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“o particle” nucle1 1n 1930s

A
v" Alpha radioactivity: 1890s P
v" Alpha decay model (quantum tunneling): Gamow, 1928 ey
v" Discovery of the neutron: 1932, Chadwick Hafstad and Teller; PR 1938
10 | | | ] 1 300 —— ; - - - , =
“a-conjugate” nuclei 28 5 |
16 20, 24Mq O | S o0
O Ne . s 2
8 - 4 8 C Vi R E Ne

He Be °* > iy y 2 .| o

g TR / TN ° &
Be

- 0.
E “ ' Number of bonds
m Y ‘

[ | 8Be (1 bond)

4 — [ If =1 % 2Ne (9 bonds)
‘l ‘ % ’
{ | 12C (3 bonds)
| 2 Mg (12 bonds)

2 ""Illll'll ! | | 1 i 1
O 1 O 20 30 160 (6 bonds@
Mass [A] %S (16 bonds)
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lkeda, PTPS1968
“Ikeda diagram”

excitation energy / temperature

multifragmentation in heavy ion collision /\

° OO ©
@ ° OOO(O)
o0 W i | ’
— —

molecular| £sonance ,."

cluster de€ay 552"

2B RIRHE S

Gas-like (a-condensate) states

>
4y w
o o
e.g., Adachi et al. PLB2021; THSR, PRL2001
Zhou/Ren et al. PRC2012, PRL2013

4/ “4

Molecular states in Be

= -

<y 4 ~ v
&
e.g., Freer et al. PRL2006, PRL1999
Yang/Ye et al., PRL2014; Jiang et al. PRC2020

Ito et al. PRL2008, Lyu/Ren et al. PRC2016

g

collective modes
(GR, PR)

threshold decay weakly bound sy

molecular orbita
N o nn correlation

shell evolution halo, skin

-
.
.
.
.
.
.
.
-
-
.
.
.
.
.
g
‘@

asvekHea deformation

clusters

GYe)
© 00
QQ

neutron—rich

shell structure
cluster breaking

Linear-Chain states in C

stems

S
e.g., Liu et al. PRL 2020, Li et al. PRC2017

Yamaguchi PLB2017,Fritsch et al. PRC2016
Baba/Kimura PRC2018, Zhao et al. PRL2015

Kanada-Enyo, PTEP 2012
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Positive-Parity Linear-Chain Molecular Band in '°C

Y. Liv.)! Y. L. Ye®." J.L. Lou.! X.F. Yang®.! T. Baba.® M. Kimura.” B. Yang,! Z. H. Li.,! Q. T.Li.' . Y. Xu.' Y. C. Ge.

H. Hua.'J.S. Wang.*” Y. Y. Yang.” P. Ma.> Z. Bai.” Q. Hu® W. Liv," K. Ma.' L. C. Tao." Y. Jiang.' L. Y. Hu®* H. L. Zang.'

J.Feng.,' H.Y. Wu.' J.X. Han,' S. W. Bai.' G. Li." H. Z. Yu.' S. W. Huang." Z. Q. Chen." X. H. Sun.' J.J. Li." Z. W. Tan.'
Z H. Gao.” F.F. Duan.” I.H. Tan.” S. Q. Sun.® and Y. S. Songﬁ

ISchool of Physics and State Key ‘:"_(d)um:mj\' of Nuclear Physics and Technology, Peking University, Beijing 100871, China

“Kitami Institute of Technology, 090-8507 Kitami, Japan |

RAPID COMMUNICATIO
PHYSICAL REVIEW C 105, 044302 (2022)

PHYSICAL REVIEW C 95, 021303(R) (2017)
i z z- i - i i 16 . 0 . . . 4

Observation of the x”o"-bond linear-chain molecular structure in C Selective decay from a candidate of the o-bond linear-chain state in *C

