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Nuclear Astrophysics roadmap
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What is Nuclear Astrophysics

» Extending between macro and micro world:
nuclear physics and astrophysics

» Application of nuclear physics in energy
production and element synthesis in star

» Determining time scales of evolution, star
environment, isotope abundance

* In combination with astrophysical model and
observation

* Using nuclear mass, cross section, half-life as
Input
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Some of the great discovery of astrophysics

» 3K microwave background radiation,1965,
experimental support for Big-Bang theory

* Detection of solar neutrino, 1960, gave the hints of
neutrino oscillation

* Detection of 2°Al y-ray, 1980, direct support of

explosive nuclear synthesis, and triggering y-ray
astronomy

* Detection of SN1987A supernova explosion,1987

* Experimental explanation of solar neutrino missing,
2003
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Contribution of nuclear physicist, Nobel prize of physics winner

» 1930, Hans Bethe, pp chain,
CNO cycle, 1967

e 1957, Willlam Fowler, star
evolution, B2FH, 1983

* 1960, Raymond Davis and
Masatoshi Koshiba, neutrino
detection, 2002
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We are made of star staffs

« Abundance curve In star rock
and our bone are the same,
except for Si

* Mixing of many cycles and
explosions

» Some reaction would change
the world and ourselves

completely, like 2C(a,y)1°0
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H burning

burnlng

0 | burmng

Atomic weight
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Nuclear reaction:
alchemist In universe

Peak: finger print of
nuclear physics:
Shell model magic
number



Nuclear astrophysics as frontier

e How were the heavy elements from iron
to uranium made?

What is the origin of the elements in the
cosmos? | | reates
What are the nuclear reactions that drive OUBSHIONS. Sld

. ot fpt
stars and stellar explosions?

How and where the elements are made? L
Can we recreate on Earth, and understand, the critical reactions that

drive the energy generation and the associated synthesis of new
elements in the stars?
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Methodology

Direct in Gamow
window (underground)

W. P. Liu, JUNA progress

Nuclear astrophysics and
sensitivity study

Shell model and mean
field calculation

Shell model and mean
field calculation

f JUNA

Reaction rate database

Nuclear input database

Mass and decay rate
database
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Primordial and stellar elements syntheses
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Astrophysical process in chart of nuclei

Stable nuclei
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direct measurement in underground lab
Many in-direct approach e
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Interplay of frontier
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r-process abundances

' experment
e nronounced shell structure
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Nuclear burning inside sun

Nuclear reaction network in the Sun

99.77% 0.23%
p+p—d+e’ @‘ p+tre-+p—>d-v,

"‘ZXIO"‘5 °/o

d+p—>3He+~{

e

—PHe + “He —>7Be +y
13.78% ‘l 0.02%

7Be+e'—>7Li@ Be+p—> B +y

? 3 ]
SHe+3He—a+2p|['Li + p -»ara - q%p-»wm.

Three pafhs leading to neutrinos are called pp-I, pp-IT
and pp-III chains, respectively.
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Challenge to experiment

Maxwell-Bolt zmann tunrelling through
distribution Coulomb barrier
« exp(-E/KT) « exp(-yEo/E)
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- Ultra low cross section

 Many times, In-direct approach

 Low background underground direct
measurements
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Key scientific topics

- Direct measurements of cross sections for reactions in hydrostatic
stellar burning

* |Indirect measurements of nuclear reaction cross sections critical to
the explosive rp- and r-processes

- Theoretical calculations of nuclear decay properties and reaction
rates, including those for neutrino-nucleus interaction

- Buildup of databases and network codes

Shanghai2016 Weiping Liu 15
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Element syntheS|s network
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How elements become heavier

Shanghai2016



Abundance curve

stellar H-, He, C, O, Si-burning ﬁ

stars, supemovae

s-process |
He-burning in AGB stars, l

massive stars

Light curve
r-process

:
g
3

type |l supemovae,

, merging neutron stars
ki %‘?mﬁﬁf@ W "

Abundance curve
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The importance of one and more experiments

« Key reaction, most difficult, like 12C(a.,y)°0,
'Be(p,y)°B

* Supporting reaction, large numbers, like
"C(p,y), °Li(a,n)

