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Jinping Underground laboratory for Nuclear AstrophysiisN/A) will take the advantage of the ultra-low backgroundCdfL lab
and high current accelerator based on an ECR source and g bagtsitive detector to directly study for the first time anher

of crucial reactions occurring at their relevant stellagrgies during the evolution of hydrostatic stars. In itstfpisase, JUNA
aims at the direct measurements?a¥g(p,y)2°Al, °F(p)*f0, 2C(e,n)**0 and*?C(a,y)®0 reactions. The experimental setup,
which includes an accelerator system with high stabilityy Bigh intensity, a detector system, and a shielding mateith low
background, will be established during the above resediol.current progress of JUNA will be given.

direct measurement, underground laboratory,?>Mg(p,)?°Al, °F(p,@)*0, *C(e,n)**0 and *2C(a,y)*®0 reactions, Gamow
window, JUNA

PACS number(s): 26.20+f, 26.30:+k, 25.40.Lw

Citation: W. P. Liu, et al. (JUNA Collaboration), Progress of Jinpingdérground laboratory for Nuclear Astrophysics (JUNA), &hina-Phys. Mech. Astron.
59, 642001 (2016), doi: 10.10011433-016-5785-9

*Corresponding author (email: wpliu@ciae.ac.cn)

© Science China Press and Springer-Verlag Berlin Heidelberg 2016 phys.scichina.com link.springer.com



W. P. Liy, etal.  Sci. China-Phys. Mech. Astron. April (2016) Vol. 59 No. 4 642001-2

1 Physical background based on 320 keV platform, and accomplishing the first direct

measurement dfC(*2C,n3Mg at stellar energies.
Nuclear astrophysics is an interdisciplinary researct fleht

integrates nuclear physics and astrophysics. The ultimat
goal of nuclear astrophysics is to understand how nuclear pr

cesses generate the energy of stars over their lifetimes an€pe first phase of JUNA project aims at direct measurement
in doing so, synthesize heavier elements from the primbrdia ¢ (a,y) and @,n), reactions in hydrostatic helium burning
hydrogen and helium in the big bang which led to the ex- 54 (p;y) and (p.) reactions in hydrostatic hydrogen and he-
panding universe [1]. Remarkable progress in understandin|iym burning based on Jinping deep underground laboratory.
origin of elements and evolution of stars has been made Si”C€urrentIy, many key reaction rates stillfer large uncertain-
1930's. However, there are still many scientific questionsijeg arising from the ambiguity of extrapolation. By com-
which need to be solved [2]. Direct measurement of the CroS$)ining the unparalleled depth and the ultra-low background
sections for the key nuclear reactions crucial to hydr@stat gnvironment of Jinping with the high current driven by an
stellar evolution within Gamow window is important for ob- £cR source, we will establish a dedicated deep underground
taining benchmark data for stellar model, verifying extap  |ap for the research of nuclear astrophysics. In the firssgha
lation model, constraining theoretical calculations, anty- four key reactionst?C(a,y)*60, 13C(a,n)*e0, Mg(p,y)2eAl

ing key scientific questions in nuclear astrophysics [3]e Th 54 19 (p2)*%0, will be studied for the first time within or
direct measurement of astrophysical reaction rates otestab a5y the astrophysical relevant energy regions (Gamow win-
nuclei that require high-intensity beams and extremely |°Wdow). We expect to provide key inputs of nuclear physics for
background, represents the major challenge at the frentierngerstanding evolution of stars and origin of element and
of nuclear astrophysics. The largest challenge is the smaliy)ye some long standing problems in the field of nuclear as-

cross section amid with large natural background. With thetrophysics. In the following sections, the experimentaiysl
ultra-low background in deep underground environment, di-5re shown.

