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Atomic nuclel

[0 One of the most complicate quantum many-body systems

Proton and Neutron

Strong force, weak force, electromagnetic force
Isospin, spin, excitation energy ...
single-particle vs. collective

for a medium-heavy nuclide with A~50,
even only considering 2-body interaction,
this means 50!=10%* terms

neutron




Open questions in nuclear physics “

[ Many-bod
-\dynomics

What are the limits to nuclear existence (dripline, heaviest system)?

How to describe nuclear force?

How do the quantum levels evolve with isospin?

How do simple patterns appear in complex nuclei?

How do collective phenomena emerge from simple constituents?

How do nuclei shape the physical universe?

What is the origin of elements in our universe?




Nuclear experiments/theories are getting more and more complicated.

/ & Putting puzzle pieces together, to see the
7 \ VJ !\E’ \ full picture of the “atomic nuclide puzzle”

Mass,
decay,
size,
reaction,

emerge !

As an experimentalist, | like simple experiments and like to get a “simple” imagine of nuclide.




Nuclear reaction can not only be used to produce new
Isotopes, but also a crucial

way to reveal nuclear structure problems.



Discovery of isotopes by year

1892

Radioactive Decay

B Mass Spectroscopy
Light Particles
Fission

B Fusion/Transfer

B Spallation
M. Thoennessen & B Projectile Fragmentation/
MSU/NSCL - 2018 NoCl Deep lnelastic

https://people.nscl.msu.edu/~thoennes/isotopes/




Projectile fragmentation cross section at FRS, GSI
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Cross-section (mb)
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RIBF: BigRIPS + ZeroDegree

* Secondary beams (136Xe/137Cs/197Pd...) were produced by @ l B.

345 MGV/U 238U + 9BC. p,d.C... OO proton
neutron

product

e Particle Idenfication:
Bp — TOF — AE method

j fPrimary target
i

i

Plastic Scintillator B
PPAC PPAC
ITonization Chamber

A % C
: e
a2d] )l:.:{"?v S s S

Secondary target
_ ZeroDegree
pectromete

Plastic Scintillator




136 Xe Results: 0p, 0d, O¢ at 168 MeV/u

Obtained cross sections from Cs (AZ=+1) to Zr (AZ = -14)

Cross section (mb)
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oc and o; were measured
for the first time

D> Xe, I: 04 > o

» Neutron-rich Te-In:
Oq = O

IS Nuclei far from 136Xe :
carbon has advantage
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A reliable mode to predicate the production rate of
most n-rich nuclides is a key question.
It is essential for a reliable estimation of advance

experiments!



First nuclear size estimation ever

Rutherford scattering: alpha scattering on a gold foil

Flash of

light Microscope

Fluorescent

@ - @@ 0 . screen
Scattering

angle

Polonium Gold

sample foil Hans Geiger Ernest Marsden Ernest Rutherford
1882-1945 1889-1970 1871-1937

Geiger, H.; Marsden, E. (1909). "On a Diffuse Reflection of the a-Particles".
Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences.
82 (A): 495-500.
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Nuclear size from geometric model

[0 reaction cross section 0r = 04y~ Og/astic

Hard sphere

. Op=TRp+ Ry)? At high energy,

ey

Projectile

Interaction cross section o,

Sensitive to both

O,=0p-0; =0
Proton & Neulvon Densities / R inelastic R

Target

Use hadronic probes (proton, alpha, heavy ions) to study atomic nuclei

16



Structure revealed by nuclear collisions

60 ——

50

40

30

Cross section (mb)

20 S ‘ ‘ -

100 200 500 1000
E,, (MeV)
>200 MeV/nucleon: Eikonal model

(sudden approximation, Eikonal approximation)

Reaction cross section can be easily formulated in a microscopic way,
relying only on the nuclear matter density distribution and the bare nucleon-nucleon interaction

17



Cross section and nucleon density/rms radii

Glauber model for interaction (reaction) cross sections works very well from
30A to 1000A MeV. Energy dependence of the cross section provided a
mean to determine the density distribution of nucleons.

Optical limit (an example)

- ——

/, i
LN
K projectile ™,

o,(P.T)= [[L-T(»)]db ; ..
T(l))=exp[—oppf{ppp(r—b)'pr(r)+ppn(r—b)'prn(r)}dr \‘\h_,

target

' Gpn “‘{pPp(r R b) 'an(r) + an(r T b) . pr(r)}dr]

Opp, Opn: NUCleon-nucleon total cross section
Pep, Prn: Proton, neutron distribution of projectile

PTps Ptn: Proton, neutron distribution of target

18



How to Deduce Nucleon Density
~ x?2 fitting procedure ~

p(r)

p):M

Glauber
Calculation F.

0%
| Ghange Parameter !
10* T T T T
(1] 2 4 8

6
r(fm)

Again!

