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The '®0(a,7)**Ne reaction is critical for AGB star nucleosynthesis due to its connection to the

abundances of several key isotopes, such as 2'Ne and 2?Ne. However, the ambiguous resonance energy and
spin-parity of the dominant 470 keV resonance leads to substantial uncertainty in the '%0(a, y)?’Ne reaction
rate for the temperature of interest. We have measured the resonance energies and strengths of the low-
energy resonances in '80(a, y)?*Ne at the Jinping Underground Nuclear Astrophysics experimental facility
(JUNA) with improved precision. The key 470 keV resonance energy has been measured to be
E,=474.0 4+ 1.1 keV, with such high precision achieved for the first time. The spin-parity of this
resonance state is determined to be 17, removing discrepancies in the resonance strengths in earlier studies.
The results significantly improve the precision of the '#0(a, y)**Ne reaction rates by up to about 10 times
compared with the previous data at typical AGB temperatures of 0.1-0.3 GK. We demonstrate that such

improvement leads to precise 2!Ne abundance predictions, with an impact on probing the origin of

meteoritic stardust SiC grains from AGB stars.

DOI: 10.1103/PhysRevLett.130.092701

Asymptotic giant branch (AGB) stars represent the final
phases of the evolution of stars with initial mass roughly
1 to 8 M, during which H and He burning occur alternately
[1]. The production of free neutrons during He burning
leads to the slow neutron capture process (s-process)
producing approximately half of the abundances of the
nuclei between Fe and Bi [2]. In AGB stars of relatively
low mass, between roughly 1.5 and 4 My, '*C(a, n)'0 is
the main neutron source. The neutron flux from
22Ne(a, n)*Mg affects only the abundances of the isotopes
of the intermediate mass elements from Si to Ni, and of the
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isotopes heavier than iron affected by branching points on
the s-process path. In more massive AGB stars, instead, the
He-shell temperatures are higher and the ?’Ne(a, n)*Mg
reaction is more efficiently activated, also contributing to
the bulk production of the elements heavier than iron [3-5].
The latter neutron source is also activated during core He
burning in massive supergiant stars, such as Betelgeuse.
There, neutron captures drive the production of the ele-
ments from Fe to Sr [6]. Both in AGB and supergiant stars,
the 2?Ne neutron source isotope is produced via the reaction
chain "N(a,y)"®F(pv)'80(a, y)**Ne. The '*O(a,y)**Ne
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reaction, therefore, represents the crucial link that allows
the conversion of N into *Ne and the subsequent pro-
duction of neutrons. As a result, the '*O(a,y)?*Ne re-
action rate is a key parameter to accurately and precisely
determine the 2’Ne abundance and the subsequent
22Ne(a, n)>*Mg neutron production rate.

During He burning, there are also other nucleosynthetic
channels, which are marginal relative to the main a-capture
chain described above, but crucial for the production of
specific isotopes in the He-rich shell (hereafter “intershell””)
of AGB stars. These channels can be more or less acti-
vated starting on '30 also depending on the relative ratio of
their rates and that of '"O(a,y)*Ne. In particular, the
130(a, n)*'Ne reaction affects the final abundance of 'Ne
(e.g., [7]). The isotope is especially interesting because
there are observational constraints for it. >'Ne data are
provided from the analysis of noble gases in meteoritic
stardust SiC grains that originated in AGB stars.

However, at the typical temperature range 0.1-0.3 GK of
helium burning in AGB stars, the '80(a, y)**Ne reaction
rates suffer from large uncertainties, which mainly come
from the ambiguous resonance energy and strength of the
470 keV resonance. Up to now, only two experiments have
measured the resonance energy using transfer reactions,
470 4+ 18 keV via '80(Li, d)*Ne [8] and 495 + 12 keV
via 2Ne(z, p)?*Ne [9]. Since the resonance energy is on the
exponential term in the calculation, even small variations in
the energy can bring significant uncertainty to the reaction
rates. For example, the reaction rate will increase ~240% at
0.1 GK by changing the resonance energy from 495 to
470 keV. Therefore, it is crucial to clarify the current
disagreement on the resonance energy via a new experi-
ment with high precision.

