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Abstract. Underground Nuclear Astrophysics Experiment in China (JUNA)
has been commissioned by taking the advantage of the ultra-low background in
Jinping underground lab. High current mA level 400 KV accelerator with an
ECR source and BGO detectors were commissioned. JUNA studies directly a
number of nuclear reactions important to hydrostatic stellar evolution at their
relevant stellar energies. In the first quarter of 2021, JUNA performed the di-
rect measurements of > Mg(p,y)? Al, F(p,a)'*0, *C(a,n)'®0 and '2C(a,y)'*0
near the Gamow window. The experimental results reflect the potential of JUNA
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with higher statistics, precision and sensitivity of the data. The preliminary re-
sults of JUNA experiment and future plan are given.

1 Underground physics

Direct measurement of the cross sections for the key nuclear reactions crucial to hydro-
static stellar evolution within the Gamow window is important for obtaining benchmark
data for stellar calculation, verifying extrapolation method, constraining theoretical calcu-
lations, explaining the abundance observations and solving key scientific questions in nuclear
astrophysics|[1].

The direct measurement of astrophysical reaction rates on stable nuclei that require high-
intensity beams and extremely low background represents a major challenge at the frontiers of
nuclear astrophysics due to the cosmic ray background and extremely low cross section, thus
the combination of underground laboratory and high exposure accelerator/detector complex is
the only solution. The first underground based low-energy accelerator facility, LUNA [2, 3] at
Gran Sasso underground laboratory has successfully demonstrated the feasibility of meeting
these challenges. Encouraged by the LUNA success, underground nuclear astrophysics has
become one of the frontiers in the field of nuclear astrophysics. Relevant research programs
are proposed in the long range plan in China, US and Europe, with high priorities, such as
LUNA and CASPER.

China Jinping Underground Laboratory (CJPL) was established on the site of a hydro-
power plants in the Jinping mountain, Sichuan, China[4, 5]. The facility is located near the
middle of a traffic tunnel. The facility is shielded by 2400 m of mainly marble overburden,
with radioactively quiet rock. Its ultra-low cosmic ray background, which is about 2 orders
of magnitude lower than that in Gran Sasso, makes it into an ideal environment for low
background experiments. CJPL phase I (CJPL-I) is now housing CDEX [6] and PandaX dark
matter experiments.

CJPL phase II[7] (CJPL-II) is the expansion followed by the success of CJPL-I, it cur-
rently available for temporary usage in year 2020-2021. It has much larger scale under-
ground experiments space (300,000 m® volume), planned to house CDEX-II, PandaX-II, and
JUNAJ[S8]. The layout of JUNA in CJPL-II is shown in figure 1. The complete commissioning
of CJPL-II is scheduled in March 2023, when all the three experiments can be restarted in a
well equipped condition. In December of 2020, the JUNA collaboration installed the acceler-
ator in CJPL before the long-period construction. Four reactions had been studied in the first
quarter of 2021. Some preliminary results are presented in the following section.

The JUNA project was initiated in the year of 2015. The first ion source beam of 12 mA
proton was delivered in 2016, and the first accelerated 260 keV 3 mA proton beam was deliv-
ered in 2017. All the beams reached their design goal in ground lab in 2020, with the intensity
of 12 mA and 2.5 emA for proton and alpha beams in 350 ke V. In the mean time, HPGe and
BGO as well as neutron detectors and high power targets are all ready. With those ready parts
we performed a couple test and calibrating experiment for the 4 reactions mentioned above.
The test experiments results the energy and efficiency calibration, understand active back-
ground and deduce the high energy data for *Mg(p,y)*®*Al and "F(p,a,)'®0 reactions. The
first underground JUNA beam in CJPL-II A1l hall was delivered in Dec. 2020, with proton
beam of 2 mA and 300 keV from then one JUNA is ready for underground experiments.
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Figure 1. The layout of JUNA in CJPL-II

2 Nuclear astrophysics reactions measured
2.1 "2C(a,y)'°0 reaction

The '2C(a,y)'®0 reaction is quoted as the holy grail reaction in nuclear astrophysics. The
uncertainty of this reaction affects not only the nucleosynthesis of elements up to iron, but
also the evolution of the massive stars and their final fate (black hole, neutron star). The cross
section of this reaction needs to be determined with an uncertainty of less than 10% at helium
burning temperatures (Ty=0.2), corresponding to the Gamow window around E,,, =300 ke V.
It is extremely difficult to determine the reaction cross section (about 107 barn) at such low
energy. A direct measurement near the Gamow window is performed in JUNA with high
intensity “He>* ion beam to provide better constraints for extrapolating models.

We developed the target with the condition of isotope pure '*C implantation to reduce
the disturbance of '3C with the ratio of less than 10~>. The BGO and LaBr detector array
placed around the target can significantly increase the detection efficiency (absolute efficiency
30% at E, = 8 MeV for BGO with fired number selected) of y-rays, with the flexibility of
anti-coincidence to decrease the beam induced background. We used *He** beam with an
intensity near 1 emA to achieve the most sensitive upper limit of 10~"3 barn at E,,, = 538
keV with potential signal higher than background. The data analysis is still in progress with
expert evaluation to pin down the complicated background for either deducing upper limit or
significant data points of this reaction near Gamow window, since the accelerator and target
induced background is higher than we expected. In the near future we plan to measure this
reaction with higher intensity beam, higher purity target and higher vacuum, planned in the
coming second stage JUNA run from 2023.