Tp(mb)

M. Fukuda .

T ] T ;
% E/A(MeV)



Properties can be revealed by various reactions

> BN RN : BEFE , BaREDh

> BEERRMN : YIRS HER | YIREEDS T

> [EUZ=FF%E /M : Fragmentation/fission, A1l
> BEfeaciRfz . - SStHE/ERRE | FEfhe-Bhesik
> &R, FIESDT : BRFHE , BREXEK

> ZFHREURR : FafEXEX , KED
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Tensor force effect by °O(p, pd)

S. Terashima et al., PRL121, 242501(2018)

(a)

S—l =0

. euteron
1" 7=0

S—l =0

eUteron

FIG. 1. Schematic view of neutron pickup reaction with
coincidence with a proton assuming (a) a S, 7 = 1,0 correlated
pair and (b) a S, 7 = 0, 1 correlated pair at the initial states in the
(p, pd) reaction.

The isospin character of p-n pairs at large
relative momentum has been observed for
the first time in the 0 ground state. A strong
population of the J, T = 1; 0 state and a very
weak population of the J, T = 0; 1 state were
observed in the neutron pickup domain of
180(p,pd) at 392 MeV. This strong isospin
dependence at large momentum transfer is
not reproduced by the distorted-wave
Impulse approximation calculations with
known spectroscopic amplitudes. The results
indicate the presence of high-momentum
protons and neutrons induced by the tensor
interactions in the ground state of 1°0.

21



Short-range correlations by nucleon knockout measurements

60

Nuclear fragments

BM@N 8

| Al

20

%Be

Be

> (@]

g
; 15 5
> 10g T v
: =

* ’C(p.2p)
* "?C(p,2p)"'B
—— Simulation

(] PPy
0.4 0.6 0.8

Priss (GeV C_1)

0.2 0.4 0.6
Pug (GeV ™)

Counts

100

50

Momentum distributions and angular correlation

Nature Physics, 17, 6930699(2021)

identified short-range
correlated nucleon—
nucleon pairsand
provide direct
experimental
evidence for
separation of the pair
wavefunction from
that of the residual
many-body nuclear
system:

22
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Content

[0 Basic concept

O Structure by intermediate and high energy nuclear reactions

» Reaction cross section, charge-changing reaction

» Nucleon removal reaction

From simple to advanced

. From integrated to differential cross sections
» Charge-exchange reaction From inclusive to exclusive

» Complete-kinematics reaction

» Fragmentation cross section

O Summary & Perspective
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I NFTRIFREE D

» RBEZRAL © NSTRIFRIBRRIFREE E LUiBiZzARIZFRIZKEIE (29 30
MeV ) {l, HETRIFRISE—IRRSE 3~4 1.

+ FRESZIRAL : SEERKITAER 30< - < 1000 MeV, ATLMEEBIZEE TS

A. 32>200 MeV , FAILI=4ENF.

+ FEHGIRAL < 38 - > 1000 MeV BUBIRAL, MAIBRATLAFZAENF41 , SFATLA
=N U2 v N Ve i e =




I

Z N EE (Cross section)

- YIHEEN - —PRFANGFEIRUERA RS — M B zAE 7 L&A
AUz R AEEER

) -

N S IRTEVR A RO AT
TN, EfRTIAIRONETR A < R
~ HE , — DGR F RIS AR E—MERARAE R RO

- BAEFNEN., KZSHER NMNTFeSEFTFIRFZAEER tR? , B
2 1024 cm?

0}

o EA{] .

188 (b) = 1072% cm?
1258 (mb) =10727 cm?
1L (ub ) = 1073% cm?




Cross section

— & A (differential cross section)

do  dN'  BR{URIEIHHETE (6, ¢ ) BRIBANIAREABHITFE

o(0, = — = = —0 A a— -
6:0) = 40 = NoNed = BRI SR T R < B R
_do 2m .
0(0)=3=Jy 9(0.4)d¢ KA (b-sr1)
— 938k (partial cross section) aE
o
e.g., partial cross section 0,r(Z1 - Zj)
\¢
charge-changing cross section 0pz=X 4 0:r(Zi = Z;) N, == ¢
4 z
interaction cross section o=Y 0, = v i
NoN

— R\EMA ( total cross section )

2 T

N’ = IN, J a(8, $)dQ = IN, J j o (6, d) sin 6 dd¢
0 0

Q



Integrated cross sections:
Reaction cross section,

Interaction cross section,
Charge-changing cross section,
Total neutron removal cross section

Nuclear sizes:

rms proton radius

Rms matter radius

Neutron-skin thickness, Equation of state



Discovery of halo-nuclide "L

el
W

w
=)

P
Sl

Nuclear radius (fm)

6 10
Mass number

effective NN interaction
strong in-medium effects

I. Tanihata et al.
Phys. Rev. Lett. 55, 2676 (1985)

Interaction cross section
measurements at Bevalac
(790 MeV/u)

(almost) bare NN interaction
weak in-medium effects

Simple experiment!
ML

1SS natC
v W

vacuum

Tanihata et al., Phys. Rev. Lett. 55 (1985) 2676
Hansen & Jonson, Europhys. Lett. 4(1987)409