rect measurement of these key reactions in underground lab
becomes a frontier in the field of experimental nuclear astro
physics. The first underground based low-energy accelerato
facility, LUNA [4, 5] at Gran Sasso underground laboratory The '2C(a,y)*®0 reaction is quoted as the holy grail in nu-
has successfully demonstrated the feasibility of meetinge  clear astrophysics [1]. The uncertainty of this reactifiacts
challenges. Encouraged by the LUNA success, undergroundot only the nucleosynthesis of elements up to iron, but also
nuclear astrophysics has become one of the frontiers in théhe evolution of the massive stars and their final fates klac
field of nuclear astrophysics. Relevant research prograens a hole, neutron star). The cross section of this reactiondias t
proposed in the long range plan in China, US and EU, withknown within an uncertainty less than 10% at helium burning
high priorities. temperatureslIjy = 0.2), corresponding to a Gamow window
China JinPing underground Laboratory (CJPL) was estabaroundE., = 300 keV. It is extremely diicult to directly
lished from a constructing hydro-power plants in the Jigpin measure the reaction cross section (aboat”Barn) at this
mountain, Sichuan, China [6, 7]. The facility is locatedmea energy [11]. Current technology can only achieve'f®arn
the middle of tréfic tunnel. The facility is shielded by 2400 m cross section level whelB. ,, = 900 keV. A direct measure-
of mainly marble overburden, with radioactively quiet rock ment atE;,, = 600 keV near the Gamow window will be
Its ultra-low cosmic ray background, which is about 2 ordersdone in JUNA with high intensityHe?* beam of a 400 kV
of magnitude lower than that in Gran Sasso, makes it intohigh voltage platform to provide better constrain for egtra
an ideal environment for low background experiment. CJPLIating model$).
phase | (CJPL-I) is hosting CDEX [8] and PandaX [9] dark  The main content of this research contains: 1) the mea-
matter experiments. CJPL phase Il [10] (CIPL-II) is exp&cte surement of angular distribution with high purity Germaniu
to be available by the beginning of 2016 with much larger detectors (HPGe) ., =600 keV and the extrapolation to
scale underground experiments (200060aiume). Jinping  Gamow window via the R-matrix theory, 2) optimizing the
Underground laboratory for Nuclear Astrophysics (JUNA) experiment setup and the condition of environment (includ-
will be one of its major research programs in CJPL-II. ing the beam, the background shielding and the high-purity
CJPL provides a favorable condition to perform under- high power target) according to the results at 600 keV, mea-
ground nuclear astrophysics experiment. Currently, JUNAsuring the total cross section Bt , =600 keV with a BGO
has been funded by National natural Science Foundation ofletection array to derive the cross section data with paetis
China (NSFC), Chinese Academy of Sciences (CAS) andof 10%, 3) test measurementtat, =380 keV with BGO ar-
China National Nuclear (CNNC). JUNA team has long time ray.
experience of nuclear astrophysics, such as in-direct mea- For an angular distribution measuremeritat, =600 keV,
surements based on Tandem accelerator, direct measusememte plan to uséHe?t beam with an intensity of 2.5 emA and

% Scientific program

1 '2C(a,y)®0 reaction

1) W. P. Liu, et al. Thé2C(e,y)'80 reaction proporsal, 2014, unpublished, Htipaw.juna.ac.cn.
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an energy of 800 keVH, , =600 keV) to bombard a high- first time at energies down ®.m ~0.2 MeV, within its rele-
purity °C implantation target. Four or five HPGe detectors vant stellar energy rande
will be used to obtain the angular distributiomsafays emit- We are designing a fast neutron detector consisting of
ted by'?C(a,y)*°0 reaction. With this information, the R- 24 3He proportional counters and a liquid scintillator. The
matrix method will be applied to derive the contribution of schematic setup of the detector is shown in Figure 2. The
the E1 and E2 components and extrapolate the cross sectigtintillator has a cylindrical shape with a length of 0.4 nd an
down to Gamow window. Figure 1 shows the setup of foura diameter of 0.4 m. The 2He counters are distributed in
HPGe detectors and the high-purtfZ target. the two circles with radii of 0.1 m and 0.15 m, respectively.
For total cross section measuremerigt, =600 keV, with The energies of neutrons from thi€(a,n)*%0 reaction are
the results of angular distribution measurement at at soch ain the range of 2 to 3 MeV. The produced neutrons are firstly
energy, we will optimize the experimental conditions, sl slowed down by the liquid scintillator. After their thermal
ing: 1) optimizing the beam transmission, and the setup ofization, some neutrons entéile counters and are detected.
shields to suppress the background coming from the beamith the coincidence between the fast signal from fast neu-
2) confirming the origin of*C and improving the implan- tron slowing down inside the liquid scintillator and the de-
tation condition of'>C implantation target to minimize the layed signal from the thermalized neutrons captured by the
disturbance of3C. The BGO detection array placed around 3He counters, we carfectively suppress the backgrounds in
the target chamber can significantly increase the deteefion liquid scintillator ancHe detectors. The detectioffieiency
ficiency (absolute ficiency 75% aE, = 6 MeV) of y-rays.  after coincidence is estimated to be 20% for neutrons from
With the improvement above, an accurate total cross sectiotthe 13C(x,n)!0 reaction.
will be obtained. However, the coincidence cannot easily remove the corre-
For total cross section test measuremetiiat =380 keV, lated background. For example, in the decay chain/@huU
we will use*He?* beam with an intensity of 2.5 emA and an impurities in the stainless steel walls e counters, there
energy of 507 keV E; =380 keV) and the highfciency is a possibility that some product emgsparticle and then
BGO detection array. A direct measurement of the total crossy decay. If thea particle enters the liquid scintillator while
section of*2C(a,y)'?%0 in the energy region of near Gamow thep triggers the liquid scintillator, a correlated event widl b
window will be tested. recorded. To suppress this kind of background, we plan to
analyze the waveforms frofHe counters to select the neu-
tron events and rejeat events. As a tradel the dficiency
2.2 13C(a,n)'®0 reaction of the®He counters will be decreased by a factor of 2. There-
fore, the detectionficiency with coincidence between the
The *3C(e,n)*O reaction is the key neutron source reaction 3He counters and the liquid scintillator drops to 10%.
for the stellar s-process nucleosynthesis. Due to the exis-
tence of sub-threshold resonances, there is a rather large u
certainty (30%) in this important reaction rate which lisit 2.3 **Mg(p,y)*°Al reaction
our understanding to the nucleosynthesis of heavy elements . )
We will take the advantage of the ultra low background in The2*Mg(p, y)ZGAI.reactlon IS th_e main way FO produceAl
Jinping underground lab, the first underground high current” the galaxy and its cross section are dominated by the cap-