* Importance of international collaboration, data
evaluation and compilation

» Importance of theoretical calculation, fill the
Impossible

Shanghai2016 Weiping Liu 20



Status in China

* Theoretical ( Network, neutron star, ... )
* Observation ( LAMOST, Yangbajing, Daya Bay )

* Nuclear physics experiments ( Beljing,
Lanzhou )

» Major research project MOST funds and group
funds ( RNB & astrophysics )

* Network calculation ( Exp + The )

* International collaboration ( TRIUMF, Bochum,
JINA, RIKEN, GSI, MSU... )

Shanghai2016 Weiping Liu 21



Important nuclear physics data

» S-factor, focus on NP, down to
astrophysics energies

* Reaction rates, direct input to network
calculation

* Direct capture, direct reactions

« Resonance, level scheme, level width,
and partial width

» Mass and decay half-life and branching
ratio

Shanghai2016 Weiping Liu 22



Reaction rates

< OV >= f d(v)o(v)vdv. (1)

Maxwell-Boltzmann speed distribution 1s
20 H 32 _ 2
O(v) = 4mv° (2 AT) exp (= 57); (2)

In which, u, &k and T 1s reduced mass Boltzmann constant and star temperature
respectively. It can be simplified into,

Njy < ov>=37313x 10" %277 f c(E)Eexp(— 11.605E/To)dE, (3)
O

Where the reation rate Ny < ov > is in the unit of cm?*mol~!s~! and center of mass
energy E and corss section ¢ are in the unit of MeV and b.

C.L. Rolfs and W.S. Rodney, Cauldron in the Cosmos. The University of

Chicago Press., (1988).
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Astrophysical S-factor

The reaction cross section can be re-scaled into astrophysical S-factor,

I
o(E) = S(E)exp(—zmz)f. (4)
Where 1 1s Sommerfeld constant,
ZIZ*>(-.’2 M 12 |
) = — = 0.15752,2>(—=) """, J
1 - 1£a( E) ,. (9)

Where 7 1s reduced Plank constant, Z, and Z, are atomic number, £ is the center
of mass energy in MeV.

C.L. Rolfs and W.S. Rodney, Cauldron in the Cosmos, The University of
Chicago Press. (1988).
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Energy dependence of cross section and astrophysical S-factor
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Gamow window

1 E b
Y r>= Ny(—)—— S(Eyexp(— — — IE, 6
A ors "(nu) (KT )32 E Brexpl=qg — g ©
b come from Coulomb penetration
b=Qu' " ne*Z,Z,/h = 0.989Z,Z,1'*(Me V)2, (7)

Its square 1s so called Gamow energy E.

In exponential part of Equ. 6, the first term come from Maxwell-Boltzmann
velocity distribution, the second term is Coulomb term, the interplay of two terms
reach a maximum in £, as shown in Fig. 4. Where the effective mean energy E
can be expressed as:

Eo = (bKT/2)*° = 1.22Z,7Z>

,uT'(";)”‘}keV(_S)
It 1s £y that is most important parameter for experimentalists to reach directly or
in-directly. For system p+p, , for sun T4=135, E, is only 5.9 ke V!

Shanghai2016 Weiping Liu 26




The Gamow window

Maxwell-Boltzmann distribution
exp(-E/kT)

Gamow peak

Tunneling through
Coulomb barrier

exp(-b/E"?)
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C(p,y)'*N example
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Resonance capture

The resonance capture reaction cross section can be expressed by Breit-Wigner
formula [17],

7-12 2JR + l rin(E)rom(E)
QUE 20y + D(2J> + D) (E = Eg)? + (T10e/2)*

opw(L) =n

(9)

Where J,, J,, Jgis the spin of beam, target and compound state respectively,
[, T, are entrance channel partial width, I, is the total width.

resonance
S-factor

direct

S

Shanghai2016 Weiping Liu 29



Boulby CJPL et
Z7EPLIN P CDEX, PANEX, JUNA d DEAP/CLEAN

SR
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Soudan
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WARP : \
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JUNA

GRAN SASSO

Occupancy

ICARUS Borexino

OPERA

CRESST
CUORE
CUORICINO
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SNO lab

