(a) Sum spectrum, where the shadowed area represents the back-
ground; (b) single spectrum. The line represents the fitting result
using the Bayesian method, while the shadowed area represents the
background.
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TABLE II. Primary y-ray branching ratios for the 189-keV reso-
nance of the Mg(p, y)2°Al reaction.

E, Present Ref. [28] Ref. [23] Ref. [20]
5583 8 +2

5726 49 4+ 0.7 3.0 £ 1.0 7+2

4705 482 + 4.9 48.7 + 2.0 35+ 4 50 £ 2
3403 24 £ 04 1.5 £ 05 45 £+ 09
3074 59 £ 1.1 14 £ 05 <4

2545 55+ 1.1 7.7 £ 1.0 12 + 4 58 £ 1.2
2365 183 + 2.1 219 £ 2.0 26 + 4 19 £ 1
417 85+ 0.9 102 £ 1.0 12 + 4 21 +£ 3
0 6.3 £ 0.7 5.6 £ 1.1

of the ""B(p,¥)"*C. “N(p.y)" 0, and "®0(p,y)°F re-
actions with the Q values of 15.96, 7.30, and 7.99 MeV,
respectively. The contribution of these reactions to the sum
peak of the >’Mg(p, y)?°Al reaction was evaluated by a
GEANT4 simulation normalized to the high-energy portion
(E, > 7 MeV), which is less than 6%.

The strength of the 189-keV resonance is determined to
be wy1z9 = (9.3 +£0.7)x 1077 eV, with a sum peak efficiency
of 25%. The quoted uncertainty includes the sum peak statisti-
cal uncertainty (3%, including the deduction of background),
the GEANT4 simulation (3%), the choice of fitting range (1%),
the relative stopping power (1.5%), the normalization to wy304
(3.2%), as well as the stoichiometry change of Mg target
(5%). Our strength value for this resonance agrees well with
that of (9.0 & 0.8)x 1077 eV determined in the previous un-
derground work [28], while it is 26% higher than the value
(7.4 4+ 1.2)x 1077 eV of Ref. [23], although consistent within
the uncertainty.

By using the fitting procedure described in Sec. III A, the
primary y-ray branching ratios of the 189-keV resonance
were obtained and are compared to the previous values in
Table II. The present ratios are generally consistent with
the previous ones. Furthermore, a complete decay scheme is
constructed with known branching ratios of secondary transi-
tions taken from [49], which leads to the ground-state feeding
factors of fj%° = (76 & 4)%. The uncertainty consists of the
statistical uncertainty (1%) and the range choice of the gate
(5%). Our ground-state feeding factor for this resonance is in
good agreement with the LUNA value of 75 £ 2% [28], but
different to the 66% reported in Refs. [24,50].

C. The 130-keV resonance

The 130-keV resonance measurement was performed by
bombarding the 2>Mg isotope targets with a proton energy of
E, = 148.3 keV and considering the 12 keV energy loss in the
Cr layer. The background was obtained by using the natural
magnesium target under the same beam conditions. Figure 5
shows the summing y-ray spectrum obtained with an accu-
mulated proton exposure of 110 C, in which the brown shaded
area represents the charge-normalized background. The major
background was found to be the '8Q(p, y) '°F reaction.

Within the sum peak of the 130-keV resonance, the
significant background from the 151-keV resonance in the

3000

—e— Experiment Data

2500 777/ Background
A 130 keV resonance

[
(=
(=3
(=]

—_
(=
(=3
(=]

Counts per 500 keV
2

FIG. 5. The blue filled circles show the summing y-ray spec-
trum of the 130-keV resonance. The brown shaded area represents
the background measured with natural Mg targets, and the pink
shaded area shows the Bayesian fitted contribution of the 130-keV
resonance.

30(p, ) '°F reaction prevented us from obtaining an ef-
fective single spectrum. Consequently, the primary y-ray
branching ratios of the 130-keV resonance obtained in
Ref. [20] were adopted to reconstruct the sum spectrum
with 40% efficiency in a large region of interest range from
5 to 7 MeV. The sum spectrum, together with the beam-
induced background, is then set as the prior probability in
Bayesian analysis to calculate the posterior distribution, i.e.,
the strength of the 130-keV resonance. The best-fitted con-
tribution of the 130-keV resonance based on the total and
background spectra are shown in Fig. 5, and the posterior
distribution of wy;3¢ is shown in Fig. 6.