accelerator based on an ECR source and high sensitive neffire process of the isolated resonance$A. The tempera-

tron detector to study directly this important reaction tbe ture range of astrophysical interestd0.02-2 GK, so the

Detector 2
35°, d=5¢m

High 12
purity C Target

Figure 2 (Color online) Schematic drawing of low background highéyns
sitive fast neutron detector. 1. LNold trap; 2. Copper tube; 3. High power
Figure 1 (Color online) Schematic dC(a,y)*®0 detection setup. 13C target; 4. Liquid scintillator; 5°He detectors; 6. PMTs.

2) X. D. Tang, et al. Thé3C(a,n)*®0 reaction proposal, 2014, unpublished, Hgpvw.juna.ac.cn.
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levels between 50 keV and 310 keV are more important in2.4 1°F(p,a)®0 reaction
the study of galacti®®Al. Many experiments have been o _ _
performed to study th&Mg(p, y)2°Al reaction sine 1970 The®F(p,a)®0 reaction is considered to be an important re-

[12-23], but the experiment on the surface of the earth carfiction in the CNO cycles. Currently, the experimental cross
only reach to energies abo®&,, = 190 keV due to the sections of this reaction at Gamow energies are still incom-
small cross section and large background induced by the codlete, and the precision of its thermonuclear reaction rate
mic rays. In 2012, the laboratory of underground nuclear asd0€s not yet satisfy the model requirement. The proposed
trophysics (LUNA) in Italy successfully measured the reso-€xPeriment is targeting on direct cross section measuremen
nance strength at 92 keV/ with the help of aid of the ultra-low ©f the key*°F(p,a)*°0 reaction right down to the Gamow en-
background condition in the underground laboratory [23, 25 €dies (70-350 keV in the center-of-mass frame) with a pre-
However, resonance &. =58 keV is still inaccessible for  Cision better than 10%

direct measurement in the shielding conditions of LUNA ex- A lamp’-type Micron silicon array will be constructed for

periments. The underground laboratory of Jinping in Chinatn€ charged particle measurement, which can cover about 4
solid angle. This universal detection array will set theebas

covered by the marble rock of 2400 m. Benefiting from the ) bt )

ultra low background and the high beam intensity, we will be fOr Studying the charged-particle-induced reactions NAU

able to measure the resonance strengt¥dg(p, )2°Al at A conceptual design is shown in Figure 4. It can not only
measure the totalp(ep) cross section but also the angular

E.m =58 keV with a 4t BGO y detectors array, as showing ' ~“>="" X aish Hie o
in Figure 3. distribution. The experimental angular distribution isye
In order to optimize the experimental setup for the useful for revealing nuclear structure of the low-energst re

