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Three Signals of Halo

® Large Reaction (Interaction) Cross Section
® Narrow Momentum Distribution of Halo Neutrons

® Soft E1 Excitation: Enhanced Electric-dipole
Strength at Low excitation energies - Lecture Il



When a nucleus absorbs a photon
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The story begins by Kiyomi Ikeda

(The same lkeda-san who made |keda Diagram)
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New “Soft-dipole Resonance” Giant Resoance

Prediction of Soft Dipole Resonance by Prof.lkeda
K.lkeda,INS report JHP-7 (1988) [in Japanese]



Resonance or Not ? o
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Coulomb Breakup - Photon absorption of a fast projectile
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Neutron Halo = Soft E1 Excitation

E1 Concentration

< 1MeV, c.f. Stable Nuclei: GDR Ex~20 MeV)




“Inclusive” Coulomb Breakup Cross Section | ' ' T
--Also Enhanced E N\ 20MeV/u Pb target E -
g 500_ i
T 167° dB(E1 =
(T(El): j EI(E ) ( ) 2 o
o Ohc Ex § > mo:
2 F
([al 50_
20

10 1 1

" ; 5 8 10
E, (MeV) Excitation Energy
B(E|]) (=Photon Energy)
El Transition
Prgbability M

E
1~2MeV 10~20MeV X
¢ (=Ey)

Large Cross Section Small Cross Section 8



The first experimental indication of Soft E1
—"Inclusive” Coulomb Breakup

100 e T.Kobayashi Phys.Lett.B232, 51 (1989).
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Coulomb Breakup of one-neutron halo nuclei <

—> "Be

19C
15C

|:> 31Ne

37Mg

Review

TN et al., Phys. Lett. B 331, 296 (1994).

N.Fukuda, TN et al., Phys. Rev. C 70, 054606 (2004). = Mechanism
Palit et al., Phys. Rev. C 68, 034318 (2003).

TN et al., Phys. Rev. Lett. 83, 1112 (1999). —~ Spectroscopy
TN, N.Fukuda et al., Phys. Rev. C 79, 035805 (2009).  —>Astrophycis

TN, N.Kobayashi et al., Phys. Rev. Lett. 103, 262501 (2009). - Spectroscopy
TN, N.Kobayashi et al., Phys. Rev. Lett. 112, 142501 (2014). of |sland-of-

N.Kobayashi, TN et al., PRL 112, 242501 (2014). Inversion Nucleli

T. Aumann, T. Nakamura, Physica Scripta T152, 014012 (2013).
T. Nakamura, Handbook of Nuclear Physics, https://doi.org/10.1007/978-981-15-8818-1 68-1
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Coulomb Breakup of ""Be =>Mechanism (Resonance or Not)

M"MBe

B Well-Known Structure

320keV,, 1°Be+n
| S,=504(6) keV

1/ +

MBe

1Be(g.5)=a°Be(0) @ v(2s,,) )+ B[10Be(2*)e v(1dsy) )
02=0.77 19Be(d,p)''Be  B.Zwicglinski et al. NPA315,124(1979).
a2=0.74 °Be(!Be, 1°Bey) X T.Aumann et al. PRL84,35(2000).

[ Simple One-neutron Halo Nucleus

2n correlation?

11Be ML
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Coulomb Breakup of "Be

Experimental Setup

First Experiment

T.Nakamura et al.,
PLB 331,296(1994)
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Low-lying E1 strength of Halo Nuclei
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""Be : 2nd-experiment. Results I

N.Fukuda, T.Nakamura et al., PRC 70, 054606 (2004 ).
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0.08

: 10Be TokyoTech
Analysis by Impact Parameter
Be ® ofcm.
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E1 Response of ""Be (2 Experiment, N.Fukuda et al. PRC2004)
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N.Fukuda, TN et al., PRC70, 054606 (2004)
TN et al.,PLB 331,296(1994)

- Palit et al., PRC68, 034318(2003)

Direct Breakup Mechanism
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Why Soft E1 is so Sensitve to Halo?
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Tokyo Tech

