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Halo Nuclei and Universality



Nuclear Landscape at the limit (with neutron-halo nuclei)
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Semi-Hierarchy: Clustering and Hierarchy of Matter
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One Neutron Halo 1saft%,\O0—

\/(r_2)~5 7fm (p?)~40MeV/c (B~0.03c)
P, ~ lexp(-t/K)/r|?

~20fm
S, =504keV

2
— (¢ + 1)h e
2 Ur? £ =0 (s orbital)
(p?)~230MeV/c
(f~0.2¢)
J(r?)=5.77(16) fm

N.Fukuda, TN. PRC70, 054606 (2004).

v’ SmallerS,: S, < 1MeV << 8 MeV (standard value)

v Small Fermi momentum (long wave length)

v’ Orbital Angular Momentum: |=0, 1 (s or p)

v’ Large radius of halo neutron: 5-7 fm > R_,.(2~3 fm)



Universality in 1n halo nuclei:

S-wave halo:

as~A

Atom/Molecule (a pair of Fermions)

X=A/2m

Bound state solution: a >0

—R/a

2ra, R
1n halo

strong U

Slide: Y. Ohashi
School Mar.2019

Molecular size~

S

S-wave 1n-halo nucleus

E=-§5 = f
-n 2UA?
e—r/?f
b =
A=a

S,=0.502 MeV (11Be) 2 a,=6.77 fm
c.f. sqrt<r2>=5.77(16)fm

S-wave halo nuclei known:
Halo (S,<1 MeV): 1Be, °C

Moderate Halo (1<S,<3 MeV): d, 15C

c.f. 3INe, 3’Mg: p-wave halo




NOTE: !Beis NOT a pure 1°Be-n system

s-wave halo component Non-halo components

11Be(Q.S)=OtrOBe(O+) ®V(28) ) + B.1OB€(2+)® v(ldsp) ) +...

02=0.77 '°Be(d,p)''Be  B.Zwieglinski et al. NPA315,124(1979).
02=0.74 °Be(''Be, '"Bey) X T.Aumann et al. PRL84,35(2000).

OL2=O.72(4) Coulomb Breakup N.Fukuda, TN et. al., PRC2004

Spectroscopic Factor (5 J¢FHIEF)




Two-neutron Halo

- ,“, o \‘ ANi + n Barely Unbound
. as = —22.4(4.8) fm

n. Yu. Aksyustina PLB666,430(2008).
n n+n Barely Unbound
llLi @ As = —189(4) fm
. —0.37MeV | 9Li+n+n Bound
e Borromean Ring ~ S2n~0-369MeV

v’ SmallerS,.: S, < 1MeV << 8 MeV (standard value)
v'Small Fermi momentum (long wave length)

v’ Orbital Angular Momentum: |=0, 1 (s or p)

v’ Large radius of halo neutron: 5-7 fm > R_,.(2~3 fm)
v’ Any of the two-body constituents are UNBOUND



Universality in 2n halo nuclei:

Wave number k

‘:‘_’ @ Three~body
3 scattering|contnuum
: : Particle-dimer
. X 22.7 ‘ '
\ : -1
1/“@; 1 /"(IH-‘ )‘“ scattering
continuum

_K(n+1)

Trimer n+1

2n halo ?

Trimer n

Borromean (a<0)

1/agkn +2)

a O
J\‘

All-bound (a>0)

P.Naidon, S. Endo, Rep. Prog. Phys. 80, 056001

2n Halo Nuclei: Efimov States?

0

1

Inverse scattering length —

a

Likely Efimov Ground State,
But no Efimov resonances
How about unbound resonance?



Dineutron Correlation?

What happens if “a pair of neutrons” in the external field?

Stable Nuclei Halo (low density)
BCS (long range) BEC/Crossover (short range)? (So far indirect evidence only)

A.B.Migdal 1973,
M. Matsuo 2010,
K. Hagino, H. Sagawa 2015

Fermion—p;air L/ k.

Fermi gas d
/7
.[ Molecular Bose gas
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NOTE: lLiis NOT a pure s-wave three-wave system

O e, ) =w(OLi, ) @ [al(25)) + BIAp)D) + YI(1d)?) .