- 2009: DEAP/CLEAN 3600, Unallocated

Drift

2009: SNO+

W. F. LIU, JUNA progress

MiniCLEAN 360

Unallocated

Unallocofcd

2010: bupcerDMb

Experiments expected
to request space soon:
»EXO 200 Gas
»HALO
»PICASSO-III

Lodder Labs

JUNA
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Deep Underground Science
DUSEL and Engineering Laboratory at HOmeStake, SD

Engineering

6 %2 Empire State
Buildings
for scale

Geoscience

Shallow
Lab

Mid-level

Deep
Campus

W. P. Liu, JUNA progress 33 /10
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JUNA

Underground nuclear astrophysics

* Direct is the way to
get rid of model
dependence

Relative probability

* Direct in Gamow
WlndOW have tO gO Background at ground
underground

* Underground is list in
top priority

* Many world lab
planned, with LUNA
operational

W. P. Liu, JUNA progress From X. D. Tang 35 /10



The importance J UNA

Over the last decade our understanding has
progressed tremendously due not least to

CIENCE Perspectives of Nuclear

AUuNDAaTIONn  Physics in Europe
NP ECC Long Range Plan 2090

ELHSF’CH‘\J

significant experimental advances connected | .« . . —
to the use of the Gran Sasso deep . . \ X
.underground accelerator ... Providing an N
underground multi-MV accelerator facility is a R i
‘high priority. There are a number of proposals . o A

being developed in Europe and it is vital that

‘construction of one or more facilities startsas '+

'SO0N as possible. R
B

(/":-‘ '
| a P AN e
( _
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Why underground
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Logarithm of relative abundance
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Why underground

Relative probability
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Nuclear astrophysics direct

J UNA

2C(ay)0 rection

107 1 barn=10"2% cm?

|‘ |
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LUNA progress J UNA
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How to deal with low rate

SITE INT BG CTS XSEC
1 mA 1800/hour 20/hour 10-12 b
1 mA 20/day 1/day 10-15 b

10 mA 6/month 10/month 106 b

Shanghai2016 Weiping Liu 42



12C(a,y)t°0O Importance
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Multiplier on "C{a,7)"0 Rate by Buchmann (1936)

The determination of the ratio C/O produced in helium burning is a problem of
paramount importance in Nuclear Astrophysics.

The fusion of *He and 2C nuclei to 0O is the most important nuclear reaction in
the development of massive stars

43
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JUNA

__ SHe(°He,2p)*He
S il PRL82(1999)5205

A LUMA 19981599 (26, 27)

e 2H(°He,p)*He
R PLB482(2000)43

?H(p,y)*He
NPA 706(2002)203

SHe(ot,y)'Be
PRL 97(2006)122502

e “N(@P.n)"0
o Bt i N ST PLB 591(2004)61

_LL":ET= | BN(p,y)'°O
5 e PRCS82, 055804(2010

F Laborater a 170(p97)lsF
T — W B ‘ PRL 109, 202601(201-
Broggini C, ¢t al. 2010, N bl VBl p.1A

“Mg(p,y)*°Al
PLB 707(2012) 60

Coumts (heV' W)
Cross section (b)

Counts (kaV h)-?

Annu. Rev. Nucl. Part. Sci. 60:53-73

“N(p,y)*°0
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Physics focused

Physics Reaction Current Desired

Massive star 12C(a,y)180 60% 20%
890 keV 220-380 keV

s-process neutron 13C(a,n)160 60% 10%
source 279 keV 140-230 keV

Galaxy 26Al source 25Mg(p,y)2cAl 20% 5%
92 keV 50-300 keV

F aboundace 19F(p,a)160 80 % 5 %
189 keV 50-250 keV

W. P. Liu, JUNA progress



CJPL underground laboratory
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JUNA

China Jinping underground lab ( CJPL )
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CJPL advantage

= WIPP
= Soudan
Kamioka
Gran Sasso
« Modane(Frejus)
Boulby
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CJPL-I experiments

v CJPLlow
background B

W. P. Liu, JUNA progress



CJPL-II experiments

Nuc | ear
Astrophysics
JUNA
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CJPL-II structure

Water tunnel

Engineering tunnel

W. P. Liu, JUNA progress
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JUNA [AC

M. Wiescher UND
T. Motobayashi| RIKEN i
H. Wang TCAS IAC, CJEL entrance
C.Brune Ohio v
M. Junker INFN g;;gémm;:;,
D. Robertson | UND | -
F. Strieder | SDSMT AC+JUNA CJPL-II-8
D. Leitner LBL |
T=l Q. Yue THU