B(E1)
Sensitive strongly the Radial
Wave function of the valence neutron

)
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1 c.f. T.Otsuka et al., PRC49, R2289 (1994).
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B(E1) 2> Geometry of one-neutron halo nucleus

H.Esbensen et al.,NPA542,310(1992)

Non-energy weighted Sum Rule
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Application: Coulomb Breakup & Soft E1 Excitation for Halo Spectroscopy

190

At that time
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Controversial H

S,,. 0—700keV?
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W 19¢
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Tokyo Tech

T.Nakamura et al., Phys. Rev. Lett. 83, 1112 (1999).
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230 =120 keV (Wouters et al. ZPA331,229(1988).
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Application of Coulomb Breakup & Soft E1 Excitation for Halo Spectroscopy
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T.Nakamura et al., Phys. Rev. Lett. 83, 1112 (1999).

Conclusion for °C(g.s)

~

Y
S, should be larger!
a?=0.67 for §,=530keV

\B(E 1)=0.71(7) ezfmzj
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S..(Mass) by Angular Distribution

Rutherford Trajectory
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Why dN /dQ) has Ex dependence?
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Soft E1 Excitation = Spectroscopic Tool of 1n Halo nuclei

Coulomb Breakup of 1°C

Halo structure of 1°C has been established from dB/dE
measurement.

Shape & Strength of B(E1) spectrum

:>SD, /. Spectroscopic factor

s, p 2Halo, peak at low E

23



Shape & Strength of B(E1) spectrum I1.Hamamoto lecture

Plane-wave approximation
] E
For & <0 R, (&,.1) > arhy(ar) where o =__T'5‘b
For &,>0 (plane wave approximation) > assumed
2 2
R, (&.1)= Hﬁm krj L (k) where k°= }"T £,
Note  [diR, (E.r)R, (E'r)=8(E-E") | 1
0 Ikuko Hamamoto
-10 Mar, 2023
£.+1/2 .
L. — L dB(E) o g ° ™2 for very small g, dB(E1) is max. at
dE dE
372 3
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p — 5 o (Ec}l'llz Eﬂ o= {:UIS)E!I
5
P —d i {E‘E)m £ :ggb
3
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150

Coulomb breakup of °C

Extract Radiative neutron capture cross section
Application to Astrophysically-significant Reaction

T.Nakamura, N.Fukuda et al.,
Phys. Rev. C 79, 035805 (2009).
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Why 15C ? 14C(n,y)15C R

Astrophysical Interests

®Burning zone in Low mass Asymptotic Giant Branch(AGB) stars

Neutrons from 3C(n,o) reactions
14C(n,y)1SC(B-)'*N(n,y)8N(B-)16O(n,y)1”O(n,a)*C M.Wiescher et al., ApJ, 363,340

P

IS%ﬁN Neutron induced CNO cycle
13C 14@-\1.5(;

® |nhomogeneous Big Bang Model
@® r-process model Terasawa,Sumiyoshi,Kajino, ApJ562,470(2001).
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do/dE,, (b/MeV)
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Results: Coulomb Breakup of 1°C I

15C: moderate neutron-halo 1/2* gs, S,=1.27MeV
15C(g.5)= ol 1¥C(0")®254), ) +Bl “C(21)®1d5), )

: BC+Pb-oMC+n+X -

- E=68MeV/u

L/ ++ } 0°<6s6° |

+ + -

+ Q 0°£60s2.1°]

Ly N 4 (b220fm);

b N\ :

¢ ER |

ONY - + I

e |' """"" . "I’"l""""[‘l""g'l"
0 : 2 3
Erel (MeV)

15C+Pb@68MeV/u
02=0.75(4)

r,=1.25 fm
a=0.65 fm

- Consistent with GSI (02=0.73)
4 (D.Pramanik et al) Data

But not with MSU data
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Neutron Capture Cross Section
From the data with b>20fm

A DL B B B
30 [~ -

_ 14 15
R.Reifarth et al. [ C(n.,7)™C

Opy (UD)

O....I....I....I....I....I...-
00 05 1.0 15 20 =25

Ec.m. (MeV)