J. X Han,' Y. Lin,">" Y. L. Ye® " J L. Lou®,! X. E. Yang®,! T. Baba,* M. Kimura,* B. Yang,! Z. H. Li.' Q. T. Li.!
LY. Xu Y.C. Ge." H. Hua.! Z. H. Yang) J. §. Wang.*” Y. Y. Yang, P. Ma.” Z. Bai.” Q. Hu” W. Liu,' K. Ma,' L. €. Tao,' [Ye"" Z.H.Li! C.1.Lin2 Q. T.Li.' Y. C. Ge.! . L. Lou,! Z. Y. Tian,' W. Jiang.' Z. H. Yang,* J. Feng.' P.J. Li.!
Y. Jiang.' L. Y. Hu.* H. L. Zang," I. Feng.' H. Y. Wu.' S. W. Bai.'! G. Li.,' H. Z. Yu.' S. W. Huang.' Z. Q. Chen.! X. H. Sun." |[jy ' H. L. Zano.! B. Yane.! Y. Zhane.! Z. Q. Chen." Y. Liu,! X. H. Sun.' J. Ma,' H. M. Jia.2 X. X. Xu.2 L. Yang 2

J.1Li.' Z.W. Tan.' Z. H. Gao.” F. F. Duan,” J. H. Tan.* S. Q. Sun.® and Y. S. Song® 2 i CN Rt sl g S =

!School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China it SR ik
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(p,pa): probe clusters in the ground state

v" Cluster structure in excited states: one may measure cluster fragments

v" Clusters in g.s: quasi-free (p,pa) [~ several hundred MeV/u]
Yoshida, PRC2016/PRC2018/PRC2019

Normal kinematics Inverse kinematics
/ Projectile (RI Beam, A& E1%)
Proton Beam @
o—- _,,3{ . |
' Proton Target
Residual
Target
(FREX)

12



(p,po): probe a clusters 1n light nuclei

v'In1970s and 1980s: with light stable nuclei like "Li/°Be/!*C.
v'Recent theoretical development for (p,pa) (Yoshida, Ogata et al.)

| 9Be(p,pa) SHe at 200 MeV
8,=60°
90="52.|6°

o
l

d30/d0,d0q dEp (b /srZMev)

N/
| *=7 dwave
Ol
i "
] | Tp"’ 1
120 140 160
Ep (MeV)

Nadasen et al. PRC1989

TMD (arbitrary unit)

Chan and Roos PRC1977,;Carey et al. PRC1981

140
120
100

2-1012 2-1012 2-1012
x [fm] X [fm)] x [fm]

— - -TMD, $=6.0 fm "
TMD, =2.6 fm _
Y —-—-TMD, #=1.0 fm -

\\ 0Be(p,pa)

cluster T ]

R (fm)
Lyu, et al., PRC2018; Yoshida et al. PRC2019;
Taniguchi et al. PRC2021 13



Are there a clusters in heavy nuclei?

R

- Origin of a particles
in a decay?

(1*Y) a particle formation || (2"¥) Quantum tunneling Half life !

Textbook Gamow model

14



Are there a clusters in heavy nuclei?

P

: h1ln2
— o adecay halflife: Ty, = —, T g (1) |?
p S a
WISy oS
- 10G(F), shell model Varga et al. PRL 1992
—————— g(r), cluster model Delion et al. PRC 2012

Ok ———g(r), shell + cluster model

212P5—208Ph + ¢ @ )

Increase by ~10 / [/
due to a cluster \

(e ]
w
fodeqedfiel fe P40 FH Y. § FIRG. ] PR3

a-preformation amplitude
O

0.1
0
0.1 i T T T T T £ T T T
0 2 A 6 8 10 12
r(fm)

v’ Theoretical calculations Xu/Ren et al. PRC93(2016)011306
Ren/Zhou Front. Phys. 13(2018)132110
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a decay 1n heavy and superheavy nuclel

A-Z=119? 7-120?

= 118
117
116
115
114
113

180 185

Jul. 23, 2004

.

1115 0.07 MeV a,
6.15+5.00 (PSD + SSD) 11.52 £ 0.04 MeV (PSD)
s 493 ms

9.26 m:
i o 8

114 + 8.89 (PSD + SSD) 21131 £0.07 MeV
ms 0.8+ 10.43 (PSD + SSD)
33ms

FI(114) . .

11.82 £ 0.06 MeV (PSD)
0.667 ms -

5.