“ﬂ'
- =

IAC, 305 m h|gh dam
1st meeting July 2015, 1st formal IAC meeting March, 2016
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JUNA funding n

total $4.8+ M

W. P. Liu, JUNA progress 57 /10
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JUNA plan

o N LI gl N
ECR sourceAcceleration Magnet
Beam Intensity, mA Energy,keV
H+ 10 70-400
He+ 10 /0-400
He++ 2 140-800

W. P. Liu, JUNA progress 59 /10



CJ PL low
background station
W. P. Liu, JUNA progress 60 /10

solid and gas detector and electronics



lon source mstalled
1 MA tested;
7/31/16
reach 16 mA in Oct.

Accelerator tank
established 8/30/16

Accelerator tube
check by NSFC

W. P. Liu, JUNA progress 61 /10



Type of backgrounad ‘

Cosmic ray,
mainly shielded Detector and
by Jinping shielding material,

select the low
background material
and tested in CJPL-I

Accelerator induced,
estimated by
simulation, tested In
ground and
underground base,
improve the
emittance and
transmission

W. P. Liu, JUNA progress 62 /10



JUNA

Way to do underground experiment

On site tuning in low intensity and short time

Long time exposure for data taking, with remote
monitoring

Change target periodically, with carefully radiation dose
monitoring

Change detector and shielding for another experiment

W. P. Liu, JUNA progress 63 /10



JUNA

For four experiments

19F, most cross section, push to lower and higher precision, with
good help of ground experience, day one

25Mg, aiming at 92 keV resonance at first, compare with LUNA with
HpGe, then down to 58 keV run, with BGO, then HpGe

13C, set good separation of neutron group, and wait for effect
neutrons, estimated with the rate from in-direct data, wish for He 2+

12C, the most challenging part, started with higher energy 600 keV
Ec.m. with HpGe, then BGO, followed by test run of 380 keV Ec.m. with
BGO, He 2+ must be provided

W. P. Liu, JUNA progress 64 /10



J UNA

) 102
>
[, 1N NIEM (380~600keV )
w
@ - (R I (He2+ SmA)
g%
<_
it
-
ey
&
=
- = = LUNAZ S 204/ K
- = ~ RSN 0.24/ K
500 1000
4 . ‘
(LaBr; + Csl) B O X 6t 8 (kev)

Goal: push 300 keV down to Gamow, precision from 30% down to 10%; clarify
extrapolation, test Weaver and Woosely star evolution model, Phys. Rep.

227(1993)65
Method: He intensity, y effciency, background, '2C implantation, R-matrix

Shanghai2016 Weiping Liu 65



J UNA

. \ > CIAE 3C(a, n)®0 in-direct ,
Davids 1967 IMP 300keV exp. plan

Drotlefl et al. 1993
Brune et al. 1993
Bair and Haas 1973
Kellogg ct al. 1989
This work
Hanssopulos 2005

® Drotleff93
® HeilO8
Present
Uncertainties
: = = Without 1/2' resonance

AQvwvomndgd)p

=

.
LD
-
&
=,
S
=
O
<<
"
7y

-factor (MeV barn)

o
\)

200 600 S00 1000 1200
Lc‘m‘[ku V]

0.6
E__ (MeV)

Goal: push 270 keV down to Gamow,
precision from 50% down to 20%; clarify
resonance, pin down n source rate
Method: n conversion, y effciency

SHEL L ETPA RS Weiping Lit



PF(p, a)t*O J UNA

Breakout!