Consistent with Direct Capture Measurement 4C(n,y)15C
By R.Reifarth et al., PRC77,015804(2008) 28



s-wave capture vs. p-wave
capture

A(n,y)B(Normal)

S-wave capture dominant oy~ OC 1/vocl/ \/Ei,,e;

A(n,y)B(Halo)
p-wave capture dominant Gny oC \/Eirez

G’W p-wave

S-wave

» En
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Neutron halo nuclei in the Island of Inversion

Dripline— Boundary between Closed/Open quantum systems

31 N e éCIusters/Hansell Evolution
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:9 \(\© TN et al., PRL2009, 2014,
Q Takechi et al., PLB2012
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Driplines

Unbound nuclei, Observed 30
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Island of Inversion in a nutshell

Tokyo Tech

E.K. Warburton, J.A.Becker, B.A.Brown, PRC41, 1147 (1990).

Further evidence for the presence of an anomaly in binding energies for the ‘‘island of inversion™

centered at Z =11, N =21 is obtained by comparison of shell-model calculations to experiment.

It is found that for Z =10-12, N =20-22 (and possibly N > 22) nuclei the lowest 2#w state is more

bound than the Ofiw ground state.
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Monopole Migration... 31



31Ne

Shell Evolution in nuclei with N=21

ss [/2-  Burgunder, PRL107,202504(2014).3Si(d,p)%Si
R 41Ca
0.75 | p-_:..;;,_

A
P32
0;25: l- N=28 é50(914 s /=20
SF , 0 o & ? ,";4 ; e
0.50 | 378
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SF o \ 1 2 | ki 3 4 5 [
"l 955
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0 1 2 Et{hiev] 4 5 6
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4 )
33Mg gs: 3/2 Z=12
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Tokyo Tech
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Experiment at BigRIPS & ZDS at RIBF

S~ ||
From =
Present Facility |
N 7 155
2 // K

RI Beam Factory
ZeroDegree | .
spectrometer %
F10
TOF,AE
CandPp  @4DS
Ist stage 2nd ?.tage t t
Seisiation oPRI besi Taggingof Rl beams arge
31 -
48Cq BigRIPS Ne: 230 MeV/nucleon
3’Mg: 240 MeV/nucleon
345MeV/nucleon 9
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iIcation

|10

RI beam Intensity @RIBF
~103-104times/RIPS 48Ca@6opnA 2008

31Ne: 230MeV/nucleon
~5 counts/s

cf.31Ne -- 4 counts/day

@RIPS H.sakurai et al., PRC54,2802R(1996).
S0Ti Beam

48Ca@100pnA 2010
(=200pnAin 2012)

3’TMg: 244MeV/nucleon
~6 counts/s



Inclusive Coulomb Breakup

B(E1)

(E1 Tiansition Probability)

Soft E1 Excitation
(Halo Nuclei)

1{2MeV ~20MeV
1000_1Ir1|rr L L S S B S
Pb Target
°00 g\ b =12.6fm
100:
’E}‘ 50 | 25
= Ao%%
S ?9@[__ Qo/@o
10 | =
g RO
5_ ®O¢
I 1I0 — 15
E. (MeV)
n -2n-3n (3'Ne)
S(E1)~0.5--1b <~0.1b

nuclei)

o_1n(E1) (b)

E

1677 dB(E1
o(E1) = j N (E,) E:;)
Dipole Resonance 31Ne+Pb—>30Ne+X

c.f. S4,(3'Ne)=-0.06(0.42) MeV

X L. Gaudefroy et al. PRL 2012
5.00 C?S=1  for ""Ne(o+)®¢>mJ
2-_31/2
1.00} 2Psjz e
0,50 [RRRRRRR R R R KRR KKK KRR KKK
—_—

0.10| _.“1‘&;‘/; ________________

oosF T e
M

0.01F i ] ; ] ; ] ; ] P ——
0.0 0.2 0.4 0.6 0.6 1.0

S, (MeV)

-- 2009 analysis ( PRL103,262501 (2009) )

p or s halo (not
C2S,S, was still unknown
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Partial Cross Section 3'Ne — 30Ne(0*, )

25k (2) C(*'Ne, *Ne) (b) Pb(*'Ne, Ne) 140
30Ne(2+)>3Ne(0* ) 130

% 20

~< .