S-wave component

45(10)% ~50%
H. Simon
Phys.Rev.Lett.83,496(1999)




Electric Dipole (E1) Response of Halo Nuclei



When a nucleus absorbs a photon

Photon(y L__ Cﬂ

B(El) -
1 Giant Dipole Resonance E ~80A-13MeV

E Neutrons move against protons
10~20MeV X Out of phase
on__ B(ED E
A \
n
114 @ / N4
Photon(y)] -2 MeV 10-20MeV  E. Soft Dipole Excitation?

(=Ey)



Rev.

,E?*?(d) %ﬁm*’j?mﬁ S.C.Fultz et al., PR127,1273(1962).

Bohr Mottelson Il p. 475

GDR( Giant Dipole Resonance) s
Dominant b |
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n WioSs uciel. Ex (MeV)
E1 Excitation Strength is exhausted by GDR _
at high energies ‘
(No E1 excitation at low energies!) T\ 5o~ 40477
o=
Strongest E1 excitation so far known 11 _ i
T.Nakamura et al., PLB 394,11(1997). Be .. 51 : fransition
S.S.Hanna et al., PRC3, 2198 (1971), \ 1-1 " etween two
D.J.Millener et al., PRC28, 497(1983) 2 major shells

B(E1) =0.099(10)e*fm’ = 0.31(3)W .




Reduced Transition Probability B(E!) -
MEERHER
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O(Elm) zlele (Q) \
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(1,M rO(Elm)| IM,) (1 Jo@ED|1, )M im|1 M
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element (Geometry)

‘LM >E) [ M > Probability of y-ray transition with EI
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1+ 7 =1/(Life time)




Coulomb Breakup(Dissociation) 7—0> 43 2
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Coulomb breakup and
E1 Response of 1n-halo nuclel



Mechanism of Soft E1
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11Be — Suitable for studying basic
mechanisms for halo phenomena

M Well-Known Structure

320keV, °Be+n
| S,=504(6) keV

1/.+

11Be(g.s):ocbOBe(OJf) ®V(2s1,) )+ B\mBe(Z*)@ v(ldsp) )

02=0.77 '°Be(d,p)''Be  B.Zwieglinski et al. NPA315,124(1979).
02=0.74 °Be(''Be, '"Bey) X T.Aumann et al. PRL84,35(2000).

B Simple One-neutron Halo Nucleus

_ 2n correlation?
11Be ML



Coulomb Breakup P(n), P("’Be)

- Photon absorption of a fast projectile Invariant Mass
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Experimental Setup

First Experiment

T.Nakamura et al.,
PLB 331,296(1994)

sgv TGT

£

rad MW2

11 SBT MW1
B @ Beam
72MeV/u

RIPS




E1 Response of ""Be: Result

dB(El)T

| [ "MBe B(El)—l 05+0. 06 ezfm
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qu
N
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]
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E1 Strength

10~20MeV

E1 Strength (Soft E1 excitation)

N.Fukuda, TN et al., PRC70, 054606 (2004)
TN et al.,PLB 331,296(1994)

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

Direct Breakup Mechanism

«— ®o—
n

p ~ C2S|exp(-r/\)/r|?
C>S=0.72%0.04

Qe

Fourier -S,
Transform
Halo State



Ex a
Summary of

El response of 11Be |\

Giant Dipole Resonance
(not yet observed for 11B

— 19Be+2n threshold (S,,=7.313 MeV)

4 Soft E1 Elxcitationi
— B(ED)=1.05+0. 06 e”fim?

(3 29+0. 06 W-U) TN et al., Phys.Lett. B 394, 11(1997).

/- (0.32 MeV) B(E1)=0.09(1) e*fm?
dB(E1)
dE. (e?fm?)

11Be(g.s.) ¥+t ="= % = *

aBEIDN\SR™ (s y)
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.1 c.f. T.Otsuka et al., PRC49, R2289 (1994).