Using the global mode result of the Bayesian posterior dis-
tribution, and considering the presence of 10% **Mg isotope
in the natural Mg target, the strength of the 130-keV reso-
nance was determined to be wy3 = (1.8 £ 1.3)x 10710 eV
for the first time. Our result agrees with the previous LUNA
upper limit of wy3p < 2.5x1071% eV [28], and wy30 <

0.008
—— BAT result

2 [ 95.5% interval
z 0.006 | [ 69.3% interval
)
o
&
= 0.004 |
5]
=
L
& 0.002F
=

0.000 . y :

0 1 2 3 4 5 6 7

@Yy30 (10"%V)

FIG. 6. Posterior probability density function for the 130-keV
resonance strength.
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FIG. 7. y-ray spectra of the 92-keV resonance (in blue circles).
(a) Sum spectrum after background subtraction; (b) single spectrum.
The line represents the GEANT4 simulation using the primary y-
ray branching ratios extracted from the single spectrum with the
Bayesian method.

1.4x107'° eV from the NACRE compilation [29], within the
uncertainty. The present result constrains the reaction rate
based on more solid experimental ground.

D. The 92-keV resonance

For the 92-keV resonance, the measurement took about six
days in an accumulated charge of 1040 C. The proton beam
energy was selected as 117.3 keV by considering the 13 keV
energy loss in the Cr layer. Figure 7 shows the y -ray spectra of
the 92-keV resonance after background subtraction [36]. We
reanalyzed the experimental data using the Bayesian method
and compared the obtained primary y-ray branching ratios to
our previous result [36] in Table III. It can be seen that the two
results are in good agreement except for the small difference
in the transition to the ground state. Based on the present
result, the ground-state feeding factor f092 is determined to

TABLE III. Primary y-ray branching ratios for the 92-keV reso-
nance of the Mg(p, y) 2°Al reaction.

E, Present Previous [36] Ref. [31] Ref. [30] Ref. [17]
5142 7+ 2 7+£2 1.12 £ 0.39 0.69 + 0.12 9 £ 3
3403 <1 4+ 2
3160 53 £ 2 55+£2 543 +£1.1 355+£17 7638
2069 31 £ 2 28 +£2 154 £ 04 512 £ 23 <2
1851 5+2
1759 7 £ 2 8 £3 29.1 £ 1.2 127 £ 0.7
0 2+ 1 <1 4+ 2

TABLE IV. Parameters used in the present 2Mg(p, ) 2°Al re-
action rate calculations.

Eg (keV)* wy (eV) Jo Jes
372401 45+ 1.8)x1072°  0.79 £0.05

577401  (29+0.5)x1073¢  0.81£0.05

923402  (3.7£03)x1071%  0.644+0.044 1.2540.08
130.1£0.1 (1.8£1.3)x1071%  0.73+£0.01° 1.1440.04
189.6 £0.1  (93£0.7)x1077¢  0.76+£0.02¢  1.08 £+ 0.02
3041401  (3.1+£0.1)x1072  0.86+£0.01' 1.04+0.01
37414+0.1  (6.6+£0.6)x1072¢  0.67+0.01¢ 1.03£0.01

Calculated with the level energies and S, value taken from Ref. [49].
"From Ref. [53].

‘From Ref. [54].

4From the present work.

¢From Ref. [20].

fFrom Ref. [27].

¢From Ref. [55].

be 0.64 £ 0.04, agreeing well with our previous value of
0.66 £ 0.04 [36]. The sources of uncertainty are listed as
follows: (1) statistical error (3%), (2) the region choice of
gate window (3%), (3) the transitions to other states in °Al
which are not involved in the present primary y -ray branching
ratios (4%). The present f(;)z is consistent with the reported
values of 0.76 & 0.10 [31], 0.6;8:5 [28], and 0.80 + 0.15 [17]
within the uncertainties, and roughly agrees with the value of
0.52 +0.06 [51] within 20 uncertainty. However, our result
has an improved precision by factors of 1.5-4.0.