C:, <

F 15 y 120

E 10 + 510

= » ]

5ot Rl T !

500 1000 1500 500 1000 1500 2000
E"r (keV) E"r (keV)
Inclusive o_4,(C) = 90(7) mb Inclusive o_4,(E1) = 529(63) mb
0.14(C; 2%, 4+, etc.) = 57(13) mb o0.1,(E1; 2%, 4%, etc.) =81(87) mb
— 0.4,(C; 0%45) = 33(15) mb — 0.4,(E1; 0%,5) = 448(108) mb
0*4s./ Inclusive=37(17)% 0*4s./ Inclusive=85(23)%

Different Sensitivity ! 36



. = 3i1Ne @ | TN, N.Kobayashi et al., PRL 112, 142501 (2014).
@ E Coulomb breakup
S5 2fF |31Ne, . 71 3/2° |39Ne(0+,5) ® P32 component
ATHR =
© [ ——— €= Exp. 0.1,(E1;0+,) = 448(108) mb
- (b)
o F Nuclear breakup Theoretical calc. for
o Qg OF 3t1Negs. > = [30Ne(0*gs) © p3p) (C2S = 1)
O sk i
o Z | | 7777 €— Exp. 0.4,(C;0%,5) = 33(15) mb
D | | | ._‘I 1 | 1 1 | |
2 N
= SR
8E < B8%CL. ) 31Ne: 3/2- p-wave halo *ne ot 4,
2= S\ -
& - S 7 Deformed in spite of N=21 i
O 0.4? : 2 // Limited
0272 ” CS5=032"" to gs-core config.
% - ID.Izﬁl II IDfﬁl — ID.I?'SI | S =0 15+0-16 MeV
S, (3tNe) (MeV) 7 010

S, (31Ne)=-0.06(0.42) MeV L.Gaudefroy et al., PRL(2012)

37Mg: N.Kobayashi, TN et al., PRL 112, 242501 (2014). 3/2-/1/2- S,=220(12)keV
29Ne: N.Kobayashi, TN et al., PRC 93, 014613 (2016). 3/2- S,=960(140) keV 37



“Exclusive” Coulomb Breakup of 31Ne at SAMURAI, RIBF

T.Tomai et al. v

Neutron detectors -
CsI(Na) array é%’ (Plastic Scintillator Array) ‘
- \’A /f

Plastic  y-ray detector ; NeuLAND NEBULA
0.5mmx2 CATANA ;

\ Dipole Magne
31Ne ' % o' S n

230/240 MeV/u | (TOF)
32Ne: 235 MeV/u -
32Na: 255 MeV/u "
Targets:
C : 2'15 g/sz 3 5| )
(Bp) Plastic array
HODF24

Charged particle detectors (TOF, AE)
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Interim Summary: One-neutron halo nuclei

11 TN et al., Phys. Lett. B 331, 296 (1994).
v Coulomb Breakup of "Be N.Fukuda, TN et al., Phys. Rev. C 70, 054606 (2004).

* Coulomb Breakup - Powerful Method to Probe Soft E1 Excitation
*Soft E1 Excitation: Direct Breakup Mechanism (Not Soft Dipole Resonance)

v Coulomb Breakup of 19C TN et al., Phys. Rev. Lett. 83, 1112 (1999).

« Shape and Amplitude of Coulomb Breakup Spectrum (B(E1)
> Powerful Spectroscopic Method: , |, 2

v" Coulomb Breakup of 1C TN, N.Fukuda et al., Phys. Rev. C 79, 035805 (2009).
 Application to (n,y) cross section in stellar reaction—>p-wave n capture

TN, N.Kobayashi et al., Phys. Rev. Lett. 103, 262501 (2009).
31 37
v Coulomb Breakup of *'Ne, 3’Mg TN, N.Kobayashi et al., Phys. Rev. Lett. 112, 142501 (2014).

N.Kobayashi, TN et al., PRL 112, 242501 (2014).