2.2 13C(a, n)'*0

The *C(a,n)'%0 reaction is the main neutron source for the slow-neutron-capture (s-) and
inter-mediate (i-) processes in AGB stars. Direct measurements at astrophysical energies
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in above-ground laboratories are hindered by the extremely small cross sections and vast
cosmic-ray induced background. We performed a direct measurement at JUNA in CJPL us-
ing the most intense « beam available among the underground laboratories. The systematic
uncertainties of target thickness and deterioration were eliminated using the thick target tech-
nique. Our measurement extended from the lowest energy ever measured E, ,, = 0.24 MeV
up to 0.59 MeV, covering almost the entire i-process Gamow window with the highest pre-
cision. We also performed a consistent R-matrix analysis, which provides a reliable reaction
rate for s-process nucleosynthesis with an improved uncertainty[9], see figure 2b.
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Figure 2. The experiment setup and data analysis

a) y-ray spectra of the '"F+p experiments measured by a 47 BGO array at a proton energy of Ep=130keV.

b) The S factor of the '*C(a,n)'®O reaction (a) without and (b) with normalization factors.

¢) Comparison of recent values of the resonance strength and ground state feeding factor of the 92 keV resonance.
d) Schematic diagram of detector setup.

2.3 *Mg(p, »)°Al

The »Mg(p.y)*°Al reaction plays an important role in the study of cosmic 1.809 MeV y-
ray as a signature of ongoing nucleosynthesis in the Galaxy. At astrophysical temperature
around 0.1 GK, the »’Mg(p,y)*°Al reaction rates are dominated by the 92 keV resonance
capture process. We report a precise measurement of the 92 keV »*Mg(p,y)*°Al resonance
in the dayone experiment at JUNA facility in CJPL. The resonance strength and ground state
feeding factor are determined to be (3.8 + 0.3) x 107" eV and 0.66 + 0.04, see figure 2c,
respectively[10]. The results are in agreement with those reported in the previous direct
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underground measurement within uncertainty, but with significantly reduced uncertainties.
Consequently, we recommend new >>Mg(p.y)*°Al reaction rates which are by a factor of
2.4 larger than those adopted in REACLIB database at the temperature around 0.1 GK. The
new results indicate higher production rates of 2% Al and the cosmic 1.809 MeV y-rays. The
implication of the new rates for the understanding of other astrophysical situations is very
significant.

The thick-target yields of the 92 and 189 keV resonances of Mg(p, y)*°*Al were mea-
sured with 2 pmA proton beams and 47 BGO y-ray detector. The event rate of the *>Mg(p,
¥)*Al reaction at E ., = 92 keV is about 200 events per day. The background counting rate
is measured to be less than 5 events per day. Thus we accumulated around 1200 reaction
events in two weeks, and the statistic uncertainty is about 3% with total exposure of 1225 C.

The resonance strength of 58 keV level is estimated by using the shell model calculation
and the in-direct measurement by 2*Mg(’Li,®He)* Al one nucleon transfer reaction[11]. The
results show that the 58 keV resonance dominate the > Mg(p, ¥)*0 Al reaction rate at T < 0.06
GK][11]. Thanks for our indirect deduction of 58 keV, and our ground based experimental
results for 304 keV, based on our underground data for 92 and 189 keV resonances, we are
able to build up most precise reaction rate for all temperatures, together with that of LUNA
data, the results will be published elsewhere.

2.4 "“F(p,a)'%0 reaction

Fluorine is one of the most interesting elements in nuclear astrophysics, where the
F(p,ay)'°0 reaction is of crucial importance for Galactic '°F abundances and CNO cycle
loss in first generation Population III stars. As a dayone campaign at the JUNA, we finished
direct measurements of the essential " F(p,e,)!°0 reaction channel. The y-ray yields were
measured over E,. ,, =72.4-344 keV, see figure 2a [12], covering the Gamow window; our en-
ergy of 72.4 keV is unprecedentedly low, reported here for the first time. The experiment was
performed under the extremely low cosmic-ray induced background environment of CJPL,
one of the deepest underground laboratories in the world. The present low-energy S factors
deviate significantly from previous theoretical predictions, and the uncertainties are signifi-
cantly reduced. The thermonuclear '“F(p,a,)'°O reaction rate has been determined directly
at the relevant astrophysical energies.

Table 1. Basic parameters of four reactions studied

intensity Econ efficiency CTS BKD

reaction beam cross section

(emA) (keV) % (/day) (/day)
2Ca, y)'*0  *He’* 1 538 10~ barn 60 - 1.2
BC(a, )0 *He'+* 2 230-600 1072 barn 26 97+24 113+5
25 2 1gpl+ _ (3.8+0.3)
Mg(p, y)™"Al H 2 E:=92  0-0ay 38 200 10
“F(p, a,)'°0 g+ 0.5-1.0  72-344  107'? barn 60 105 85
3 Summary

The parameters of four reactions are summarized in table 1. In summary, a new under-
ground nuclear astrophysics experiment JUNA planned for the expanded space CJIPL-II was
performed. With a more powerful accelerator and a deeper location, JUNA has joined the
research among underground nuclear astrophysics laboratories. The accelerator system and
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detector array was installed by the end of 2020, the experiments started in the beginning 2021
and the first four experimental data accumulated in the first quarter of 2021. The astrophysi-
cal implications base on those data is going on, with the published result hopefully available
in the middle and end of 2021.

In the coming years before the re-opening in 2023, we will put more efforts to enhance
beam intensity, target purity, as well as improving detectors. Future upgrading is planned
(JUNA-II), by considering to build a MV level Van de Graaff for '>C and '°O beam in inverse
kinematics and window-less targets as well as recoil spectrometers. We welcome the re-
searchers world wide to join JUNA to perform more experiments by using the most favorable
underground condition in Jinping.
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