The strength of the 92-keV resonance was derived to be
wyo = (3.7+0.3)x107'% eV. This result is slightly higher
than our previous value (3.6 +0.3)x 10710 eV [36] due to
a lower sum peak efficiency of 25%. The uncertainty comes
from: (1) statistical error including the subtraction of beam-
induced background (4%), (2) the region choice of sum peak
(3%), (3) the sum peak efficiencies 1304/192 (3%), (4) the ratio
of effective stopping power &.¢(92)/e.¢(304) (0.7%), (5) the
uncertainty of the 304-keV resonance strength (3%), (6) the
stoichiometry change of the targets (5%). Our strength value
for this resonance is consistent with the previous LUNA direct
measurement value of (2.9 + 0.6)x 10710 eV [28], but with
a factor of 2 improved precision. It is 2.2 times greater than
the value of 1.16x107!° eV derived from the transfer-reaction
experiment [24].

E. Reaction rate

For the narrow and isolated resonances, the reaction cross
section can be expressed by the Breit-Wigner approximation,
accordingly, the astrophysical reaction rates can be calculated
by [48]

2 \? i :
NA<ov>=ZNA(M—T> e BN floyifes, (5

where N4 and k represent the Avogadro’s and Boltzmann’s
constants, p is the reduced mass, T is the stellar temper-
ature, E% is the resonant energy of the ith resonance in
center-of-mass system, and f} is the ground-state feeding
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FIG. 8. The proportion of each major resonance in the total
BMg(p, y) Al rate. The corresponding +1 o error bands are
shown.

factor. Furthermore, the electron screening effect enhance-
ment factors fs are calculated as exp(wnU,/E ée)’ where 1 and
U, are the Sommerfeld parameter and the screening potential
with a value of 1.14 keV [52], respectively. To calculate the
BMg(p, y) 2 Al reaction rates, we used our updated wy and
fo values for the 92, 130, and 189 keV resonances, together
with the parameters from the previous work listed in Table I'V.
The resonance parameters not mentioned in the table are taken
from Ref. [50].

Our total reaction rate and those for the ground state and
the isomeric state, calculated via the Monte Carlo method
are listed in Table V, while the contributions of individual
resonances are shown in Fig. 8. For the temperature range
0.05 < Ty < 0.3, the reaction rate is dominated by the 92,
189, and 304 keV resonances whose strengths are precisely
determined in the present and our previous work [27]. Here,
we confirm that the contribution of the 130-keV resonance is
indeed negligible.

Figure 9 shows the present JUNA total reaction rate com-
pared with the results of LUNA [53], Iliadis et al. [50], and
NACRE [29]. The JUNA reaction rate is 39%, 92%, and 93%
higher than those reported by LUNA [53], Iliadis et al. [50],
and NACRE [29] at 0.09 GK, respectively. The difference
of JUNA and LUNA is mainly due to the 32% enhancement
of the 92-keV resonance strength. Since the present strength
values for the dominant 92, 189, and 304 keV resonances are
quite similar to our previous report [36], the present rates
and the associated uncertainties are almost identical to the
previous ones (please see Ref. [36] for more discussions).

IV. ASTROPHYSICAL IMPLICATION

Our updated *Mg(p, ¥)?°Al reaction rate is maximally
enhanced at around 0.09 GK, which can be reached at the
base of the convective envelope for low-metallicity massive
AGB star. To assess the impact of the present new reaction
rate on the 2°Al yield, a one-dimensional open-source stellar
evolution code MESA (Modules for Experiments in Stellar
Astrophysics [56-60], version r15140) is used to evolve a

TABLE V. Present reaction rates of Mg(p, y)2°Al expressed
in the 10” scale (in units of cm® mol~! s~!). The ground-state contri-
bution is calculated by Eq. (5), while the isomeric-state contribution
is also calculated by Eq. (5) but replacing f, with (1 — fp).

T Total Ground state  Isomeric state n
0.010 1.34 £ 0.52 1.06 + 0.42 0.28 £+ 0.13 -32
0.011  7.19 £ 230 571 + 1.84 1.48 + 0.57 =31

0.012 340 £ 0.64 2.73 £ 0.52
0013 153 £024 124 £ 0.21
0.014 496 £ 0.83 4.01 £ 0.71
0.015 1.06 £ 0.18 0.86 £+ 0.16
0.016  1.55 £0.27 1.26 £ 0.23
0.018 1.36 &£ 0.23  1.10 &£ 0.20
0.020 477 £ 0.82 3.87 £ 0.71
0.025 276 £ 048 224 £ 041
0.03 1.83 £ 031 148 £ 0.27
0.04 329 £ 054 264 £ 047
0.05 8.64 £ 1.13 6.67 £ 097
0.06 1.06 £ 0.10  0.77 £ 0.08