08 + 0,04 MeV (PSD)
2475

10.65 + 0.06 MeV (PSD)

184

204 MeV(PSD)
4095

10.26 £ 0.07 MeV
267 +7.64 (PSD + SSD)
444 ms

Rno.L Ra] Th
? 5 G ‘} 1214

S.F. -
of & vl

¥ Ke34006MvEsD) | Aug. 12,2012 Porgray < g ;

1265 g "% ®-0 = ® é ;

P i

L . é‘

®.5 0 *“‘Ra

s ]

210

1y ) ! I 9 8%Po:; I ! I

. .
100 104 108 112 116 120 124 128 132 136 140 144 148
Neutron number

8_
ok
Sk
3k
8
8

-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30
NpNn

‘ | Zhang et al. PRL 2021
g = 16



EoS and symmetry energy

v Nuclear matter equation of state (EoS)

E E p(r)=p,0)+p,()
Z(p, 5) = ) (p,0) +52 + ..

p,()-p,()
() p,()+p, ()

v Symmetry energy Slope parameter

5(p) @F@(p o) +

2
18 . = (p— po)? +

Neutron matter

20f
10f

symmetry energy

energy per nucleon E/A [MeV]

Symmetrlc nuclear matter

'28.00 0.05 0.10 0. 15 020
density n [fm 3] 17




EoS: from nucleus to neutron stars

f— Mass-radius relation
v Neutron star o

T ’ I
FSUGold2

— RMF022

m— RMF028
RMF032

TAMUb

FSUGamet
TAMUa

J0348+0432

= IU-FSU J1614-2230
v Merger 2 sf O

“n pressure”

b J2 uramsne

In Heaven Co

Laboratory constraints Pred. Op

Roca-Maza, PPNP(2018) On s
IOOI|\\\‘I\\‘II\‘\/J/|‘\
Sl
80 mmms

A,, ~L (slope parameter)

[ = Linear Fit, r=0.979
F © Nonrelativistic models
[ ¢ Relativistic models

60

L [MeV]

40
Qo[-

(fm)

Ar
np

20 -

z)osl)b
PRL (2001] On Earth

0 50 100 150
L (MeV)




Impact of clustering on EoS

Typel, PRC89(2014) 064321,PRC 81(2010) 015803
v" Theoretical (gRDF) predictions of a clusters in low-density

environments like the surface of heavy nuclei:

Tight interplay

a cluster neutron skin

n-skin suppress a-cluster a cluster suppress n skin

o
QO.S_""""""' L, 0] L 0.35 T T T T P T T T " T T T " T T T 7T T 7T
,Q E <l p— = n
= ' ] é0.30 — | o--o RH without o correlations -
= 0.4 ‘ o — [ |o -0 RTF without o correlations d .
= B - w025 [*—®RTF with o correlations ot Ll -
2 ogf 3 3 S F 5
2 A2 ] S020F a W ‘—j
"5 B Jd =z =
QS . f g 2o.15F J‘E
= 0% ] = F :
S - 0.10 -
o K ki ,E = -
S oy . =< 0.05 - 208pp -
2 [Snisotopes _ A ]
o Pl [T O Y DOV M0 W LG T W T W M B e | =0000-l1I0l2I0I3IOI4IOI5IOI6IOI7I0I8IOI9IOI1(I)OI1I10I12
(
< 00108 112 116 120 124 128 132
= Mass number A L [MeV]
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Quasi-free (p,pa) at RCNP (Osaka/Japan)

High resolution
AE ~20 keV

Grand Riden

(proton detection) v Beam: 392 MeV proton, ~100 pnA

v' Targets: 112116120.1248p (~40 mg/cm?)

Proton Beam

o8

Targets

LAS
(a detection)




Development of (p,pa) setup (2015~2018)

a-particle detection :
Successful!

