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Abstract Underground Nuclear Astrophysics Experiment in China (JUNA) takes the advantage of the ultra-
low background in Jinping underground lab. High current mA level 400 KV accelerator with an ECR source,
BGO and neutron detectors were commissioned. JUNA studies directly a number of nuclear reactions important
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to hydrostatic stellar evolution at their relevant stellar energies. In the first quarter of 2021, JUNA performed
the direct measurements of 25Mg(p, y)26Al, 19F(p, a)'°0, BC(a, n)'°0 and *C(a, y)16O near the Gamow
window. The experimental results reflect the potential of JUNA with higher statistics, precision and sensitivity
of the data. The preliminary results of JUNA experiment and future plan are given.

1 Underground Physics

Direct measurement of the cross sections for the key nuclear reactions crucial to hydrostatic stellar evolution
within the Gamow window is important for obtaining benchmark data for stellar calculation, verifying extrap-
olation method, constraining theoretical calculations, 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 JUNA, LUNA and CASPER.
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Fig. 1 The layout of JUNA in CJPL-II

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 (6720 m.w.e.), with radioactively quiet rock. Its ultra-low
cosmic ray background 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 currently available for
temporary usage in year 2020-2021. It has much larger scale underground experiments space (300,000 m?
volume), planned to house CDEX-II, PandaX-II, and JUNA [8]. The layout of JUNA in CJPL-II is shown in
Fig. 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
accelerator in CJPL-II 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.

2 Nuclear Astrophysics Reactions Measured
2.1 2C(a, )10

The '>C(a, )"0 reaction is quoted as the holy grail reaction in nuclear astrophysics [9]. 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 (T9 = 0.2), corresponding to the Gamow
window around E. ,,. = 300 keV. It is extremely difficult to determine the reaction cross section (about 10~17
barn) at such low energy [10,19]. A direct measurement near the Gamow window is planned in JUNA with
high intensity “He?* ion beam to provide better constraints for extrapolating models [11].

We established the experimental conditions, including: (1) optimizing the beam transmission on the basis
of the beam-optics calculation and collimator, adjusting the setup of shields to suppress the background coming
from the beam and rock decay, (2) confirming the origin of '3C and improving the depositing condition of
isotope pure 12c implantation target to reduce the disturbance of 13C (with the ratio of less than 1077), (3)
suppressing the neutron-induced background with the fired number of BGO array. The BGO and LaBr detector
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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 improvement above, an accurate
total cross section can be obtained with the flexibility of cross 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~!2 barn
at E.,,. = 538 keV. At the moment, we only deduced upper limit of this reaction near Gamow window, since
the accelerator and target induced background [23] is higher than we expected. Further effects need to be done,
for higher intensity beam, higher purity target and higher vacuum, planned for the coming second stage JUNA
run.

2.2 BC(a, n)'0

The 3C(a, n)'°0 reaction is the key neutron source reaction for the stellar s-and i-process nucleosynthesis [20].
Due to the existence of sub-threshold resonances, there is a rather large uncertainty (> 40%) in this important
reaction rate which limits our understanding of the nucleosynthesis of heavy elements. We are planning for
the first time at energies close to E. ;,,. ~ 200 keV, within its relevant stellar energy range [12].

A neutron detector array with two different configurations has been developed to detect the neutrons from
the 3C(«, n)'®0 reaction in the range of 2.3-2.6 MeV. The first configuration of the array consists of 24 3He
proportional counters and a large plastic scintillator. The scintillator has a cylindrical shape with a length of
0.4 m and a diameter of 0.4 m. The 24 3He counters are distributed in the two circles with radii of 0.1 and
0.15 m, respectively. The alpha background can be effectively suppressed by using the coincidence of plastic
scintillator and the *He counters. The second configuration of the array is similar to the first one except that
the plastic scintillator is replaced with a plastic moderator shielded by borated polyethylene.

The second configuration of the array was used in the measurement in the underground lab. After under-
ground experiment, the detector was shipped to Tandem accelerator laboratory in Sichuan University where
its efficiency was calibrated with the >'V(p, n)>!Cr reaction.

The 3C(a, n)'°0 reaction was studied in the range of E. ;. = 240-600 keV using the 4He!" and “He?*
beams from the JUNA accelerator. The beam intensities varied from 0.1 to 2 pmA. The total beam time was
14 days. The problem of target deterioration was solved by replacing the conventional thin targets with 2-mm
thick 13C targets. Well above background neutron events were detected. The final result will be available in
the near future.

2.3 PMg(p, y)*°Al Reaction

The Mg(p, y)*® Al reaction is the main way to produce ° Al in the galaxy and its cross sections are dominated
by the capture process of the isolated resonances in 2°Al. The temperature range of astrophysical interest is
T = 0.02-2 GK, so the levels between 50 and 310 keV are more important in the study of galactic 2°Al. Many
experiments have been performed to study the 2>Mg( p, y)?° Al reaction since 1970 [13, 14], but the experiment
on the surface of earth ground can only reach the 189 keV energy level due to the small cross section and
large background effects of the cosmic rays. In 2012, LUNA successfully measured the resonance strength at
92 keV with the help of high shielding conditions underground [15,16].