0.67 + 0.18 -29
0.29 £+ 0.08 —27
0.94 £ 0.29 —26
0.20 £+ 0.06 —24
0.29 £+ 0.09 -23
0.26 £+ 0.08 —21
091 £ 0.29 -20
0.52 £ 0.17 —17
0.35 £ 0.11 —15
0.65 + 0.19 —13
1.98 £ 0.40 —-12
0.29 £+ 0.04 —10

0.07 792 £ 070 549 £ 055 243 £ 034 —10
0.08 389 £036 264 £ 028 1.25 £ 0.18 -9
0.09 1.38 £ 0.13  0.93 £ 0.10 0.45 £+ 0.07 -8
0.10 385 £ 036 258 £ 028 1.27 £+ 0.19 -8
0.11 932 £ 083 630 £ 0.64 3.02 £ 043 -8
0.12 219 £0.17 152 £0.13 0.66 = 0.09 =7
0.13 581 £ 031 432+ 024 1.49 £+ 0.15 =7
0.14 1.88 £ 0.07  1.50 £+ 0.06 0.38 £+ 0.03 —6
0.15 6.72 £ 024 5.62 £ 0.21 1.10 £ 0.07 —6
0.16 233 £0.09 199 £ 0.08 0.34 + 0.02 -5
0.18 2.08 £ 0.08 1.80 £ 0.08 0.28 £+ 0.02 —4
0.20 124 £ 0.05 1.08 £ 0.05 0.16 = 0.01 -3
0.25 3.16 £ 0.13 273 £ 0.11 0.43 £+ 0.03 -2
0.30 272 £0.10 234 £ 0.09 0.39 £+ 0.03 -1
0.35 128 £ 0.05 1.09 £ 0.04 0.19 £ 0.01 0
0.40 4.10 £ 0.15 345 £+ 0.13 0.64 + 0.04 0
0.45 1.03 £ 0.04 0.86 &+ 0.03 0.17 £+ 0.01 1
0.50 2.15 £ 008 1.78 £ 0.07 0.37 £ 0.02 1
0.60 6.72 £ 025 545 £ 0.21 1.26 £+ 0.07 1
0.70 1.55 £ 0.06  1.23 £ 0.05 0.32 £+ 0.02 2
0.80 294 £0.12 230 £ 0.09 0.64 £+ 0.04 2
0.90 4.89 £ 021 3.76 £ 0.16 1.13 £+ 0.07 2
1.00 741 £ 033 561 £ 024 1.80 + 0.11 2
1.25 1.60 £ 0.08  1.17 £ 0.05 0.43 £+ 0.03 3
1.50 273 £0.13 196 £ 0.09 0.77 £+ 0.05 3
1.75 4.07 £ 0.19 2.87 £ 0.13 1.20 + 0.07 3
2.00 557 £025 387 £ 0.17 1.69 + 0.09 3

5 Mg star with low metallicity of Z = 0.001 from the zero-age
main sequence to the end of the AGB phase, defined as the
time when the mass of the convective envelope has decreased
to 0.01 Mg. The mass loss by winds on the RGB is modeled
by using the Reimers approximation [61], and the Blocker law
[62] is used on the AGB.

While AGB stars of high mass and low metallicity are not
a potential significant source of the currently observed 2°Al in
the galaxy (in fact, the typical current metallicity range in the
galaxy is about twice higher and lower than solar), we have
chosen a M = 5Mg, Z = 0.001 star as an example here to
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FIG. 9. Comparison between the present total >Mg(p, y)°Al
reaction rate and those of LUNA [53] (green line), Iliadis ez al. [50]
(blue line), and NACRE [29] (grey line). The shaded bands represent
the corresponding 1o uncertainties.

show the effect of our new rate because such a star is hotter
than its counterpart at solar metallicity therefore this effect can
be shown more clearly. Nevertheless, such stars are interesting
because they are possible polluters of globular clusters [8]
and they may have produced stardust grains that are found
in meteorites [7].