1A “pos_x [A U] )

Physics run in 2018

Optimization of drift chambers

LAS focal plane

Trigger scintillators
The exit flange

Project started in 2015
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0. separation energy spectrum
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20Sn(p,pa)'1eCd
P Hﬂ IITM "’..'/ i iy e
!-yzz|§| T !f @IIT‘L 1 L@Il w e |T]l m J.IIT T : 3

-20 -10 0 10 20 30
My (MeV)

E., Peak clearly observed for each Sn isotope 1%116.120.1248n
v" Fitted using a gaussian peak and the continuum background.
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- 800

-4 600

Counts / MeV

22



Systematics of a-clustering along Sn 1sotopic chain

o [nb]

0.15

0.10

0.05

I experiment
O-10 theory

112

116 120
Mass number A

124

=
th

o
E

@
[

=
tw

BT BN

"'l"'l"Ill"l""""'

A TN nskint B
: Nl © clusters | B

lllllllllllllllllllllll\’-

e

00108 112 116 120 124 128 132

a-cluster effective number
(o]
~

_//

Mass number A

v Reaction Theory: Distorted-Wave Eikonal Approximation
v’ a-cluster wave function from gRDF

v Distortion effect considered
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Formation of a clusters in dilute neutron-rich matter

Junki Tanaka':2:3", ® Zaihong Yang®*", ® Stefan Typel'-2, ® Satoshi Adachi*, Shiwei Bai°, Patrik van Beek’, Didier Beaumel®,
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Kobayashi4, Yuki Kubota3, ® Wei Liu®, Jianling Lou®, @ Yukie Maeda®, ® Yohei Matsuda®, Kenjiro Miki'?, Shoken
Nakamura?, Kazuyuki Ogata“'1 1 @ valerii Panin3, © Heiko Scheit!, ® Fabia Schindler, Philipp Schrock'2, Dmytro
Symochko!, @ Atsushi Tamii*, © Tomohiro Uesaka3, Vadim Wagner!, @ Kazuki Yoshida'3, @ Juzo Zenihiro®’, ® Thomas

aman'™' Science 371, 260-264 (2021) [Highlited, “Perspectives”%ﬁ)ﬁﬁl
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Clusters: from nucleus to neutron stars

Mass-radius relation

J1614-2230

Neutron star . Fattoyev et al. PRL(2018)
v' EoS + General relativity - : = =
v’ Merger . : —

v' Cold dense matter “n presyure

W
I

05— —

In Heaven i

0 1 1 | 1 | 1 |

R, (km)

Ny,
Cla,.
| RocaMaza PPNPOOIS Mattey. .
i : I O S

Sn
Q?H\tron Sk_
~°0_skin,

Better constraints

; 60 As ro’l:1 sics

CH v' More (accurate) data

E‘ / L

w0 Correlations and clusters
Q©

On Earth
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A new era of cluster knockout
v’ More exotic nuclei at RIBF, HIAF, GSI/FAIR,FRIB ...

Typel PRC2010; Zhang/Chen PRC2017

BEE-*HefEH 10° .
(ﬁﬁ;) >é [ o iomev s (: ]
-%10-1 | Y,=04 ,,'/ \\ -
'12‘.10-2 s a .
F > 1

a /] | - R 3
; \ d; i ige i ".

B e T T
RCNP &4 X i Density [fm—3]
o dios i: (p,pa) at RIBF
.. N=126
Heavy nuclei th Nd and Sm at RCNP
b > -

J— : N=52

Midium-n#ass: Ca(p,pX) at RCNP/RIBF S

Light néutron-rich nuclei : (p,pa) with C at RIBF TOGAXSI@RIBF
= (Uesaka et al.)

N=5 2 6
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b3

FFREX KRS S TKE

Ahnetal PRL 123, 212501(2019), PRLI129, 212502 (2022)

v" Neutron drip line established up to Z =9 (*'F) and Z = 10 (**Ne)

Bagchi et al. PRL 124, 222504 (2020).

Tanaka et al. PRL 104, 062701 (2010).
Togano et al. PLB 761, 412 (2016).

Cook et al. PRL 124, 212503 (2020)
Estradé et al. PRLI113, 132501(2014)
ZHY et al. PRL126, 082501(2021)

Sun et al. PLB 814, 136072(2021)
Cao et al. PLB 707, 46(2012)

Tanihata et al. PPNP 68 (2013) 215 . ,
(Weak) BCS-like (Strong) dineutron
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FHFERIXHFRER: LA

v'3-body model calculation by Hagino et al. [PRL 99,022506(2007)
v'GCC calculaiton by S.M. Wang et al. [PRL 122, 122501 (2019)]

v'Strong B(E1) from Coulomb disso. [Nakamura et al. PRL96(06)252502]

180
160

° Present work (RIKEN)
----- leki et al(MSU).