There was a significant inconsistency in the resonance
strengths. Based on the spectroscopic factor presented in
Ref. [8], Képpeler et al [10] deduced an inconclu-
sive resonance strength to be wys70 = 0.55 peV(0™) or
0.23 peV(17) suffering from the ambiguous spin parity
[8]. In 2003, Dababneh et al. [11] measured the
80(a, y)**Ne reaction via the y-y coincidence method,
obtaining an wy ;0 = 0.48 £ 0.16 peV by assuming a 50%
branching ratio for the y transition via the 1274 keV state in
22Ne. Very recently, Dombos et al. [12] reported the first
direct underground measurement of this reaction in
CASPAR underground facility and gave a new resonance
strength wy479 = 0.26 £ 0.05 peV. It can be seen that the
good determinations of the spin-parity and y-ray branching
ratios of the 470 keV resonance state are also essential to
obtain reliable '30(a, y)?*Ne reaction rates.

In this Letter, we present the results of a direct meas-
urement of the '®0(a,y)**Ne reaction at the Jinping
Underground Nuclear Astrophysics experimental facility
(JUNA) [13]. The critical 470 keV resonance energy is
precisely determined for the first time by direct measure-
ment. Furthermore, we derive primary y-ray branching

ratios and then determine the spin-parity of the 470 keV
resonance state, which resolves the resonance strength
discrepancy. Based on our new data on the resonances,
we report the most precise reaction rates at the temperature
range of helium burning.

The measurement was performed at the 400 kV accel-
erator of JUNA in the China Jinping Underground
Laboratory (CJPL) [14]. In this work, the y rays emitted
from '80(a,7)**Ne were detected by a nearly 47 BGO
detector array composed of eight identical segments with
an energy resolution of 12% @662 keV. An experimental
setup similar to previous works [15,16] is adopted. The
180-enriched (98% abundance) gas is used to produce the
Ti'80, (x is the atom ratio of oxygen to titanium) targets by
filter cathodic vacuum arc (FCVA) technology [17]. By
measuring the yield curve of the 151 keV resonance in
80(p.7)'F, the atom ratio of oxygen to titanium of the
target is determined to be 1.76 £ 0.09. The degradation of
the target is measured to be 6% after 94 Coulomb “He**
irradiation by monitoring the maximum yield of the
660 keV resonance.

The “He?>" beam is accelerated with energy from 470 to
787 keV to scan the yield curves of the low energy
130(a, y)**Ne resonances. The typical “He?* beam intensity
is approximately 500 epA. To calibrate the energy of the
accelerator and the stoichiometry of the target, a proton
beam with energy from 147 to 369 keV is applied to scan
the yield curves of the 151 and 334 keV resonances in
30(p, 7)"°F. The energy of the accelerator is calibrated by
the 151 and 334 keV resonances in '®0(p,y)!°F and the
660, 750, and 770 keV resonances in '0(a, y)**Ne. In the
calibration, the benchmarks are E,;, = 151.3 £0.3 [18]
and 334.1 +1.3 keV [19,20] for the resonances in
BO(p,y)"F and are Ep, =661.7+1.0, 7502+ 1.0,
and 767.7 4= 1.0 keV for the resonances in '30(a, y)**Ne,
which are the weighted averages of the results reported in
previous direct measurements [21,22]. Figure 1 shows the
thick target yield curve of the 470 keV '#0(a,y)**Ne
resonance, in which the yields are calculated by the counts
of the sum peak (9550-10550 keV) in the sum spectrum
representing the sum of the energies of all eight BGO
segments. The 50% point of the front edge of the fitting
curve [23], Ep, =474.0% 1.1 keV, is adopted as the
resonance energy and indicated in Fig. 1. The uncertainty
comes from (i) energy calibration of the accelerator
(0.6 keV); (ii) the energy loss of the beam in the deposited
carbon on the target’s surface estimated with the yield of
2C(p,y)"®N (0.8 keV). The energy loss of the beam is
1.6 keV at 474 keV, and then half of this energy loss is
adopted as uncertainty considering the roughness of the
deposited carbon layer; (iii) the yield curve’s fitting
(0.4 keV). This result produces an excitation energy of
E,. =10054.6 + 0.9 keV to the 470 keV resonance state
combing with a Q value of 9666.82 4+ 0.02 keV [24],
which is the most precise value and the first result
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FIG. 1. Thick target yield curve of the 470 keV resonance in