25Mg(p, y)%°Al reaction at JUNA, the strength of the reso- onance.s. In thi_g experimentz a thin target of aboug/bmz
nance aE¢m =58 keV has been estimated by using the shellcaE.W'” be utilized, Whlch is evaporated on a thin metal
model calculation. The results show that #iBlg(p, y)2°Al ba_lckmgs._ Thanks to the high value (about 8._11 Me\_/) for
reaction rate af < 0.06 GK is dominated by the contribution this reaction, the average energy for the emitieparticles

of the resonance & =58 keV [26]. The thick-targetyield S about 6.7 MeV. These relatively high-energy particles ca
of the 58 keV resonance 8fMg(p, y)2Al with the calcu- penetrate the backings and be detected easily at the forward
lated resonance strength is estimated under the condifons @ngle. The detectors at the forward angle do not face the
JUNA with 10 mA proton beams andBGO y-ray detector. Rutherford-scattered strong proton beam which is stopped i

The maximum yield is proportional to the resonance strengtHhe backings. However, those detectors at the backware angl
by should be shielded by a thin folil, e.g., a mylar foil, to sthe t

scattered protons. The target backing will be connected to a
Yinax(00) = ﬂ_rzwy M+m 1) cooling device to release the heat during thg experim_ent.
2 Me As for the'®F(p,a,)®0 channel, the energies of emitted

rays are about 6-7 MeV. In this project, twodetection ar-
where, ande are the de Broglie wavelength and stopping rays will be constructed: one is a HPGe array whose absolute
power at resonant energyl andm are the mass of the target detection #iciency is about 1% for thg rays of interest with
nucleus and projectile, respectively. According to thegal excellent energy resolution; another one is theB&GO array
lation with eq. (1), the #ect statistical counting rate of the as introduced above, whose absolute®ncy is about 75%,
25Mg(p, y)%®Al reaction atE. ,, = 58 keV is about 1.4 events
per day. The background counting rate is estimated to be less
than 0.2 events per day. Thus we can accumulate around 40
reaction events in one month, and the statistic uncertaiitity
be about 16%.

Si detector

Microstrip Si
detector array

Target holder p-

Figure 4  (Color online) Conceptual silicon detector array desigfed
Figure 3 (Color online) The 4« BGO y-ray detector designed for JUNA. measuring the charged particles.

3) J. J. He, et al. Th¥F(p,)1%0 reaction proposal, 2014, unpublished, Htgpnw.juna.ac.cn.
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Table 1 Basic parameters of four reactions planned

Reaction Beam Intensity (emA) c.m. energy (keV)  Crossesecti Target thickness fEciency (%) Event rate/day) Background ratg¢day)
2C(ay)160  4He* 2.5 380 1613 mb 108 atomgen? 75 0.7 0.7
13C(a,n)te0  4Helt 10 200 4101 mb thick target 20 7 1
2Mg(py)?eal H* 10 58 wy2.1x1018 eV 0.6ugcm? 38 1.4 0.7
BF(pa,)t®0  HY 0.1 100 7.%10° mb 4ug/cm? 75 27 0.7

Table 2 Comparison of the goal for four reaction with current status

Reaction Physics Current energy limit (keV) Current uraaty (%) Ref. JUNA energy limit (keV) Expected uncertaiii®p)
12C(a,y)160 Massive star 890 60 [27] 380 test
13C(,n)180  s-process neutron source 279 60 [28] 200 20
25Mg(p,y)*®Al  Galaxy 28Al source 92 20 [24] 58 15

19F(p,ay )10 F overabundance 189 80 [29] 100 10

but with moderate resolution. Here, the HPGe array will be The counting rate are deduced from the CJPL-I environment
utilized in theE., >140 keV energy region, while the BGO and detectoy and neutron measurement data. The results
array will be used below this energy region. With the excel-are summarized in Table 1. We also compared our expected
lent resolution of the HPGe detector, the possible contamin uncertainties of data with current experimental resultse T
tions can be resolved and identified clearly, which makes theesults are summarized in Table 2.