Nuclei far from stability line can show different structure or phenomenon as

those stable nuclei, which triggered the radioactive ion beam physics



Interaction cross section by
transmission method

gamma ray beam'__.. e
photons : collimator
Source 4 ‘:‘\' N\ : S AN Y N @) — —
,%i M\,/ ...... /\'/,\.//:\tg,;;lx{\/ e .»\...',.:‘;73 - I Nout_ Nin e 91 t
./<—?‘/ /\,/,,*,V'..\\“/V..\f'..j.ﬁt\’i/‘::. : 3 // ' '_;'; S Z\Tin N
NN “11 VI N TEee——
AR /4
N Z or N changed
colhn;agltor abéérber (Ap ’ Zp) $E],*?<
. (At ’ Zt) ¢
detector

— -t > R,
Nout - Nine 5 .

O . the reaction probability of losing nucleons from the projectile nuclide after collision.

Within the framework of Glauber model, it can be correlated with mass density distribution, and
thus rms mass radii.



Systematic studies of Interaction cross sections

O-I o< A2/3

T

LA L B S e H |

——
23,24

T

T

T

T

T

| | | | [

4 8 12 16 20 24 28
Mass Number A

32

over years
halo nuclei - [
YNe | *N Ne | 2N N N Ne |*Ne | *Ne [?’Ne | “'N N
¥ vE r P | 2P F | “F
0 | 0 |0 |0 50 0 | %0 o |20 | 240
B N [ UN PN | e N N | N N [N N
C | ¢ [ nuc e jie | uC .Jc c | »c ¢
-] g | 1B | 2B B | ‘B g
Be ’Be “;:3_ ‘Be -
SLi | 7Li | °*Li [°Li
- PPNP68(2013)215

Providing first hand information for most exotic light nuclei

31



reaction c.s. vs. charge changing c.s.

Hadronic interaction - Universal, simple and controllable, absolute measurements

» Reaction cross section: ogr 2 nuclear matter radius

(Aout * Aina Zo.u_t‘:/: Zin)
| Mr' Integrated cross section

>

OR=20i(Zr# Zp,AR # Ap)

the reaction probability of changing nuclear species after collision, and are
correlated with the nucleon density distribution in projectile

Target:C/H

» Charge-Changing c.s. : 0, = nuclear charge radius

(Ain,Zin) (Aouts Zout® Zin) Integrated cross section

| |
@ . il 00o=20(Z# Z,)
L

the reaction probability of changing element after collision,
and are correlated with the proton density distribution in
projectile

Target:C,H
32



Definition of cross sections

Total cs ot
) :|
reaction cs o o
< R = " < el
. | inel y
Interaction cs o ~ON
- - @

o+ total cross section

Og: reaction cross section, og = 07 - 0 (elastic scattering cross section)

Oinelastic. €XCitation to bound states

0. interaction cross section: change of the nuclide (A, Z), ~ oi for several 100 AMeV energy
0..=0a7 : charge-changing cross section, change of the element (2)

O, total neutron removal cross section

33



Assuming a 2C projectile beam at 900 MeV/nucleon on a C target

O Charge-changing cross sections
0,7 = 0 (C->B)+0(C->Be)+o(C->Li)
+0(C->He) +o(C->H)+o(C->n)

0 Total neutron-removal cross section
OaN = 204,

[ Interaction cross sections
O = Occ + OaN




Triggered theoretical discussions

1100 — T T T LA s S B B B

1000 + (a) C ol (b)N _

900 o .

800 —_ O Ei 00 | g
- ag®o iif _ _

700 - T =1

600 — 1 —————7—

1100 - =

g 1000 6, 8 T O%ggigé@%oo J]
¢ 00T 900:!11;5?00 T ]
800

Meng, Zhou, Tanihata, Phys. Lett. B 532 (2002) 209 ot & vy e Ta vy syl

4 0 4 8 -4 0 4 8 12
A-2Z A-2Z

projectil )
In the first order ' proton density of the projectile

) — targ targ
Tee = 27 [ b[1 — T7(b)ldb = \1) vb) e"p[ (f PR o f 0]

densities of the proton and
neutron of the target

Glauber model + RCHB densities can
reproduces well the experimental data.

o, (mb)
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UR=27'rf b[1—-T°(b)T"(b)]db = 2'7TJ

Triggered theoretical discussions

B Reaction mechanism: Glauber model + RMF/RHB density

0

0= 0L+ For,.

for N=Z

NS Z.