The network contains neutron and the following 42 iso-
topes: '2H, 3*He, ®7Li, *Be, *B, '213¢, 1315\, 15180,
1-19p 202N 213Ny 24-26)\[g 25277 27-30g;, 3'P 3g,
3Ar, 40Ca, together with the ground and isomeric states of
26 Al. The communications between the ground and isomeric
states of 2° Al are taken into account, but the calculations show
that it does not influence the evolution of 2°Al due to the low
temperature concerned in the present model. Other isotopes
and reactions, which are not included in the calculation, only
produce negligible energy and do not affect the stellar struc-
ture [63]. Nuclear reaction rates are from NACRE [29], except
for the "“N(p, ¥) 170 reaction rate, we have updated to the
most recent Frentz et al. [64] rate.

Figure 10 shows the evolution of the convective regions for
the 5 My AGB star model calculation, focusing on the bottom
of the convective envelope. Helium(He)-intershell is located
between the yellow solid line and red dotted line, which is
surrounded by a large hydrogen rich convective envelope. The
teardrop-shaped pockets are periodic thermal pulses caused by
instabilities in the thin He-burning shell, drive pulse convec-
tive zones, which mix ashes from the He-burning shell into
the He-intershell. The convective envelope later goes inward
and carries He-burning shell material to the surface of the star,
which is called the third dredge-up (TDU) [65].

Figure 11 shows the temperature at the base of the con-
vective envelope (Tpcg) and the effective temperature on the
stellar surface (7i) during the AGB phase. The temperature
at the base of the convective envelope can reach as high as
0.09 GK, which is high enough to activate the CNO cycle,
and even the NeNa and MgAl cycles, known as the hot bottom
burning (HBB) mechanism [66]. The expansion of the stellar
layers above the carbon core lowers Tpcg and extinguishes the

0.942

0.940¢ e

Se=:

0938 ——-—'—'—.§:=.~===g,.""’. 1

Me)

Mass

0.936

...................
g
P

12000 13000
Model number

0.934LC
11000

14000 15000

FIG. 10. Evolution of the convective regions on the bottom of
the convective envelope for the 5 Mg, star of metallicity Z = 0.001.
The x axis is evolution model number, which is a proxy for time.
The green dashed areas correspond to convection. The yellow solid
line indicates the hydrogen-depleted core, or helium core, where the
hydrogen mass fraction is below 0.01 and the “He mass fraction is
above 0.1. The red dotted line indicates the same as the yellow solid
line but with helium and carbon. The black dash dotted lines are the
borders of the region where the temperature is between 0.07 GK and
0.09 GK. The teardrop-shaped pockets correspond to the flash-driven
convective region.

HBB process when Tpcg reduces to the minimum requirement
of 0.04 GK [67]. The HBB and TDU processes occur sepa-
rately in time from each other.

By the HBB and TDU processes, the AGB star carries the
products of internal H-burning materials and He-burning shell
materials to the surface of stars. These materials are ejected
by the strong wind and enrich the interstellar medium from
which the next generation of stars are formed, and contribute
to the chemical evolution of galaxies [68]. Variation in ele-
mental abundance depends especially on mixing, as well as

—Tce {4400
14200
34000
13800

13600

13400

13200

5 3700

10

90.38 90.40

Age (Myrs)

90.36 90.42

FIG. 11. The temperatures at the base of the convective envelope
Tgce (in blue line) and on the stellar surface i (in red line) during
the AGB phase. The 14th TP is zoomed in the inset.
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FIG. 12. The *Al2 yields (on the left y axis) and the stellar
mass (on the right y axis) as a function of the star age on its AGB
phase. The red dash-dotted line, blue dotted line, green solid line,
and black dotted line represent the 2°Al¢ yields obtained by using
the present, LUNA [53], Iliadis et al. [50], and NACRE [29] rates
for the 2Mg(p, y) 2% Al reaction, respectively. The orange solid line
represents the evolution of the star mass. The vertical dashed line
indicates the end of the evolution where the mass of the convective
envelope is less than 0.01 Mg,.

the adopted mass-loss rates and reaction rates. In the present
calculations, only the reaction rates of 25Mg(p, y)26A1 are
changed. Therefore, variations of the surface abundances
in our models are caused only by the difference in the
BMg(p, y) %Al reaction rates.