However, the uncertainty of 2>Mg(p, )?°Al cross section of 92 keV resonant capture is still needed for
more direct measurement. Benefiting from the ultra low background and the high beam intensity, we measured
the above resonance strength [ 17] with the newly commissioned 4w BGO y detectors array, as shown in Fig. 2,
with energy resolution of 11% @ —20 degree cooling.

At the moment, we measured the resonance width of 92 and 189 keV with higher precision, which provide
a cross check for LUNA results.

The thick-target yields of the 92 and 189 keV resonances of 2 Mg(p, y)*°Al were measured with 2 pmA
proton beams and 47 BGO y -ray detector. The event rate of the 25Mg( D, y)26A1 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 coulomb proton beam.

The resonance strength of 58 keV level is estimated by using the shell model calculation and the in-direct
measurement by >Mg(’Li, °He)?° Al one nucleon transfer reaction [17]. The results show that the 58 keV
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Fig. 2 The BGO and neutron detector arrays for JUNA

resonance dominate the 2 Mg(p, ¥)?0 Al reaction rate at T < 0.06 GK [17]. 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 is published [25].

2.4 19F(p, a)160 Reaction

The "F(p, «)'®0 reaction is considered to be an important reaction in the CNO cycles [21]. Currently, the
experimental cross sections of this reaction at Gamow energies are still incomplete, and the precision of its
thermonuclear reaction rate does not yet satisfy the model requirement. The proposed experiment is targeting
on the direct cross section measurement of the key '’F(p, )'°0 reaction right down to the Gamow energies
(E¢.m. = 70-350 keV) with a precision better than 10% [18].

A ground based "F(p, «)!0 test run was achieved with full detection of « and y events by using CaF,
target in Lanzhou 320 kV platform.

For the '°F(p, ay)160 channel, the energies of emitted y rays are about 6-7 MeV. With the 47 BGO array
as introduced above, absolute efficiency is about 60%, but with moderate resolution. Here, the HPGe array
will be utilized in E.. ;. > 140 keV energy region, while the BGO array will be used below this energy region.
With the excellent resolution of the HPGe detector for ground experiments, the possible contaminations were
resolved and identified clearly, which makes the BGO y-ray identification reliable at lower-energy region.

The ground based studies were mainly done on the 320 kV platform at IMP Lanzhou. In the period of
2015-2016, several tests for the proposed experiment were carried out, in order to check: (1) the stability of
the thin CaF, target against the high current, about several tens of A of proton; (2) the contaminants in the
forward angle; (3) the chemical compositions of the target. In the period of 2017-2020, many tests were done
on the JUNA accelerator which located aboveground at CIAE, to optimize the durable and strong implanted
fluorine targets. And finally, an optimum target scheme was selected: first, implanting fluorine ions into the
pure Fe backings with an implantation energy of 40 keV, and then sputtering a 50 nm thick Cr layer to further
prevent the fluorine material loss.

Up to now, the underground '°F run provide us two data, one is planned '*F(p, a},)léO, in which we extend
to a lowest energy point of E. ,,, = 72 keV, [24] the other is 19F( D, y)ZONe, in which we extended to a lowest
energy point of 188 keV and observed a new resonance at 225 keV. It is interesting to mention the later data
reveal that the reaction rate is about 4 times higher than previous evaluation, and such larger leakage from
CNO cycle may shed the light to explain the Ca abundance in the first generation Pop III stars, the simulation
of astrophysics implications is in progress.

The parameters of four reactions are summarized in Table 1.

We built a 2.45 GHz ECR source which is developed for the China ADS project (CIADS). This ion source
is achieved to deliver up to 10 emA proton, 6 emA “He™ and 2 emA *He?* (by a separate ion source) [22]. The
maximum beam energy out of the ion source is 50 keV/q with emittance less than 0.2 77-mm-mrad. The Low
Energy Beam Transport line (LEBT) is installed to minimize the space charge effect and improve the beam
transport efficiency. The beam is accelerated before being focused with two solenoids. To keep the LEBT as
short as possible, all the steering magnets are built inside the solenoids. Since “He>* beam is expected to be
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Table 1 Basic parameters of four reactions studied

Reaction Beam Intensity (emA) E.,. (keV) Target thickness Efficiency % Counts (/day) BKD (/day)
2C(a, y)!°0  “4He?t 1 538 10'® atoms/cm? 60 - 1.2

B3C(a, n)'°0 4He!t2+ 2 230-600 2 mm 26 97 + 24 113+£5
BMg(p, y)*°Al 'H!* 2 E, =92 60 pglem?® 38 200 10

YE(p, a,)'0  TH'YF 0.5-1.0 72-344 4 pglem? 60 24 1

mixed with a large fraction of the *He!™ beam. A 30 deg magnet will be added between the two solenoids to
filter out the intense “He'* to reduce the burden of the acceleration tube and to purify the beam.

3 Summary

In summary, a new underground nuclear astrophysics experiment JUNA planned for the expanded space CJPL-
IT was developed. With a more powerful accelerator and a deeper location, JUNA has the potential to join the
research among underground nuclear astrophysics laboratories. The accelerator system and 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 astrophysical 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
MYV level Van de Graaff for '>C and '®O beam in inverse kinematics and window-1less targets as well as recoil
spectrometers. We welcome the researchers world wide to join JUNA to perform more experiments by using
the most favorable underground condition in Jinping.
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