o0

b[1—-T°(b)]db + 277f ‘ b[TP(b){1 — T"(b)}]db

0 0
1600 T
N —_— 1100 N
1400 ‘
_ {2 — .,M
.g 1200 'E 800 | RRpsanammER
- = ARHB(c) ifree)|
b‘ 1000 bz CRHB(¢)
ORHBI(c 500 O DEF (free)
800 % DEF *DEF
&—® Expt. ®—@Expt. | =
600 200
1400 F - 1200 F
_ l‘at )
2 1200 A T 1000 ¢ *
E - '3 2] af
o e BEABAAppnns
1000 800
[
800 ] 600

the neutron contributions to the o are about 10%

Bhagwat and Gambhir. PRC69 (2004) 014315
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Pioneering experiments addressing

the propagation of cosmic ray nuclel in galaxy

o E&' e
p, He, C
N, O

. Brémsstrahlung, Synchrotron,

SS
~

Inverse Conipton
decay
FYRE Ys
Ny, ! S \
N \\
5 \

Solar Modulation, lower
\interstellar cosmic ray spectra

CR secondary
production

(pp—X) ,
Z<28, A<60 °

Cross sections of H-Fe in helium
and hydrogen for energies from
~0.100 to ~10 GeV/nucleon

107

108

10°

Counts

10*

10°

T
o o]

| IIIIIII[ LI

I IIIIII|

© LTI | IIIIIHl

5 10 15 20 25 30

Dong et a/, Astropar. Phys. 105(2019)31
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Ploneering experiments using stable beams

Z<28, A<60 Energy dependent
' ic d d
! Taget, i1sotopic dependent
1800 —T v I
C TARGETS
SO IN 7.5 cm dia X O. 1700
OUT 14 cm dia X 0.318 cm NE 10
with 4 cm dia Hole V\L'\‘_\.“_ S6Fe
16001 3 10000 — e
1500}
?— H* TARGET 7.5 c¢m dia X 1.52 g/cm?®
: 1400} ’_r_‘,,—wca o r
i o)
i 1300} " E
SIA 7.5 cm dia X 0.318 cm Caf; e — ~
: — S 200} e Z [ oL
[ pre— E %zw o o
I — ( ) 3 /-—1/"'" . — He o
. 5 100} O 1000 lof
s I—— ( ) w b H
3 1000 /H/‘""_'mn w
| m—— |
)
: sw- ‘Sc 8
[ | «©
i 800l /‘/‘:/””— 1an S
i | / i2¢
i £3 700+ W -
|
|
el 600} - loob— o R
T ] - — o A ( mass number)

ENERGY (GeV/nuc)

1988-1998@Saclay, Berkeley

spallation cross sections of carbon, oxygen, and iron in helium and
hydrogen, at beam energies from 540 to 1600 MeV/nucleon,

Ferrando et a/, PRC37(1988)1490; Webber et a/, PRC41(1990)520; Webber et al,
PRC58(1998)3539

One of the most systematic database 2



Link to nuclear structure

Combined analysis of s;and s.¢ can provide unique information on the
difference in proton and neutron densities.

20 20F 20Mg
2ON-2°Mg@950AMeV + C; GSI 1200 T T T T
(1988) Bk ; %
A=20 isobars 1100 F : ¢ : -
Projectile o; [mb] Oce [mb] rm [fm] 7" [fm] B %
200g 1150(12)  1122(30)  2.86(3) 3.18(9) o 1000 -
20 Ng 1094(11)  1083(18)  2.69(3)  3.14(5) - 0
20 Ne 1144(10)  1043(24)  2.84(3) 3.10(7) M
G 1113(11)  980(13) 2.75(3) 2.98(4) 900
200) 1078(10)  881(15)  2.64(3) 2.72(5) O B 3 7
20N 1121(17)  774(65) 2.77(4) 2.39(20)
0]
800 |- cC .
» Rpand R, derived
700 | ] | ] |
> Existence of neutron skin in 2°N 6 8 10 12
/
0= Occ+0OpN Bochakarev et al., Eur. Phys. J. A1, 15-17 (1988)
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0,and o.- measurements of 8211

: . e T
m 3931 @ 80 AMeV + different targets - 8
S 10Ff g}CC \
-'(_)‘ T dAZ dtot
3 [ \
Blank et al., Z. Phys. A 343 (1992) 375-379 05 & - s
7 O
8 B
O 00 1 ! L |
Li L LT

* Occ Stays almost constant for the same isotopic chain
« The proton density distribution is almost the same for 8%11Li and is not affected
by the long tail in the neutron distribution established for "ILi.



Nuclear size, nuclear extension in space, can be
used to reveal structure

B Bulk properties

B Halo, skin

B Nuclear theory

B Pairing , cluster

B Equation of state

1111111111

27p

Tanihata et al., Phys. Rev. Lett. 55 (1985) 2676
Hansen & Jonson, Europhys. Lett. 4(1987)409



Experiments at 900 MeV/u at GSI

32 i
12—19C (b) -
= - 17-22
3.2_ 190 % N N 2
- ~’ —
- x
’é\ 3.0_— § _ A
= 28:— 15C i é 28 | i é
2 3 & _ 5 3
= 26 4 "’ 5 6 % x
~ I % a " -
o4l g % ts¢d ) ¢
f % 24 &3
2.2_— ............................ -
20: ,,,,,,,,,,,,,,,,,,,,,,, 2_2>111]11111111111111111111111
10 12 14 16 18 20 22 10 12 14 16 18 20 22 2
Mass Number (A) Mass Number (A)

« Neutron surface: 0.2 fm ('°C) ~ 1fm (1°C)
« Halo radius in '°C: 6.4(7) fm from core+neutron model: as large as "Li
« kink at N=14 for N isotopes? 22Na neutron halo-like structure?