» Combination of inclusive Coulomb/nuclear breakup -, |

« Exclusive data of 3'Ne >Better accuracy of , 2 , Excited core component

El. =10

2

T. Aumann, T. Nakamura, Physica Scripta T152, 014012 (2013). b
T. Nakamura, Handbook of Nuclear Physics, https:/doi.org/10.1007/978-981-15-8818-1 68-1 g% ¥ 39
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Coulomb Breakup of two-neutron halo nuclei P

—> | 1L TN et al., Phys. Rev. Lett 96,252502(2006). —>Basics
—>2n-halo Spectroscopy

— | 198 K.J. Cook, TN et al., Phys. Rev. Lett. 124, 212503, 2020 —>2n-halo Spectroscopy

He Y.L. Sun, TN et al., Phys. Lett. B 814, 136072 (2021). —>2n-halo Spectroscopy

Review

T. Aumann, T. Nakamura, Physica Scripta T152, 014012 (2013).
T. Nakamura, Handbook of Nuclear Physics, https://doi.org/10.1007/978-981-15-8818-1 68-1
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One neutron halo nucleus vs. Two neutron halo nucleus

Motion between
core and 1 valence neutron

S.=504 keV

S,.=370 keV

Motion between

1. Core and neutron

2. Core and neutron

3. Two valence neutrons
(neutron-neutron correlations)
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M

Coulomb Breakup of ""Li—Previous

E, (MeV) Tokyo Tech
< 30 \ C target 150 2 1 2 3 4 5
= 20F ¢ T 125 W
} h +++ * + 5 100 f b ]
£ wof | }+ F“MQ g 5 s f ‘ -
* ~ i b
W o MMM o s \ 3
~ g \\
3 Pb target 5 25 y % P 3
400 B :‘Tﬁ Lo p 0
?;: 100 .
200 ° 80 ‘,,, { () =
o . . +¢f¢4’¢+ﬂ| ‘% 60 X E
0 1 2 ; \ 9§ E
Excitotion Ener E* [MeVl & #0 R
GSl @280Me§//nucleon I @0 NG =
NPA 619 (1997) 151. ® g bl O3S M" IPE
e E’Li—Zn (MGV)
R RIKEN @ 43MeV/nucleon
; PLB348 (1995) 29. dB(E1)/dEx
3 Should be
$ MSU@ 28MeV/nucleon Compared !
000 025 050 0.75 1.00 1.25 1.50 PRL 70 (1993) 730 42

E., (MeV)




Coulomb Breakup of MLi
(Summary of Previous Results)

CHUY i IS AR LS LS
— leki et al(MSU).
15k — Shimoura et al.(RIKEN)
) - | MSU@ 28MeV/nucleon
— — Zinser et al.(GSI) ] PRL 70 (1993) 730.

PRC 48(1993) 118.

1.07 RIKEN @ 43MeV/nucleon

{ PLB348 (1995) 29.

————— s 1 GSI @280MeV/nucleon

0.5 ~J NPA619 (1997) 151.

’—-
—
— —

dB(E1)/dE ., (e*fm®/MeV)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

E rel (MCV)
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Experimental Setup

@RIPS at RIKEN

Pb Target

70MeV/nucleon

ARIEVEITRA

BOMAG
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Elimination of Cross-Talk events for 2n+°Li coincidence events

Examine Different Wall Events condition: Bi < Bio

E,=6MeVee to avoid any gamma related events

Acceptance

1.00

075 ..

0.25

0.00
0

0.50 |-

Zinser et al.(GSI) X1.8

<+— Present Work
Solid: Different—wall events
Dotted: Same—wall events

Sackett et al.(MSU) X40
1 I 1 1 L L

E_..°Li+n+n) (MeV)

Almost no bias

Tokyo Tech
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B(E1) Spectrum of "Lij

T. Nakamura, A.M.Vinodkumar et al., Phys. Rev. Lett. 96, 252502 (2006).

™
o

et
(9]
L | I | ) L L | ¥

dB(E1)/dE ., (e*fm®/MeV)
>

— Ieki et al(MSU).