180(a, 7)*>Ne. The solid red line is the fitting curve, the red
shadow represents the uncertainty of the fitting curve, and the
dashed red line marks the position of resonance energy. All yields
are normalized to the maximum yield of the fitting curve.

determined by direct measurement. Compared with the
values adopted in previous works [11,12,25,26], the pre-
cision of the 470 keV resonance energy is improved by
more than an order of magnitude, which greatly reduces the
uncertainty in the '80(a, y)**Ne reaction rate.

The y spectra obtained for the 470 keV resonance are
shown in Fig. 2: Figure 2(a) shows the sum spectrum.
Figure 2(b) shows the single spectrum, which is obtained
by superimposing the spectra of eight BGO segments by
putting a 9550-10 550 keV gate on the sum peak shown in
Fig. 2(a). The corresponding spectra measured below the
resonance are adopted as the background and subtracted.

The primary y-ray branching ratios of the 470 keV
resonance are extracted by fitting the sum and single
spectra obtained using the Bayesian Analysis Toolkit
(BAT) [27], in which the fractional contribution to the
spectra of each primary y-transition and the subsequent
transitions are produced by Monte Carlo simulation with
the Geant4 toolkit [28]. The peak around 8900 keV in the
sum spectrum cannot be reproduced if only the contribution
of '80(a, y)**Ne is considered. The excess is found to be
caused by the E,, = 401 keV Li(a,7)''B resonance [29]
when the “He?>* beam bombard on the "Li contaminant in
the Ta substrate by analyzing the yield curve of this peak,
which is supported by the Li profile obtained by the
secondary ion mass spectroscopy (SIMS) analysis of the
target after the beam irradiation [30]. Moreover, the 'Li
content in the Ta substrate is estimated to be 0.5 x 107 by
the maximum yield of the Ep, = 401 keV "Li(a,y)!'B
resonance, which is consistent with the 1.2 x 10~ of a pure
Ta target deduced by measuring the yield of "Li(p, y)®Be at
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FIG. 2. (a) Sum spectra of the 470 keV resonance after

subtracting the background. (b) Single spectra produced by
putting a 9550-10550 keV gate on the sum peak shown in
(a). The different color areas represent the fractional contribution.

E, = 390 keV. According to the energy resolution of the
detector, the contribution from 8900 keV peak to the sum
peak of '%0(a, 7)**Ne can be neglected. The fitting results
show four contributions from the R — 0, 1274, 5146,
6900 keV transitions. The corresponding primary y-ray
branching ratios are (17 +4)%, (55 + 10)%, (13 £ 4)%,
and (15 4 5)%, respectively. The direct transition to the
ground states (0") in 2>Ne rule out the 0* possibility of the
resonance state. Therefore, a 1~ spin-parity has been firmly
assigned to the 10 054.6 keV state, in combination with the
previous study [8].

The resonance strength is calculated by the relative
method used in Ref. [15] as

_ )'QR (R) Eeff N(R) Asum/nsum
/1126 Eeff (R) N Asum(R)/nsum (R)

wy(R), (1)

in which 1y and e are the de Broglie wavelength and the
effective stopping power of the beam in the target at the
particular resonance energy evaluated in the laboratory
frame, respectively. N is the beam particle number. A,
and 5, are the count and detection efficiency of the sum
peak, respectively. R represents the reference resonance.
The 151 keV resonance in '30(p,y)'F is adopted as the
reference due to its large yield. The weighted average
wy151 = 0.98 £ 0.03 meV of previous results [18,22,31—
34] is adopted. The resonance strengths of the five low-
energy resonances in '80(a,y)*Ne are determined and
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TABLE L Resonance energies and resonance strengths obtained in this Letter for the '%0(a, 7)**Ne reaction and compared with those

of previous works.