BSE1 2 and Sum Rule I

B Energy Weighted Sum Rule (TRK Sum Rule)

2 2
[0 (£ iE, j16ﬂ dB(EY) .. _ 9 I¢’ NZ
dE.  * 4z 2m A

38.1 e2fm2MeV for "Be

BCluster sum rule  Y.Alhassid, M.Gai, and G.F.Bertsch PRL49,1482(1982)

NZ _ NZc

Sum=607 — 60 =2.18 ¢*fm*MeV For ""Be

c

Experiment (Ex,<4 MeV)
Sum=1.52+0.22 > fm*MeV= 4.0(5) % of TRK Sum =70(10) % of Cluster Sum
~ Spectroscopic Factor

B Non Energy Weighted Cluster Sum Rule  H.Esbensen et al.,NPA542,310(1992)

B(E = [} =fﬂ(iﬂ ()

Experiment: B(E1) =1.05%0.06 ¢*fm’ ) |(r*) =5.77+0.16fm




Coulomb Breakup of 1n Halo:
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| W sHe — e o 3INe: TN et al., Phys. Rev. Lett. 103, 1112 (1999).
o TN et al., Phys. Rev. Lett. 112,142501(2014).
lj T. Tomai et al., in preparation.
3’Mg: N.Kobayashi et al., Phys. Rev. Lett. 112, 242501(2014).

30Mgﬂ31 Mgﬂ32Mgﬂ33Mg]F4Mg
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S-wave 1n Halo Q) 29Ne: N.Kobayashi et al., Phys. Rev. C93, 014613 (2016).
19C: TN et al., Phys. Rev. Lett. 83, 1112 (1999). INKMEZ - BAMEZEEFERME 2020

15C: TN et al., Phys. Rev C 79, 035805 (2009).
11Be N.Fukuda et al., Phys. Rev. C70, 054606 (2004).
TN et al., Phys. Lett. B 331, 296 (1994).



Coulomb Breakup Measurement of 3INe T.Tomai et al.
@SAMURAI@RIBF

Plastic array
Csl(Na) array & Neutron detectors

y-ray detector i NeuLAND NEBULA
O.omm X2 cATANA

| A R/
& Dipole Magne
: - A 0 n

(TOF)

Plastic

31Ne
~240 MeV/u

C target: 2.15 g/cm? |
Pb target:2.76 g/cm*>  MwDC [30Ne
Plastic array

B
(Bp) HODF24
Charged particle detectors (TOF, AF)

Slide by T.Tomai



Interim Summary (E1 Response of 1n Halo)

E1 Response of 1n Halo Nuclei—=>Soft E1 Excitation (non-resonance origin)

\.

dB(E1) SNV 5 #
dE, I explgnigrY n@u) P | S o e S| p~C2Slexp(-t/A)rP
oc CS | eXp(iql’)%lembwz) > | Transform 29 = 072400
E1 Strength Halo State 11Be

Spectroscopic tool for Halo state: C%S,S,, |
Non-energy-weighted sum-rule> <r?>

Energy-weighted sum rule> Degree of Cluster (73 &ff )
Deformation driven p-wave halo > Double-component halo?
Universality: s-wave halo<—2ultra-cold atom near unitary limit




Coulomb breakup and
E1 Response of 2n-halo nuclel

Focusing on 11Li Result



Coulomb Breakup of "ILi
(Summary of Previous Results)

RO 1T T T T T

— leki et al(MSU).
—I1 Shimoura et al.(RIKEN) |
_ _ Zinser et al.(GSI) 1 MSU@ 28MeV/nucleon

PRL 70 (1993) 730.
PRC 48(1993) 118.

1.5

] RIKEN @ 43MeV/nucleon
| PLB348 (1995) 29.

1 GSI @280MeV/nucleon
{1 NPA 619 (1997) 151.

dB(E1)/dE., (e*tm?®/MeV)

3.0



Experimental Setup

@RIPS at RIKEN

Pb Target

70MeV/nucleon
BOMAG



Result: E1 Response of 'Li

N R D
¢ Present work (RIKEN) |
— Ieki et al(MSU).

—I 1 shimoura et al.(RIKEN) |

N
o

—
9]
L} I L] L] L]

_ _ Zinser et al.(GSI)

- ———
—

o
o

dB(E1)/dE., (e*fm®/MeV)
>

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Erel (MeV)
TN, AM Vinodkumar et al., Phys. Rev. Lett. 96, 252502 (2006).