19F(p,0)160 for AGB

---’ (‘\,(Itl

—_—

YF(p,a)'*0 to (E_ = 27~300 keV)

pyrou et al.,EPJA 7 (2000)79

Shanghai2016 Weiping Liu 67



>>Mg(p, v)2°Al J UNA

°Al- g decay °Mg1809 keV y ’

E [keV)? wy |eV]

304.0 (3.08+0.13) x 102 ¢
180.5 (9.0 +0.6) x 10~
130.0 <25x10-1°

92.2 (29+06) x10-19

Counts per 40 keV

) i ; 1 :
' '. ﬁ"’h "l'l'
'\\ ; l"i.ll-
P | ‘]'l W
gl iy
' 4 | l' l g Ml

o r I l' . '

. ’ ]

L O > "

he st
\

8000 10000 12000 14000 18000
E [keV]

92keV 20% to 5%, and measure 58 keV

Shanghai2016 Weiping Liu 68



JUNA

°C Drogress

12 16
E._600 keV — C(o,7) 0
W5 2 em A background

i) 30K

>
Q
X~
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Q
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c
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@)
@)

4000 5000 6000 7000 8000
E. (keV)

Y
H

Simulation fro BGO

implantatio
n target
tested
30/8/16

Test exp. SCU 12/16
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JUNA

25I\/Ig pProgress

E_ = 100-60 keV — “Mg(p. 1

——— beam background
— natural background

"Li

>
)
<
o
<
—
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Q
3
c
3
0
O
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JUNA

F Drogress

e Lombardol5 «Isoya58(norm) o Caracciolo74
+ Breuer59 o Lombardol3 — R matrix

S factor (MeV b)

(p,oy)

0.6
E., (MeV)

*’K-1460.8keV

28712614.5keV

'SF-single escape peak

"E.double escape peak

'°F.6130keV

p— l

AT Mt el bt it e
2000 3000 4000 (keV) 5000 6000 7000 8000
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A7 JUNA

C Drogress

Lnries 360

nlg&q:; . ﬁmﬁmﬁ Mean x 1.083

Mean y 0.5163

Bh+F : 24R3HelEHLE : AMSx 05613

X. D. Tang

W. P. Liu, JUNA progress 72 /10



contribUtion by Tao IAiJIMP)

SYS =il

Rotation target tested
30/8/16

W. P. Liu, JUNA progress Y. J. L 73 /10



[ ab construction

3D layout

Accelerator floor plan

Start design, will construction 2017 Jan.-June, very tight schedule

Need to start CJPL-Il JUNA lab construction, need formal confirmation of A1

space from management committee ASAP
W. P. Liu, JUNA progress 74 /10



JUNA

HPGe and BGO background in CJPL-|

— — — — Earth’s surface (1000 m a.s.l.), no shield

Gran Sasso, no shield Duration Contents

CDEX, no shield
CDEX, 30cm Pb and 5cm Cu shield

Mar. - May Gamma

—_
o
o

HA A~ -
TR Lt ey o 1l A Ay oy P Jam g

~eidm i LT e T vy

—

May - July Gamma with
shieldina
Aug. - Oct. BGO

Counts per keV and hour

10
102
1073
1074
10°°

Oct. - Dec. Neutron

— — — Earth's surface (1000 m a.s.1.), 10 cm Pb shielkd
Gran Sasso, o shield

— Our BGOx4
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e
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W. P. Liu, JUNA progress 75 /10

Counts per keV and hour



+

Detailed 5 year time table /&

Period/Task Accelerator Laboratory Experiment

design, layout layout simulation, physics

parts fabrication| on site study |background, test

ion source, tube design background, prototype
assemble detailed design target test
beam on ground | construction fabrication
on site tuning fine tuning ground test

He 2+ develop | shedding setup | 'F(p.a)'®0, 2Mg(p,g)*Al

new detector layout 13C(a,n)¢0

13C(a, n)1 60, 12C(a,g)1 60

12C(a,g)160

W. P. Liu, JUNA progress 76 /10



JUNA

JUNA expectation

Cross section
(mb)
10~
10—12
wy2.1x107B eV
7.2x107°

Ec.m.
(keV)
380
200
58
100

inten.

(emA)
2.5
10
10
0.1

reaction beam

"He**
4Hcl+
lHl+
IHI+

C(a,y)™0O
IBC(a,n)IGO
25 Mg(p,T)Zf’A]
IQF(p ,0)160

precision  ref.
(%)
60
60
20

80

current
limit (keV)
890
279
92
189

reaction physics
[17]
[18]
[13]
[19]

Massive star
HI synthesis
Galaxy 2°Al
F abundance

>C(a,y)'°0
13C(a,n)160
»Mg(p,y)*°Al
lgF(p,(r)160

Installation
2017

Fabrication
2016

Background
2015

W. P. Liu, JUNA progress

BKD
%  (/day) (/day)
75 0.7 0.7
20 7 1
38 1.4 0.7
75 27 0.7

target eff. CTS

atoms/cm?
10*
104!