E, (keV) wy (pev)
JUNA Ref. [21] Ref. [22] Ref. [12] JUNA Ref. [21] Ref. [22] Ref. [10] Ref. [11] Ref. [12]
4740 £ 1.1° 472 +18° 0.25 4+ 0.03 0.55(07) 0.23(17) 0.48 £0.16 0.26 +0.05
573 £9° 569 + 15° 0.62 +0.10 0.71 £0.17 0.63 +0.30

6617+ 1.0° 656+4 662.1+ 1.0
7502 +£1.0° 755+4 7499+ 1.0

7677+ 1.0° 769+4 767.6+ 1.0 1093 £ 99

202+£17 290£50 230425
500+44 39070 560 =+ 60

229+19 225412
490 +£40 553 +34
1200 £ 120 1306 £ 77

!Obtained in this work.

Calculated the resonance energies using the excitation energy in Table 3 of Ref. [8].

“Dombos et al. [12] recommends a resonance energy of Ep, = 569 + 15 keV, which slightly deviates from the value of Ej,, =
573 £ 9 keV adopted by [25]. As this resonance energy is not determined in the present work, we adopt the value from Iliadis et al. [25].

Weighted average of the results reported in previous direct measurements [21,22].

listed in Table I. The main sources of uncertainty are (i) the
uncertainty of the effective stopping power ratio
€cri/€cir(151) caused by the O to Ti ratio inhomogeneity
of the target; (ii) statistical errors associated with counts of
the sum peak and beam particle; (iii) the uncertainty in the
reference resonance strength; and (iv) the uncertainty in the
sum peak efficiency ratio caused by branching ratios fitting.

The present result of wys;0 = 0.25 £ 0.03 peV shows
good agreement with the @y4790 = 0.26+£0.05 peV
obtained in the most recent underground direct measure-
ment [12], as well as the wy479 = 0.23 peV [10] predicted
for the 1~ spin-parity assignment. Based on the primary
y-ray branching ratios obtained here, the branching ratio of
the 1274 keV y ray is deduced to be 83%, which modifies
the results of Ref. [11] to wys;90 = 0.29 4+ 0.10 peV. Thus,
all 470 keV resonance strength results now show agreement
by using the primary y-ray branching ratios obtained in
this work. The other resonance strengths obtained also
show good agreement with those reported in previous
works [11,12].

Table 11 lists the '30(a, 7)?*Ne reaction rates calculated
using the RatesMC code [35] with the parameters listed in
Table 1. Figure 3 shows a comparison of the present
reaction rates (JUNA) with those reported by Angulo et al.
[26] (NACRE) and lliadis et al. [36] (Iliadis10). The JUNA
reaction rate is much lower than the NACRE rate, mostly
due to the new 470 keV resonance strength, and close to the
liadis10’s rate because the discrepancies in the resonance
strength and energy cancel each other. Thanks to our new
data for the 470 keV resonance, the precision of the
80(a, y)?*Ne reaction rates in the 0.1-0.3 GK range are
significantly improved by up to about 10 times com-
pared with the previous data [26,36]. For example, at
T = 0.2 GK, the uncertainty of the JUNA rate is '|; %,
much lower than the previous }72% [26] and *]3% [36].

We analyzed the astrophysical impact of the new
180(a, y)**Ne reaction rates in the context of He burning
in AGB stars by calculating the abundances of 2'Ne in the
intershell of AGB stellar models from Ref. [37] of two

masses (2 and 3 M) and solar metallicity 0.014 [38]. It is
possible to precisely measure the >'Ne/?’Ne ratio in the
meteoritic stardust SiC grains via mass spectrometry [39],
see Fig. 4, where a selection of the data is presented. Note
that the model predictions should not be compared to the
actual data, but to the bottom-left end of the regression lines
through the data. In fact, the grain data do not represent
completely pure He-shell composition because we can-

not exclude a small amount of mixing with envelope

material (of “Normal”

solar, composition). Therefore,

TABLE 1I. The total reaction rates of '80(a,y)?Ne in
units of cm® mol~!s7!.