Kanungo et al., PRL117, 102501(2016); Bagchi et al., PLB790, 251(2019)



RMS radius (fm)

3.8

3.7

3.6

3:9

3.4

3.3

Ruiz et al. Nat. Phys. (2016)

o,and o of Ca isotopes at RIKEN
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TS AL T 4(2013-2018)

— MNEEFINE =S

Ve S MEREIAZERRSHKCF

v A HE: 50 ps (s)

v EBf55$%:0.09 (s)

B 4 v &S 100 mm (s)
‘ PRISHER>99%

80 o852 - . —

[

RIBLL2(ZMEZLRRERRLZ) « HR L DEU NI LIREERNSRKRAIR
ek (2300MeV/u)
BHS et al., Sci. Bull. 63(2018)78; Zhao et al., NIMA823(2016)41
Lin et al., CPC41(2017)066001; Zhao et al., NIMA 930(2019)95



Detector development

TOF wall Csl(Tl) y array

AL AR5 2 ek

“muspmepeayae

Zhang-NIMA795(2015)389 | T SSERSST
Zhao-NIMA930(2019)95 Y.Sun-NIMA893(2018)68 Yue- NIMB317(2013)653

TOF detector CsI(TI) detetor telescope

MWPC1 MUSIC MWPC2

Zhao-NIMA823(2016)41 Y.Sun- NIMA894(2018)72 Yan-NIMA843(2017)5
Lin-CPC41(2017)066001 NIMA985 (2021)164682
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Increasing resolving power ( light mass to intermediate mass range )

BHS et al., Sci. Bul. (2018); F. Fang et al., Nucl. Phys. Rev. (2021)



RIBLL2 upgrade and F4 (2017-)

Upgrade all the focal plans
Install beam diagnosis system for primary beam and RIB beams

lon-optical optimization
New F4 platform: increased TOF pathlength from 26m to 42 m

Courtesy: Yong Zheng, Xueheng Zhang, H. Ong
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ETF: 2021

)
\

MUSIC1

MUSIC2

o

Y. Z. Sun, et al., Nucl. Inst. Meth. A 927 (2019) 390
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CCCS measurements on C targets at ~ 300MeV/nucleon

Y& ~60 nuclei N=Z
] ] . . Iﬁ"ﬁllﬁ"ﬁl 3. Marp, * 395 (140,
7% ~10 nuclei with good statistic 0 e

Z=1

o

[IE I el @l @l
|:I.. *
-%l ll @leleler-

BEEe s solseE B
OISO T
?'Na| 2 1affna *** Tna| |22Na| Ponal [FoNa i Na 2

@ Preliminary results

P2

mmé
nlll| IS | B | S |

X}>
ZB
S
z |l 2

16
14

EXERE |, FMRLE. [RFIZWERIFL,
35(2018)362
FIMREE. R ZEHR 65, 3886 (2020)




Preliminary results

1000 1300
(a) i ® g 1200 | :
= 800 } o - £ Si
£ i o ; oo __ 1100 |
L = €. |
8 \‘occ P o = 1000 |-
o ’a( cor 3 Mg
O . (\ occ ® O o =
“ 400 |- o | ©
« \\ 0. o 900
o (e evap. i
Q Occ a4
G 500l 800 |- .
A & a 4 a & A 700 I . | . | . | . | . | . |
0 [ AR N SR NN SRR SR SR S 12 14 16 18 20 22
12,13,14 ¢ 1415 17,18 g Neutron number N

HIMAC-Data (empty) ,
25-285: NPA961,142(2017)

Kink at N=20

Reaction mechanism
( in preparation)

Statistic to be improved in the coming experiment scheduled in this Autumn,



Mirror nuclel as a laboratory to probe EOS

5

W
A A
ZXN NYZ
isospin symmetry )
nearly identical properties Wang & Li, PRC 88, 011301(R) (2013)

The differences in the charge radii of mirror nuclei are shown to be proportional to
the derivative of the symmetry energy L at nuclear matter saturation density.

Brown, PRL 119, 122502(2017) ; Yang & Piekarewicz, PRC97,014314(2018)
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Constraining EOS by CCCS difference of mirror nuclei ?

