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Abstract: China JinPing underground Laboratory (CJPL) was established inside the tunnels piercing

Jinping Mountain in Sichuan Province, China, which can provide an ideal environment for low background
experiment. A new 400 kV accelerator, with high current based on an ECR source, will be placed at this
underground laboratory for nuclear astrophysics experiment. The beam characteristics of this accelerator,

like absolute energy, energy spread, and long-term energy stability, will be determined by several well-

known resonance and non-resonance reactions. Due to the new accelerator still being under construction,
the resonance reaction of 2 Al(p, 7)?®Si and non-resonance >C(p, 7)'*N were studied at the 320 kV high-

voltage platform in Institute Modern Physics of CAS in Lanzhou. The energy spread of proton beam is
about 1.0 keV at proton energy E, =224 keV and the long-term energy stability of proton beam is much

better than 200 eV during 4 hours measurement.
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1 Introduction

One of the most -important goal of nuclear astro-
physics is to measure the cross section of nuclear re-
actions of interest in astrophysics. At stars temper-
atures, these cross sections are very low due to the
suppression of the Coulomb barrier. Direct measure-
ment of the cross sections of the key nuclear reactions
is important to improve current stellar model, but the
small cross section and natural background make the
measurements challenging. A way to handle the back-
ground problem is to go in an underground environ-
ment. Laboratory for Underground Nuclear Astro-
physics (LUNA) at Gran Sasso underground labora-
tory of Italy, as the first underground based low-energy
accelerator facility, has successfully demonstrated the
feasibility of meeting these challenges and opened the
way towards ultra low cross section determination! .
China JinPing underground Laboratory (CJPL) is lo-
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cated at the middle portions of the 17.5 km Jin-
Ping tunnels in Sichuan province, southwest China,
which has approximately 2400 meters of marble and
sandstone above it and is currently the world’s deep-
est underground laboratory with horizontal access!* .
The cosmic ray muon flux, 2.040.4x107%/(cm?s), is
about 2 orders of magnitude lower than that in Gran
Sasso, which makes it as an ideal environment for low
background experiment (=91,

Jinping Underground experiment for Nuclear As-
trophysics project (JUNA), as one of the major re-
search programs in CJPL-II, aims at direct mea-
surement of (&, 7) and (@, n) reactions in hydro-
static helium burning and (p,vy) and (p, «) reactions
in hydrostatic hydrogen and helium burning[m]. In
the first phase of JUNA, four key reactions, 12C(oc,
7)1607 13C(0€, Il)lGO, 25Mg(p, 7)26A1 and 191;\(p7
«)*®0, will be studied for the first time within or
near the astrophysical relevant energy regions (Gamow
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Window)[10712}. A new 400 kV accelerator with high

stability and high intensity will be placed in CJPL-II,
as shown in Fig. 1. The accelerator is now under con-
struction at China Institute of Atomic Energy(CIAE)
and Institute of Moden Physics(IMP), CAS, which will
be ready to operate on the ground in the beginning

of year 2017 and transport to CJPL in the middle of
year 2017. To obtain the information about the beam
characteristics, like absolute energy, energy spread and
long-term energy stability, a series of experiments of
several well-known resonance and non-resonance reac-
tions will be performed ahead of the campaign.

Jinping Underground experiment for Nuclear Astrophysics(JUNA)
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Fig. 1

The absolute energy can be determined by

using the energy of the capture ~-ray transi-
tion of 2C(p,7)'®N as well as resonance ener-
gies at FE, = 163 ~ 389 keV of !'B(py)'?C,
**Na(p,7)**Mg, *°Mg(p,7)*°Al, **Mg(p,7)*"Al and
27Al(p,’y)QSSip’ 13-15] Study of the resonance reac-
tions may also obtain the value of energy spread and
long-term energy stability of beam. A testing experi-
ment for 12C(p,7)"®N and 27 Al(p,7y)?®Si reactions was

Nolume: ~200.000 m’

(color online) Geographical location of JUNA and the radiation background level at CJPL.

performed at 320 kV high-voltage platform[16] to de-

termine absolute energy, energy spread and long-term
energy stability of proton beam.