BGO y-ray identification reliable at lower-energy region. A

conceptual design for the HPGe array is shown in Figure 5. ST
The preliminary studies will by done based on the 320 kV3 Accelerator, detector and shielding system

platform at IMP Lanzhou. In the period of 2015-2016, SeV- The key techniques, which includes the accelerator system
eral tests for the proposed experiment will be carried out, i \yith high stability and high intensity, the detector detec-
order to check: (1) the stability of the thin Gafargetagainst  tjon system, and the shielding material with ultra-low back
the high current, about several tensid of proton; (2) the  4r5nd, will be developed through the above research.
contaminants at the forward angles; (3) the chemical compo-" The preliminary design of the low energy and high current
sitions of the target. As scheduled, we will run a campaignaccelerator system of JUNA is shown in Figure 6. For ensur-
for the experimental measurement in 2017, and publish thgng the four reaction measurement, we plan to optimize the
results in 2019. accelerator system based on the following considerAtion

2.5 Summary of the four reactions 3.1 2.45 GHz ECR ion source and Low Energy Beam

The counting rate of the four reactions are estimated accordTransport Line
ing to the updated evaluation gondthe best extrapolation. \y, adopted a design of 2.45 GHz ECR which is developed
for the CI-ADS project. This ion source is expected to deliv-

ered 12 emA proton, 6 emA Heand 2.5 emA H&. The
LN2 cooling system

Copper pipe S%8

Beam _— Clover y detector

Cooling target

Figure 5  (Color online) Conceptual HPGe detector array designed for Figure 6 (Color online) Design of the low energy and high current &cce
measuring the rays. erator system.

4) G. Lian, et al. The JUNA platform proporsal, 2014, unpsitdid, http/www.juna.ac.cn.
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maximum beam energy out of ion source is 50 kgWith get system is 20 ky¢n?, which can satisfy the requirement
emittance less than Oz2mm-mrad. The Low Energy Beam of the four experiments in the JUNA project.

Transport line (LEBT) is designed to minimize the space
charge fect and improve the beam transpoffi@ency.
Beam will be accelerated before being focused with two
solenoids. To keep the LEBT as short as possible, all theThe accelerator system and detector array will be instatled
steering magnets are built inside of the solenoid<eam 2017, experiment will be started in 2018 and the first batch of
is expected to be mixed with a large fraction of'Heeam.  experimental results will be delivered in 2019.

A 30 deg magnet will be added between the two solenoids to In summary, a new underground nuclear astrophysics ex-
filter out the intense Heand reduce the burden of the accel- periment JUNA is being developed at Jinping, China. Itis
eration tube. planned to set up a particle accelerator and detectors used
to replicate the nuclear processes generating energyrwithi
stars and the synthesis of heavier elements from hydrogen
and helium in the primordial universe. The unparalleledkroc
For JUNA project, the long-term stability isone of the @iéti ~ shielding greatly reduce cosmic ray background, making it
parameters to ensure the high measurement precision. Hene@sier for researchers to detect rare and subtle eventh. Wit
the high-voltage power supply with high stability must be a more powerful accelerator and a deeper location than other

4 Summary and conclusion

3.2 Developing a high stability power supply system

used. We plan to cooperate with Glassman High \Voltage efforts, JUNA has the potential to take a favorable position
Inc and develop a 400 KV, 6 KW high stability power sup- among underground nuclear astrophysics labs.

ply (long-term output voltage stability 0.05%, ripple \aije
0.01%).

This work was supported by the National Natural Science atian of

3.3 Optimizing the design of the accelerating tube

China (Grant Nos. 11490560 and 11321064) and the NationaidBRe-

search Program of China (Grant No. 2013CB834406).

As for the low energy and high intensity beam, the space-
charge éect must be controlled during transmission in or-
der to increase the transpoiffieiency. The high transport
efficiency could not only ensure enough beam intensity on ,
target, but also reduce the background brought by the beam
itself. We plan to adopt segmental voltage for the accelerat
ing tube and design an acceleration and decelerationstauct 4
for the accelerating tube electrode to reduce the spaagreha
effect.

3.4 The design and installation of the experimental 5

shielding system
6

The dfect to background ratio of the nuclear reaction mea- 7
surement will be significantly enhanced with the ultra-low
background of CJPL and high current beam. But at the same 8
time the high current beam will bring new background, which
must be shielded. We plan to construct two shielding systems
around the target chamber and the detectors, aiming atishiel |
ing y-ray and neutron, respectively. 1
In order to avoid the influence to other laboratories in ;,
CJPL, we plan to cover the accelerating tube with Lead
shielding layer and build a concrete shielding wall in ol-la
oratory to control the background coming from accelerator.

0

13

14

3.5 The development of the high power solid target 15

In order to keep the stability of the solid target under thebo
bardment of high intensity beam, we plan to develop a high
power solid target system. The temperature of target will be 1,
effectively controlled by careful design of heat conduction g
and water cooling device. The design power of the solid tar-
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