Neutrons provided by the *’Ne(a,n)*Mg reaction in
the thermal pulses trigger the 2°Al2 destruction via the
BAl(n, p)*®Mg and 2°Al(n, «)?*Ne reactions [69], and
hence 2°Al2 is mainly produced at the base of the convective
envelope by HBB process. The consumed Mg is replen-
ished by the fresh Mg from the large H-shell convective
envelope, and hence the 2Mg(p, y)2°Al reaction does not
significantly affect the Mg abundance. Therefore, the 2°Al2
yields should be proportional to the 2Mg(p, y)?°Al reaction
rates, as found by Izzard ef al. [11] in AGB stars with mass
between 4 My and 6 My and with metallicities between
Z = 0.0001 and 0.02.

Figure 12 shows the predicted yields of 26 Al by using four
different >Mg(p, y) *°Al reaction rates. The yields of 2°Al2
increase with the evolution of the star, its radioactive decay
can be ignored within such a short time scale. The results
indicate that the present *Mg(p, ) *°Al rate increases the
26 A1® yields at the end of the evolution by about 45%, 71%,
79% compared to those using the LUNA, Iliadis et al. [50] and
NACRE rates, respectively. It can be seen from Fig. 11 that the
star spends most of the time at 7Tgcg between 0.07-0.09 GK
during the AGB phase. The present 2Mg(p, ) 2°Al reaction
rate is enhanced about 32%, 65%, and 70% at 0.07 GK, 39%,
92%, and 93% at 0.09 GK compared to LUNA, Iliadis et al.
[50], and NACRE rates, respectively. Therefore, the enhance-
ment of the present 26 Al® yields is roughly proportional to the
BMg(p, ¥) Al reaction rates in the temperature region of

0.07-0.09 GK as predicted before [11]. Nuclear reaction rates
are from NACRE [29], except for the 14N(p, ¥) 150 reaction
rate, we have updated to the most recent Frentz et al. [64]
rate. Changing all the other reactions rates from NACRE to the
JINA [70] did not have any significant impact on our results.

In addition, our calculations show that the 5 Mg star
of metallicity Z = 0.001 has O-rich surface (O > C), the
condition for formation of the oxide and silicate grains. Com-
pared to the LUNA rate, our updated rate shows almost no
change for >*Mg, 2°Mg, and ?’Al yields, hence the change of
26 A1/%7 Al ratio equals to the change of 2°Al which increases
about 45%. This may help to explain the high 26 Al/% Al ratios
of stardust grains [7]. As for the Al/Mg ratio, which is the
observable in globular clusters [8], its changes are negligible
in our model calculations.

V. SUMMARY

We have measured the E.,, =92, 130, and 189 keV
resonances in the 2Mg(p, y)?6Al reaction at CJPL. Their
resonance strengths were determined relative to that of the
well-known 304-keV resonance by a thick-target method. The
primary y-ray branching ratios of the 92, 189, and 304 keV
resonances were extracted from the single spectrum. These
ratios agree with the previous results. In addition, the ground-
state feeding factors for the 92 and 189 keV resonances have
been deduced, also consistent with the previous ones. Based
on the JUNA data, a most precise 2Mg(p, y)*°Al rate has
been determined so far. The present rate is enhanced by 32%
to 93% in the temperature region of 0.07-0.09 GK compared
with the previous works.

The astrophysical impact of the new rates on the 2°Al yield
has been investigated with the MESA code. The calculation
focus on a 5 Mg AGB star with a low metallicity Z = 0.001,
which experiences a HBB process at the base of the convective
envelope to activate the MgAl cycle. It shows that the present
BMg(p, y) %Al rates increase about (45-79)% of 2°Al yield
compared to the previous rates, and the variation in the *°Al2
yield is roughly proportional to the 2Mg(p, ) 2°Al reaction
rate. A reduced effect of the rate on the yield of 2°Al® is
expected for the lower mass and higher metallicity AGB stars,
which have relatively lower Tpcg than the model considered
here. More comprehensive studies are needed to fully evaluate
the impact of this 2Mg(p, y) >°Al new rate in AGB stars, and
in the stardust grains that are found in meteorites. Further-
more, the uncertainty of one of the main destruction channels
of 26Al#, the 2°Al(p, ) ?’Si reaction at temperatures around
0.06-0.1 GK [15] is still rather large. Direct measurements of
this destruction reaction are strongly desired in both above-
ground and underground laboratories.
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