0.6 ,ug/cm2

4 pgfem?

Gamow
energy (keV)
220-380
140-230
50-300
50-350

JUNA
limit (keV)
380
200
58
100

precision
(%)
test
20
15
10

Experiment
2018-2019

77 /10



JUNA

Summary

- Nuclear astrophysics in good progress in China
- Direct measurement is a key data

- Underground JUNA is In progress, scheduled ground tuning
2016, and site turning 2017, hopefully start experiment in
2018

- Need to start CJPL-Il JUNA lab construction, need formal
confirmation of A1 space from management committee ASAP

- JUNA collaboration needed to tackle key experimental and
technique challenges

- Welcome you to join JUNA!

W. P. Liu, JUNA progress /10



Q&A: physics

* light curve and abundance curve

* importance of 12C(a,g)160 reaction

* importance of 19F(p,a) reaction
* Importance of 25Mg(p,g)26Al reaction

* The JUNA-II plan

Shanghai2016 Weiping Liu
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12C / 160
Standard AGB models cannot explain the observed F-overabundance

phenomenon. Nucleosynthesis model needs precise cross section data
relevant to '°F production and destruction reactions.
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JUNA

Destruction:
BO(p, Y)°F
ISN(O(., ,Y)19F
14C (o, 1)130

Production:

YF (o, p)**Ne
PF(p, v)**Ne
19F(OL, y)23Na




JUNA-II —H#11%1

Windowless
target

4MV accelerator

JUNA-IITH RN [E

x

llmll

V=

. /) \

LAt Bt 7T B

OMEG 2015, June 24-27, Beijing, China

:l

+ A JUNA

Detectors

SIS 2= T
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JUNA B [E]3% time table T AU

« 2014, M B 15 2INSFCHL &

« 2015, KM A FRIRIT,

R es 215

e 2016-2017, NDiRES . B TFIRAMRNESZ =TI 15

+ 2018, 25Mg(p,y)25Al, 19
5]

» 2019, 13C(a,n)6OLEGMIE,  1°Cla,y) 6 OSLEG N =

« 2021, JUNAII 5Zhk

=(p,a)1803iG M=, JUNAI /5

e 2021-, 1ZC(Q,V)16O1§5}EE1ZC ﬁiuw 1ZC+1ZC ’IZC+’IGO




JUNA R &

H burning

SHe(a,y)'Be

2H(a,y)Li
SHe(*He,2p)*He
"Be(p,y)°B

2C(p,y)"N
“N(p,y) >0
"N(p,Y),(p,0)1°0,™C

"7O(p.y),(p,0)'®F, "N
*O(p,y),(p,a)°F, "N
PF(p.v).(p,a)*Ne, "0

He burning

12C(a,y) 160
160(G,Y)20Ne

“ONe(a,y)**Mg 12C+12C
180(a1,y)22Ne 12C+100
“°Ne(a,y)*°*Mg

“Mg(a,y)**Si

n source y astronomy
*C(a,n)™0 SMg(p,y)2°Al :

22Ne(a;n)*Mg
25Mg(a,n)?8Si
26Mg(a,n)2°Si

JUNA-I JUNA-II

OMEG 2015, June 24-27, Beijing, China
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Q&A: technical

JUNA targets for 10 emA

background vs. depth

Energy and ion source of JUNA

How more accuracy (cross sections) achieved compared with other experiments?

Way to shield background

Detailed experimental setup

Way of measuring cross section (with faraday cup)

Shanghai2016 Weiping Liu



JUNA plan

o N LI gl N
ECR sourceAcceleration Magnet
Beam Intensity, mA Energy,keV
H+ 10 70-400
He+ 10 /0-400
He++ 2 140-800

W. P. Liu, JUNA progress 86 /10



JUNA

25I\/Ig pProgress

E_ = 100-60 keV — “Mg(p. 1

——— beam background
— natural background

"Li
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Q&A 3: MISC

* element made by earth?

Shanghai2016 Weiping Liu



More reference

» Lecture notes (nuclear astrophysics and
physics of unstable physics.)

Shanghai2016 Weiping Liu