2 Experiment setup

The schematic diagram of the experimental setup
is shown in Fig. 2. The target chamber is electrically
isolated between upstream and downstream sides of
the beam line. A [=30 cm long inline Cu shroud

Fig. 2

(color online) Experiment setup at 320 kV high-voltage platform.
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(diameter ¢ = 40 mm) cooled to LNz temperature
was placed from upstream to downstream (close to
the target) to minimize carbon build-up on the target
13l A negative voltage of 300 V was applied
to Cu shroud to minimize emission of secondary elec-
trons from the target. A High Purity Ge-detector with
70% efficiency (compared to a 3" x 3" Nal crystal) was
placed at 0° with respect to the beam axis at a dis-
tance d=35 mm from the target. The observed energy
resolution was AE,=3.0 keV at E,=1.33 MeV.

surface

3 Experimental results
3.1 Study of 2C(p,7)'*N reaction

The 2C(p, 7)'3N reaction has been used as an
alternative method to determine the absolute proton
energy over a wide energy range, due to the smooth
cross section of this reaction. The incident energy of

proton beam FEp,, which is deduced from high voltage of
accelerator, can be precisely determined by the energy
of y-ray from *2C(p, 7)*®*N reaction:

Ey=Q+(12/13)Ey + AEpc(0°) — AER (1)
with Q = 1943.5+0.3 keV!'™, AEp¢(0°): the Doppler
shift at 6, = 0°, and AER: the nuclear recoil.

A 2-mm thickness graphite target, which can be
considered infinitely thick for all proton energies used
in the measurement, was bombarded by proton beam
at beam energy E, = 250, 260 and 290 keV, and the
~-ray spectra are shown in Fig. 3. A plateau of the
capture transition of 12C(p,v)lBN was observed and
three background ~y-ray peaks were used for the energy
calibration. Since the capture cross-section decreases
with the proton beam energy, the plateau of y-ray peak
declines towards the low-energy region.
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Fig. 3 ~-ray spectra of ?C(p,7)*®N reaction at energy 250, 260, 290 keV and background.

The absolute energy of proton beam is deter-
mined by fitting the y-ray spectra from the observed
with GEANT4 simulation, which considered the cross-
section decreased with energy loss of the protons in
the thick target and the stopping power of the protons
in carbon, as shown in Fig. 4. From the fitting results,
it suggests that the absolute energy of proton beam is
nearly 0.28% lower than that from high voltage of the
accelerator.

3.2 Energy spread of proton beam

The energy spread AFEp of proton beam has been
measured using the 223 keV resonance of 27Al(p,y)%Si

reaction and the upper limit of the resonance width is
I'<34 keV'®. The yield curve of the 223 keV res-
onance of 2"Al(p,y)?®Si reaction is shown in Fig. 5,
where the data points are fitted by an error function.
An experimental energy spread of 1.0 keV is deduced
from the 25% and 75% points and the resonance energy
of 224.4 keV is determined by the 50% point, which has
about 1.4 keV shift from the literature™.
onance reactions, like 23Na(p,7)?*Mg, 2*Mg(p,y)**Al,
will be studied at 320 kV high voltage platform, thus
absolute energy and energy spread of proton beam can
be precisely determined.

More res-
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Fig. 4 The v-ray spectra of 2C(p, v)'*N reaction with
E, = 270 keV is fitted by the simulation result
with the incident beam energy of 269.2 keV.

100 T T T T T T T ' I
- TAl(p,)*Si
w
= 80 E~223keV -
=
2
= 60+ ; i
3 %
~ [
Z 40 ; -
e L i
-
3 20F N -
2 | Femefies i- P
s 1T
0 l L L L lat ] L L
216 220 224 228 232
E/keV

Fig. 5 Thick-target yield curve of the 223 keV reso-
nance of *Al(p, 7)?®Si. The circle and square
points show the data at different measurement
time. The dashed line through the data points is
an error function.

3.3 Long-term energy stability of accelerator

Because the very low cross section of key reaction
in astrophysics at star temperature, the long-term en-
ergy stability of accelerator is necessary for the experi-
ment. Resonance reaction can also be used to measure
it. Due to the steep slope of the yield curve in Fig. 5
near the resonance energy (50% yield point), one can
monitor sensitively the long-term energy stability of
the accelerator. Fig. 6 shows the energy variation of
incident proton beam AFE = 4200 eV, which is de-
duced from the yield variation at proton energy E, =
224 keV, during the 4 hours measurement. The varia-
tion is mainly from the low statistics during the mea-
surement with low beam current, which indicated that
the long-term energy stability of 320 kV accelerator is
much better that £200 eV in 4 hours’ measurement.

225.5

T r I rrrJrrrr1r -1 11T

225.0F S R SRS S S e e S

P R 1 1
9P S AR AT & S I

2935 el B ...... . S—

E /keV

223.0

222.5|I|I|I|I|I|I|I|i|l|i|
0.0 0408 1.2 1.6 20 24 28 3.2 3.6 40 44

Time/h

Fig. 6 The result of long-term energy stability mea-
surement. The yield variation at the 50% yield
point(in the Fig. 5), which was translated into an
energy variation AF using the fitting result from
Fig. 5, as a function of measurement time. The
error bar is from the statistical error.
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