—I1 Shimoura et al.(RIKEN) |

Zinser et al.(GSI)

I i

N D B B
¢ Present work (RIKEN) |

1.0 1.5 2.0 2.5

E rel (MeV)
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Possible reason for disagreement with the previous results :

Zinser et al., may miss events with small

—->We could reproduce Zinser’s data by selecting

From My analysis notebook in c.a. 2005>

do/dE., (b/MeV)

- [

> 0.3 MeV in our data

151+ MLi(69MeV/u) + Pb » *Litn+n

2.0 ' | 1 !.' 1 I I 1 1 I | I 1 I ¥ I I I 1

T

E.,(°Li+n+n) (MeV)
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B(E1) 2> Geometry of two-neutron halo nucleus

Non-energy weighted Sum Rule

H.Esbensen et al.,NPA542,310(1992)

_ (1) /32 4 /32 5
(1)= — 4 4
3 3 C1+ 7?7 3 RN
=—— 2 == > =7 12+ 22 +2 17,
2

offl 1): E1 Effective Charge

Charge c.m.
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Coulomb Breakup of 11Li

T. Nakamura et al. PRL96,252502(20006).

- Probe of Dineutron Correlation

2.0 ——T——T1—

N L L B
¢ Present work (RIKEN) |

— leki et al(MSU).

15 N —1 Shimoura et al.(RIKEN)]

_ _ Zinser et al.(GSI)

dB(El)/dE ., (e*tm?/MeV)

Tokyo Tech

Neutron halo

E1l Non-energy weighted cluster sum rule
0 1
(p= 2
3 2 2
:4— — _o 2
3 2 11
= — 2 (T L
(1)=142(18) > ?( <=3MeV)
. 178(22) 2 2. |, =481
of. 12 =66°1 12 =56.2°73(3

C.A. Bertulani, M.S. Hussein,
PRC76, 051602(R)(2007).

Spatial Correlation in the Ground State of 11iLij
Soft E1 Excitation of 2n-halo = dineutron correlation

K. Hagino, H. Sagawa
PRC76, 047302 (2007).
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2n correlation density in 11L]

on v i 1 Courtesy of
naensity in- LI 7 Myo (RCNP.Osaka U.)

180

140 B oo

120 | O

100 3

80 Z

60 ;

40

20 n n
0 2 4 6 8 10

5Li ® lcore-n [fM]
O

COO0OO0OoOO0O0O00O
o000 —+———
OO~

O [degree]

Cf. H.Esbensen and G.F.Bertsch, NPA542(1992)310 50 50



Dineutron & Cigar-like Correlation

r
core n 2 core

dineutron correlation cigar-like correlation

T. Nakamura, Handbook of Nuclear Physics, https://doi.org/10.1007/978-981-15-8818-1 68-1 -‘
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Coulomb Breakup of 1°B
198 K_J. Cook, TN et al.PRL124, 212503, 2020.

°B 19R*
 %
€

Y(virtual photon)

220 MeV/u
(120pps) H

(Pb

PHYSICAL REVIEW LETTERS 124, 212503 (2020)

arget

Editors' Suggestion

Halo Structure of the Neutron-Dripline Nucleus °B

K.J. Cook®,"”” T. Nakamura,' Y. Kondo,' K. Hagino,2 K. Ogata,3’4 A.T. Saito,' N.L. Achouri,” T. Aumann,”’ H. Baba,’
B Delaunay,5 Q. De:shayes,5 P. Doornenbal,” N. Fukuda,® J. Gibelin,” J. W. Hwang,9 N. Inabe,’ T. Isobe,” D. Kameda,®
D. Kanno,' S. Kim,” N. Kobayashi,1 T. Kobayashi,10 T. Kubo,® S. Leblond,”" J. Lee,*" E M. Marqués,5 R. Minakata,'
T. Motobayashi,® K. Muto,'’ T. Murakami,” D. Murai,'' T. Nakashima,' N. Nakatsuka,” A. Navin,'> S. Nishi,' S. Ogoshi,'
N.A. Orr,” H. Otsu,’ H. Sato,” Y. Satou,” Y. Shimizu,® H. Suzuki,” K. Takahashi,'” H. Takeda,” S. Takeuchi,”"
R. Tanaka,1 v Togano,7’11 J. Tsubota,1 A. G. Tuff,13 M. V.’:lndebrouck,m’§ and K. Yoneda®

Tokyo Tech
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9B: Two-neutron halo or Four neutron skin?