Ty Low rate Median rate High rate

0.07 2.64 x 10726 3.16 x 1075 1.41 x 1072
0.08 8.68 x 107 9.67 x 107 432 x 10723
0.09 5.87 x 10723 1.79 x 10722 6.69 x 10722
0.1 5.68 x 102! 7.22 x 1072! 1.13 x 10720
0.11 2.70 x 10~1° 3.16 x 1071 3.71 x 1071
0.12 7.00 x 10~'8 8.10 x 10718 9.36 x 107'8
0.13 1.11 x 10716 1.28 x 10716 1.47 x 10716
0.14 1.18 x 10713 1.36 x 10713 1.56 x 1071
0.15 9.16 x 10713 1.05 x 10714 1.20 x 1014
0.16 548 x 10714 6.26 x 10714 7.16 x 10714
0.18 1.09 x 10712 1.24 x 10712 1.41 x 10712
0.2 1.24 x 101! 1.39 x 107! 1.57 x 10!
0.25 1.33 x 107%° 1.44 x 1079 1.56 x 1079
0.3 4.50 x 10708 478 x 10708 5.08 x 10708
0.35 6.77 x 10797 7.16 x 10~97 7.58 x 10°Y7
0.4 5.56 x 10790 5.86 x 10706 6.20 x 10700
0.45 2.92 x 1070 3.07 x 1079 3.25 x 1079
0.5 1.10 x 107 1.16 x 107 1.23 x 107%
0.6 8.08 x 107%™ 8.51 x 107 8.97 x 107
0.7 3.30 x 10703 3.47 x 1079 3.66 x 10793
0.8 9.32 x 10703 9.83 x 10703 1.04 x 10702
0.9 2.07 x 1072 2.18 x 1072 2.30 x 10702
1 3.91 x 10702 4.12 x 10702 4.34 x 10702
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FIG. 4. Ne isotopic ratios predicted in the intershell of different
AGB models (filled symbols) using the JUNA '30(a,y)?*Ne
reaction rates and those observed in meteoritic stardust SiC grains
of different sizes Lewis et al. [39] (open symbols), in which error
bars only represent the contribution from the 'O(a,y)*Ne
reaction rates. The symbol legend is at the bottom-right side
of the plot. (See Fig. 8 of Lewis et al. [39] and Fig. 2 of Karakas
et al. [7] from similar figures). The three regression lines are fits
to the KJB, KJC, and KJD samples representing the mixing
between material of normal composition (= solar, located at the
top-right outside the plot boundaries) and of AGB He-shell
composition (located at the bottom left). When comparing the
observed and predicted AGB He-shell composition with find an
agreement of the models with the smallest size samples. The top-
left inset shows the 2'Ne/?’Ne ratios calculated with different
130(a, y)?*Ne reaction rates.

the regression lines represent such mixed composition, and
the models represent the pure He-shell component. As the
error bars on the data points are typically less than 1%, the
regression lines are determined very precisely [39].
Therefore, even tiny variations in the predictions are
significant. The JUNA precise reaction rate significantly
decreases the uncertainty from the '*0(a, y)*’Ne reaction
on the predicted >'Ne/?’Ne ratio: from ~30% using the
Iliadis10’s rate, down to ~8%, as shown in the inset in
Fig. 4. This improvement increases the effectiveness of
using the ?'Ne/?’Ne ratio to constraint the mass of the
parent AGB stars of SiC grains of different sizes—other
uncertainties, such as those from other reaction rates and
input stellar model parameters, still need to be investigated.

In summary, we have measured the resonance ener-
gies and strengths of the low-energy resonances in
30(a, y)*Ne using a BGO array detector at the JUNA
facility. We have precisely determined the resonance
energy of the key 470 keV resonance to be E,, = 474.0 +
1.1 keV for the first time via direct measurement. We also
determined the primary y branching ratios of the 470 keV
resonance. The observed direct R — 0 transition establish
a 17 spin-parity assignment to the 10054.6 keV state in
22Ne, removing discrepancies in the resonance strengths
claimed in earlier studies. Based on our experimental
results, the precision of the '®0(a,7)?*Ne reaction rates
in the 0.1-0.3 GK range are significantly improved by up to
about 10 times compared with the previous data. The new
reaction rates have allowed us to provide more accurate and
precise predictions of the >'Ne abundances in the intershell
of AGB stars. The comparison of the predicted >'Ne/?’Ne
ratio and that measured in stardust SiC grains provides a
stricter constraint on the masses of the AGB parent stars of
the grains, improving the possibility of probing the origin
of the stardust SiC grains of different sizes.
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