200

160 |- 4 Skl series
v SV series ,
140 = ungroup (SII-SVI etc) s+

L (MeV)

B A linear correlation between cross section difference of mirror nuclei and L

''''''''''''''''''''''''

[ 3OSi

180 [
L o SLy series

L« NLRMF y

-.I- sosi_3os
1 900 MeV/nucleon

2002 004 006 008

p (fm)

010 012008 010 012 014 016
Arp(fm)

B Model dependent: SHF vs. RMF

Xu, Li,

0.18 33 34 35 36 37 38 39 40

AGec (mb)

BHS , Niu et al. in preparation
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Simultaneous measurements of g,and o.¢
on the same target at the same energy

B contributions from the neutron removal

.-. ’ ; : : 'C: . . . . u "
120 & ¢ reaction is increased with increasing

: 0 % neutron number

] i 5 Em B Combining with the Glauber model

g 3 N analysis, it is possible to deduce both R,
- onCtarget@ [ 19C and R, and thus neutron-skin thickness

900AMeV

6 8 10 12 14 16

: _ B The neutron-skin thickness can put a
Neutron number

strong constraint to nuclear models



Simultaneous measurements of g,and o.¢
for EOS studies
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ANTHIEECC Eox) v = Aumann et al., PRL119, 262501(2017)

3 02 -+ Bertulani and Valencia, PRC100, 015802(2019)
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total neutron-removal cross section can be a sensitive probe to constraint EoS



Simultaneous measurements of g,and o.¢
on the H target at the same energy

60 - nucleus with neutron skin

o) |

é 50 ¢ large s,

= i

= e

§ 40 _ # d proton

g 30 w

O - | ~ | small s,

100 200 500 1000 =0
proton
Elab (MeV)

H target: best target to disentangle r, and r,,, isospin effect;
proton/deuteron target can be used to deduce neutron skin thickness

Horiuchi, Suzuki, Uesaka, Miwa, PRC102, 054601(2020)



Solid hydrogen target R&D

O 5Epk 7 BSSEBRFGRIAS - =E SR, EEMAERE
{EA G-M FTUERRIR | BEZFEASETERRD ISR &R,
BN ERESESEIT. RIFEET. EERTTUANESIRTEFERD .




R&D on Solid hydrogen target

Test with nitrogen, 2cm thick x $5cm

Test with hydrogen in preparation

60



Nucleon-removal cross sections:
-1n, -2n,
-p! 'zp!

(P,2p)
etc.
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Gade et al., PRC77(2008)044306
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2National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA 64
3Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
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Charge-exchange reaction



;;:::%
” ~ Isotopes, which are exposed to high temperatures
. and’ densities in a stellar plasma, may experlence

~~ddramatic change of their decay rat_es.

® High te-m-pé'rﬁatfjre'('GK) e Source of energy and
® High density (nuclear matter) elements in cosmos
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Stellar vs. Terrestrial

High temperature

» Highly-charged state (even fully-striped)

electron capture, isomer (1C),
bound-state 3-decay, electron screening, ...

» Thermal population of low-lying excited

states

High intensity
> “decay” beyond Qg window

» Daughter nuclide vs. mother nuclide

groundstate

Daughter (Z,A) Mother

RELATIVE ENERGY

5

k\\Ir

A S
o [t
~ ~
(2 N
¢ \\-

68y %

(Z+1,A)

Hot
nuclide

Ground
state
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» Capture of free electrons in dense-matter scenarios

Crustal processes in accreting
neutron stars

electron-capture
on stable or n-rich

nuclei

\<°o

.
Eﬂﬂ e H Schatz et al. Nature
~ 505,62(2014)

Proton Number

SHEEEE 2 , , I | | : |
20 30 40 50 60 70 80 90 g @ ¢ __
Neutron Number sl ol o U

Sullivan et al. 2016
Electron-capture reaction rates on n-rich medium-heavy nuclei (unstable nuclei) are an
important ingredient for modeling the late evolution of stars that become core-collapse or

thermonuclear supernovae, and neutron stars o




EC in neutron stars

Neutron stars are the remnants of core-collapse supernova explosions

B-equilibrium
reached in the Schematic nuclear energy-level
\/ outer crust diagrams for an EC/--decay pair.

accreted matter: typically hydrogen, helium
j thermal X-ray emission

Composition: (Z, A)
shallow heating?

b
He < ‘QI{(I‘
—  — 5
, Outer crust
electron captures Sutecriet e
P electrons, |cns\ om g - B' Qec!
| 56 b
—vre
L N\_62
64Ni
66
: Inner crust:
nuclear fusion g
- electrons, ions, neutrons — 86K
100m
- —
Core: —+—84Se
neutrons, protons, electrons, exotic matter? 0
neutrino emissions =
— __BZG e
200m
/_SOZn
s Composition: (Z -1, A)

Strong neutrino cooling by cycles of electron capture and b- decay in neutron star crusts
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Neutrino cooling by EC and beta decay

Crustal processes in accreting

neutron stars Cd (4*295]7] E 11 0O
Pd (4%)“(95) ] 7D
Ru44) 0 X O 0.
Tc (43) kj\
Mo (42) (] 0 e
Nb (41) Vel
Zr (40) oo \\\
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Kr (36) [] alia "] \ \\ 6),
Br(35) [ ] u i \ \
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_As 33)
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L se —a & ,
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5cE21; 1 Py N i
Ca (20) 1 A 52
K (19)
5 16@,::3’, El Bl 46 . 50 A kT¢ EC) ¢ EX
smpg]s; - o 105
i 40
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21 e [Qucl| P Qe
N B 1 = L He ’ QECI ﬂ QEC
C (6 22 28
BB (j) 105748 Neutron number
el L 8441(13) keV