@

@
Or? ®@

@ @
19B=17B+2n(halo)? PB=1>B+4n(skin)?
S,,=0.089(560) MeV S,,=1.47(35) MeV

1d3 ;dsfz
—Q0— 251 S12
e000— 000000 1,
\)) 18 = 8 8
_“_ 1p1/2 _.-._ 1p1/2
'."2""' P32 'Hz'.'.' P32
_H_ 131/2 _.-._ 131/2
N N

(halo-like) (skin-like) 53



Pb3.26g/cm? | ||
C 1.79g/cm? |

220MeV/nucleen
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Inclusive Cross Sections (.3 Cook, TN et al. PRL2020 ¥

o, (b) o (mb) o (mb)
B 4+ Pb 1160(30)(70) 1800(60) 600(30)
B 4+ C 54(3)(3) 251(3) 185(3)
Opp /O 22(1) 71(3) 3.3(2)

-2N: Opb o m==) Coulomb Breakup Dominant in -2n channel
-4Nn: op, ~3c. ™==) Nuclear Breakup Dominant in -4n channel

17B+2n more likely rather than 1°B+4n

c.f. Z.H. Yang et al., PRL 126, 082501, (2021).

17B(p,pn)'®B -> Valence neutrons of 17B: d-wave dominant 55



E1l Response of 19B

il
=
Y

I Experimént o
Son = 0.089 Me
S2n = 0.5 MeV
No dineutron — . —. 3
No s — wave .

Experiment e
Son = 0.5 MeV ===

a=-50 fm

------ a=-100 fm

* *LHNHH;“‘
1.0 2.0 3.0 10 50 60

rel (MeV)

K.J Cook, TN et al. PRL2020 v

« B(E1)=1.64 £ 0.06 (stat) £ 0.12 (sys) e*fm?
—->Signature of Halo!

Similar B(E1) to 11iLi, 11Be.
Core-2n distance (Sum rule)
V(rt_,,) = 5.75 £ 0.11(stat) 4 0.21(sys) fm
¢ Szn — 0.5 |V|eV

« substantial s-wave component with a
well-developed dineutron correlation.

« Consistent with large scatterlng
length:

17B-n ( <—50 )
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PRL2020

Dineutron correlation in °B K.J Cook et al.

Three-body model (by K.Hagino) reproduces do/dE_coul very well!
Valence neutron density distribution for S, = 0.5 MeV, a = -50 fm.

180 0.06
160 =
140 0.05 ;r o
= 120 0.04 £
< 100 =
= 0.03 & @
o 80 =
o 60 0.02 = @
20 0.01 F
20 e L 19B=17B+2n(halo)
00 2 4 6 8 10 0 > ~0.5MeV

r (fm)
v' Enhanced nn probability at ;,~25°
v' Configuration: Negative:6%, s: 35%, d: 56%
v' Asymmetry: Due to Negative-parity mixture

o]



Coulomb/nuclear breakup of 6He

SHe| at 70 MeV/nucleon at RIPS
Y.L. Sun, TN et al., PLB 814, 136072 (2021).

Neutron halo
o

4 1.797 MeV D+
n 0.973 MeV.
SHe He+2n 5 o
6He
"He “He*
‘@

70 MeV/u Y(virtual photon)

(30K pps)

arget
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Energy Spectra and Angular Distributions: ¢éHe+Pb, 6He+C

do/dE [mb/MeV]

500

400

300

200

100

D
=)

do/d Q [mb/sr]

o
)

»—a,—a,—
< <

(e)
(S

)

Tokyo Tech

Y.L. Sun et al.,, PLB2021

Pb target :

Enhanced cross section (~1barn) for E, <6 MeV

>Soft E1 Excitation : Typical of Halo Nuclei

Comparison with CDCC + 3-body model :

reproduce the data up to E,~1MeV

1- (Coulomb) dominant

2* contribution at the known 1st excited state (E,=1.8MeV)
Underestimate ~1 MeV<E,,=2 Target excitation?