140 15[ — 1 Shimoura et al.(RIKEN) |
a 120 - ——- Zinser et al.(GSI)
() — Calculation
E 100 1.0k with nn correlation _|
80
(aV}
o 60

-, o - -

40
20
0

o
o

dB(E1)/dE ., (e*fm?/MeV)

| 1 1 1
.0 0.5 1.0 1.5 2.0 2.5 3.0

o
o

01 2 3 45 6 7 8 9 10

r (fm) Fra (V) N
2= e ), + 2o )+ b
o €615) = 48*1¢ degrees |
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FEUHPF?

v’ 4He(mw,n")*n by Ungar et al., PLB 1984
v 4He(m,n")*n by Gorringe et al., PRC 1989
v TLi(1'B, *O)*n and °Be(°Be, '“O)*n by Belozyorov et al., NPA1988

Come si produce I'elemento zero

~—
cco come funziona particolarita di essere nuclei di berillio-14 si flash luminosi, dovreb- 1<
I'esperimento. Si awolto da una coppia di ‘ spezzano in nuclei di bero sparpagliarsi in piu I<5)
accelera un fascio di neutroni), e lo si fa berillio-10 e 4 neutroni. direzioni. Per 6 volte,
nuclei di berillio-14, un | scontrare con un insieme pero, sono arrivati tutti E
isotopo dell | bersaglio di carbonio. In ‘ 14 neutroni, registrati da | insieme, come se fos- =T
berillio (che ha la seguito all'impatto, i rivelatori che producono | sero una sola particella. ]
e —
: Tetraneutrone "<l =~ Fash piu luminoso dovuto St
Mucleo di 2 TP T2l 2 un grwo i 4 neutroni ' =
@ TS . (D 3
| & -
- & | - DO
ty Nucleo di o3 P
berillio-10 |\ | [ . <
Bersaglio 02" 7 ol i ST * =
Neutroni % carbonio ;
esterni
Fascio di uscita

gresso /> dsingol neutron
SN Scontri tra nuclei atomici 14 10 4.
B | Fovelto incuton IRl bl e Be — "Be+'n?

Marques et al., PRC2002, arXiv:nucl-ex/0504009

Several (abnormal) events : hint of a bound or low-lying “n

® Followup projects not successful ['%1“Be(- o), SHe(- a),..]
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JUFpF#&S: “Candidate “n” (RIKEN/CNS, 2016)

Kisamori et al. ,
PRL 116, 052501 (2016)

BigRIPS

High-Resolution {

-Beamline SHG A EEN TSN RS R FRE A RN RER REASE RAARN RO R
bCZln'l - —— continuum + background
10F S (PR background x 10
l]qu]d HC - just after rcaclion’
> gt k™
tat’gct < 8 | resonance A&~ "4 direct decay
S 6f
SHARAQ A b ¢ I
spectrometer o . y
p E:(l 2k \ -
CRDCS 0 TI-N-T-I--I-I--F-I-I--I_ ----- 1 N h ':-RN- ik N N |
20 -10 0 10 20 30 40 50 60
E»’ln(MeV)

Four events : “candidate *n” (0.83 + 0.65(stat.) = 1.25(sys.) MeV) 17



JU b F25:8He (p,pa) @ RIKEN-RIBF (2022)

E. = 2.37(38)(44)MeV
I = 1.75(22)(30)MeV

[ ® SHe(p, p*He)
Laboratory frame Proton ./ e
I -- Continuum
> [ — Background
S I — Total
Zpeam e <
----------------------------------------------------- Q L
e [
5 .
8 10
5 — UL
-20 0 20 40 60
(MeV)
Neutron detectors
5 [ T T T T T T T
[ o BB HIREE | exmewms
A 4+ v .
N . SF e F75 :
¥ iy 2T &
»{r’/r Reac’uon 3 3 w20 1 ]
8 chamber _xf 3
He Trackmg . i L
i f A N NN .
‘ \He Jm %%ﬁ;@ﬁéﬁ%
- y 0 -_ _-
BigRIPS beam line WLl : T ]
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