EC due to dense electron plasma

H. Schatz et al. Nature 505,62(2014)

Z, A) 1057y

® No experimental B(GT+)
of n-rich isotopes



> Half-lives of “hot” atomic nuclel

Origin of Cu elements

1/2 1000.1
5/2——962
Zn64 | ZnBS | Zn66 | Zn67 | Zn 68 Zn64 | Zn65 | Zn66 | Zn 67
oo RS EEEEEE
29 ‘Cu6‘4\Cu65 : I E S ) 1/2 ——669.¢
Ni6O | Ni61 | Nic2 SNIEE: A Ni 64 Ni 60 6 i 67 L 0
? —
= B S --
N1, 1,,=100'y A6 8 %“0_4
: - 2T Ny
core He burning shell C burning ol 3702“‘){,“%
~ - : 3/2-
T~300 MK, n,~10°cm™ T~ 1GK, n>10''cm3 Qe
oo 7o “Ni 63Cu

» The half-life of 3Ni can be enhanced by up to two order of magnitudes in the
weak slow-neutron capture process.

» Direct measurement: impossible .
B.H. Sun, approved proposal E501 (RCNP)



Stellar half-life of 3Ni and origin of 3Cu

12— 10001 il wsheII'C
52 ——962 10y ADNDT1987 —— |
L 12——669.9 S
95176 ARG B |
i B :Fang, 2016
g [ :
B
321556 ol
?g 370211“ ', - Takahashi et al. 1987 |
%3/2 0 A e TS 012
()_)Nl )JCu

Temperature (10% K)

Various calculations show: reduced half-life by up to a factor of 20 at 300
MK, and two orders of magnitude at the C shell burning
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Experimental method: charge-exchange reaction

Charge-exchange reactions at intermediate beam energies has long been a powerful technique to
study [B-transition strength, especially can probe excitation regions, which are inaccessible to 3-
decay.

X B
Z
3H charge .
— ’ exchange %

3He
reaction . n
== B(GT) = i I— B-decay Weak
S GL)=3,, (2]“)(2//”)'(1‘[ 1) T
' ’ (n,p)
ZUATA > charge-exchange (d,”He)

(q=0))(3H) = o e
t; He 2 .
: 92 =02\ Lo | LN S
7X i dQ 27nh | k, - strong
e’ Z-1X
.. ’ 6 * unit cross section Taddeucci et al. NPA 469, 125 (|987)
°

Courtesy: R. Zegers

® Charge-exchange reactions connect the same initial and final states as in a weak interactions
and are mediated through similar spin and isospin transfer operator

® Proportionality holds at ~10% level for allowed GT/F transitions

® Applied to a variety of charge-exchange probes: (p,n)/(n,p), (d,?He), (*He,t)/(t,>He) etc.



(d, 2?He) Charge-exchange reaction at > 100 MeV/u

'S, state — 'S state = AS=1 GT filter 112 1000.1
. 5/2 —— 962
63 , “Ni :
Cu (i, residual
target K ¥ L 12— 6699
st gy ~ 'S ThsiTe
200 MeV _ 2N .
Img/cm? S a 4o Coincident detector ]
I l,'.* » -- & T 32 155.6
e‘;’ % ] » of two-protons !! 5 ! 875 167
L 12=220.0 1012y %% .
p @ a i LY/ Y
\ e<IMeV o T T
\N Ni Cu

Experimentally almost pure 'S, state can be selected by
limiting the relative energy of the di-proton system to less
than 1 MeV.

d.m.l..mm @200 MeV Approval RCNP proposal (2017)



Another example: decay of *%Fe

B.S. Gao et al., IMP-NSCL-BUAA,
approved NSCL proposal (2018); done in Feb. 2020 at NSCL

9Co(t,3He)*°Fe - decay from excited states of °°Fe

726 keV

3/2°,5/2 571 keV

3/2- 1292 keV
3/2-

7/2- g.s.

39Co

Gao et al., PRL 126, 152701 (2021)



__The stellar beta-decay rate of *%Fe

1 Y "l-\ b 1 7——<
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i S

59C0(t53He)59Fe, + y-rays of °9Fe
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Gao et al., PRL 126, 152701 (2021)
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Stored RIB beams for most rare cases

Luminosities in storage rings are superior by orders of magnitude compared to
experiments with fixed-target experiments.