C target :

 Narrow peak for the 21" state (1st excited state)
(E,=1.8 MeV)
Comparison with CDCC + 3-body model :

» reproduce the data up to Erel~1MeV
« 2+ dominant dominant (nuclear dominant)
* Underestimate ~1MeV <E,, =2 Target excitation?
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Ao /GF [mb/MeV]

Energy Spectra of 6He+Pb at 70 MeV/nucleon:

Comparison with Modified CDCC
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100

0
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data (8., < 3°)
0+
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One-step Calc.
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0+
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-
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- -
i

T ——— e

Tokyo Tech

Y.L. Sun et al.,, PLB2021

Modified CDCC + 3body model

No Target Excitation is assumed To

a-n interaction (Originally KKNN): reproduce
modified “data
Coupling between 1- and 0* : modified|

Energy differential cross sections:
Reproduced for a wide range of 6,
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B(E1) and Dineutron correlation
Y.L. Sun et al.,, PLB2021

ABCE 7). [e2fm>/ Me V]

= ¥ T Modified CDCC:
( 1)=16(2) *m?
J -2 2 =39(2) fm
2 2 2 2
T = — +—
=
= | J: ) -/ =4.1(7) fm
i g”f’ EDE +3body _ mm=)  ;, =561],deg.
= = 28 & E 2
- S Ezg=23%: .
i =3 " =z2lz27 Original CDCC+Exact 3body model
= == ( 1)=13 2m?

1o = 68 deg.

12 < 90° ->Dineutron correlation shown for éHe(g.s.) 61



Interim Summary: Two-neutron halo nuclei

v" Coulomb Breakup of "Li TNetal, Phys. Rev. Lett 96,252502(2006).

* Coulomb Breakup of 2n halo nuclei - Need to Exclude Cross Talk in 2n detections
* B(E1)> Three-body geometry of halo nucleus (gs)> _ 2 > 4, —>dineutron

v' Coulomb Breakup of 19B K. J. Cook, TN et al. PRL124, 212503, 2020.
* B(E1) strength close to that of "'Li=> Soft E1 Excitation = 2n halo nucleus
Shape and Amplitude of B(E1) 2> ~0.5MeV, significant s-wave, dineutron

v Coulomb Breakup of 6He Y.L Sun, TNetal.,, PLB 814, 136072 (2021).
» Soft E1 Excitation—> Typical of Halo nucleus
 Analysis by full microscopic calculations (CDCCQC)
* B(E1)-> Three-body geometry of 6He - dineutron

T. Aumann, T. Nakamura, Physica Scripta T152, 014012 (2013).
T. Nakamura, Handbook of Nuclear Physics, hitps://doi.org/10.1007/978-981-15-8818-1 68-1



https://doi.org/10.1007/978-981-15-8818-1_68-1

Some remarks on Soft E1 Excitation

® Soft Dipole Resonance or Direct Breakup (Non-resonant)?
v 1n Halo Nuclei: Direct Breakup

v 2n Halo Nuclei: Most-Likely Direct Breakup Affected by Strong
Final State Interactions

(For 2n Halo nuclei: Resonance possibility is not fully excluded)

® Soft Resonance?

v Low-lying Resonance-like Structure: observed for tiLi by (p,p’)
(d,d") reactions

"Li (p,p’) J. Tanaka et al., Phys. Lett. B 774, 268-272 (2017).
"LI(d,d’) R.Kanungo et al., Phys. Rev. Lett. 114, 192502 (2015).
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Summary of E1 Response-Normal/N-skin/N-Halo nuclei

a) Stable nucleus

Y

b) Neutron-skin nucleus

i!‘ neutron skin

c) Neutron-halo nucleus

Y

n

neutron halo

>

Giand Dipole Resonance

A (GDR)
dB(E1)
dEx
13~25 MeV E,
A Pygmy Dipole Resonance
(PDR)
dB(E1)
dEx

dEx

(Soft E1)

5~10 MeV Ex

A Soft Dipole Excitation

Y

~1 MeV
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