Ring

Gas jet target

Gas jet target

EXL project @ FAIR Heavy-ion

spectrometer

~

|dentified beam
or fast cooling (down to <1s)

— ~

N ‘] <
Detector \ N
|
Gas jet |
Beam in |
Storage Ring

1
|
|
T

Aroundredction

\

|
|
|
|
|
|
|
|
|
|
M|
. |
|
|
|
|
|
|
|
|
|
|
|

target for recoil particles:

> -Si=ball/DC:Tow-energy proton, tritium
> low-neutron detector (n)
» y-ray detector




High energy reaction study in China



HIRFL-CSR facility at Lanzhou

CSR-complex completed
in 2007

J.W. Xia et al. Nucl. Instrum. Meth. A 488 (2002) 11
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High intensity heavy-

ion Accelerator

Facility (HIAF)

Booster Ring:
Circumference: 569 m
Rigidity: 34 Tm =
Aaccumulation ,(’/v
Cooling & acceleration

Booster Ring
Fast ramping operation

e Spectrometer Ring

\

“ V=  Spectrometer Ring:
Circumference: 277.2 m

Rigidity: 15 Tm

Electron cooler

Stochastic cooler

Superconducting lon Linac:

Length: 180 m
Energy: 17 MeV/u (238U34)
CW and pulse modes

Funding:1.67 billion CNY for instrument + construction
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Structure and Performance of HFRS

----------------------------------------------------------------------------------------------------------------------------------------

Main-Separator: Separator + Spectrometer

Achromatic Mode Dispersive Mode
Momentum resolution:1100 Momentum resolution:700, 1100
Im“ |ﬂ“"%
Target e D(;g:\der = Target Degiade™ Tarlgi &)‘6;3"3“
- ~ s o
The peculiarities of the HFRS:
A maximum Bp=25 Tm, and thus high-energy secondary beams available
High separation power, and fully stripped ions of all elements available
Versatile spectrometer modes by different combinations of separator sections
— @ Synthesis of neutron rich hypernuclei
Bp=25Tm e Nucleon excitations (A resonance and N*) in nuclei

Unique Experiments e Giant resonance of neutron rich nuclei

— @ Spectroscopy of meson-nucleus bound system i,



Physics @H FRS White paper on physics at HFRS is in preparation!

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

To explore the hitherto unknown territories and find new phenomena

] [Systematic measurements of mass and Iifetime]
Nuclear Structure and Dynamics =" il e

e B

'_..-_.-l‘ Gamow-Teller transition strengths BGH

:Shape evolution along the N=Z Iine]

',n_ﬂight decay of unbound nuclei] o e — i [Nuclear size and matter distribution]
L —1 . —

82rr[[Evqution of single particle state ]
_[_I_'

New forms of collective motion and shape coexistence]

:Isospin symmetry breaking]
28 h=

:New np paring]

[New iIsotopes and neutron drip Iine]

—

Clustering, halos and giant neutron halos with > two neutrons]

84



(\\3

me [IF3 1" 1147 s 116° ur
FREBE | P AL
L LT |
GUANGDONG SHENG ZHENGQU s
/4 (M e
IFREEPEARSOESIRE
WIE
Gongeheng | "2 e st
WA Coangtai
h o A R-HK TR
The People’s Republic of China aa P
e Zhongban
DY {
Zhaoping
&
N #715
Nanpeng Islands
o 2
» =
Luding
. Bl
Luxhuan
0 Y
K Z AT LI N
«nmmsilu‘.—m&s. m\,a l’)‘ﬁgﬁm u
. ocation
ENg%
= FIsh Shangehuaa lsland
e Xwchuan Island
AV = el Nl
s BRI Maogaod 4
!ﬁmm mr.z,ﬁuna
4 s
H A Al b Ve % S Bewsi Bech
H ML Donghai teand i
w N E r B B
W g 0 M8 RS Naozion ttaod Naswei Beach Doayka Amh.a— =
Kb © )]
I 4 Rl
Dongsha Island ‘/’m.ﬁ.um
W st e nr
i E o 57
G O (0. B0 S BB Raitwy
%34t Luodon lsland &= x‘zi‘t‘h“l‘" &R SR rovioia Boundry ¥
1 2] (Hong KangMacao) __x®) serHREN BB Expressway
g SEERED Ciey Boundary Expressway(Under Construction)
& Z Menicipal Seat f&?ﬁ:ﬁ [l Interstane Highway
o S N "Cg 2 > O o mammse sy FARSIGRRR + A Apot
laikou “ i TR Special Admisistrative Boundary
100° 110* 1" 112 113* 114°
FEAELART. FRGLEEREKM WES: §S(2004)0485 LEBIR 11 2500000 0045118

85






YV V V VY VYV V

We have a dream at HFRS...
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Working Modes
* Achromatic Mode
* Dispersive Mode

Decay station

Separator + Spectrometer

Interaction cross section : 0,2 R,

Charge-changing cross section : occ2> R,

Charge-exchange reaction : Cex - B(GT)

Knockout reaction : spectroscopic factor

Full data sampling

From analog to digital sampling

A

- Secondary target
Tertiary target
Degrader stations
Detector systems

- Experimental areas
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Summary

Studying atomic nuclei require us to use different “probe”from different
aspect. Together, they help us to gain a “close-to-truth” imagine of atomic
nuclei.

Nuclear structure can be investigated with nuclear reactions.

There are lots of exciting fields in front of you... and China should

play an important/leading role in your generation...



0 Possibility to calculate reaction cross sections
from transportation method?

AMD etc.
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