Non-energy weighted E1 Cluster Sum Rule

e = [T B, = {2 (1255

()

2.0 —mm@™mm™m———mr————m————7"—7— ]

— n—n correlations

| B(ED)=1.42£0.18 ¢* fin’(E., <3MeV)

=-=-- No final state interaction 1

—1.78(22) ¢* fm*(Extrapolated value)
—\{r.,,)" =5.01£0.32 fm

dB(E1)/dE,, (e*tm?/MeV)

~70% larger than non-correlated
strength (171 7, = O)

—— (6,,) =48" ¢ deg




Implication of the Narrow Opening Angle

Simple two-neutron shell model

@, W('Li))= Core®{a\ (1s)°)+ B0 p)2>J
Melting of s(+ parity) and p(-parity) orbitals

(c080,) = (152 eos TS )+ £ L0p 15T 0p)' ) + 2080 [cos |15

=2af((0p)*|cos | (1s)°)

If only (1s)? or (Op)2~> <COS (912> =0, <(912> =90’

(6,)=48" deg ——>
Mixture of different parity states is essential !

a’ =3 =50% ——> <¢912> =55deg



Comparison with theory

~ LD L L L
% 4
= T Myo et al., S,,=300 keV |
Q> 15F N —Myo et al.,, S55,=390 keV-
{ .
r.\zg ’++ \
Q .
~ 1.0f | .
? .
<5 \
= ' . ¢
0.5 . i
3l NIRRT -
B . + )
Qq ! ]
'ﬁ 0.0 MNP BN BT By N B N B I
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Erel (MeV)

Myo et al.,PRC76,024305 (2007).
Core polarization
(Tensor correlation+

Pauli Principle)
J{r ) =5.69 fm

P(S2)~ 40%



O [degree]

2n correlation density in LLi

Courtesy of
T y
2n density in Ll T.Myo (RCNP,Osaka U.)
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Cf. H.Esbensen and G.F.Bertsch, NPA542(1992)310



Coulomb Breakup of 1°B @ SAMURAI at RIBF
K. Cook, TN et al.

"B 19B *

/ .17B _»]3(17]3)
9 ——— 1 P

i CT)
220 MeV/u Y(virtual photon) _
12000 H arget

(Pb
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E1l Response of 1°B

—
<
oo

—t
=
[SV]

docp/dEre (mb/MeV)

Exporlmont
Sa, = 0.089 MeV
Son, = 0.5 MeV

No s-wave —-—-—.|

No dineutron

e N

f—
=
o0 =

=
>

dB ( El ) / dEye ((‘» 2fm? ‘j'j 1\[(‘\')

Son, = 0.5 MeV

Experiment

E‘1 el (1\ eV )

e B(E1) =1.64 £ 0.06 (stat) = 0.12 (sys) e*fm?
(E,.; < 6 MeV). =Signature of a halo!

Similar B(E1) to 'Li, !Be.

Core-2n distance (Sum rule)

V(rr_,,) =5.75 £ 0.11(stat) + 0.21(sys) fm

* 3-body model calculations support S,, =0.5
MeV, substantial s-wave component with a
well-developed dineutron correlation.

* Consistent with large scattering length of 1/B-
n(a<-50fm)

K.J. Cook, T. Nakamura, Y. Kondo, K. Hagino, K. Ogata et al. PRL 124, 212503 (2020)



Dineutron correlation in °B

The 3-body model below (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 4
— g
oo 120 0.04 £
< 100 =
*) —
~ 80 il
o 60 0.02 gf_

40 ~

20 i 0.01 £

0O 2 4 6 8 10 0

(fm)

T

Large amount of probability at around 6,, ~ 25° — Dineutron correlation!

The three peaked structure: due to the d,, orbital — seen also in calculations for
16C and '®Ne. Pure d-wave = three equal probability peaks. (Oishi 2010)

Asymmetry : due to mixture of negative parity configurations

Configurations: negative parity states = 6%, s-wave = 35%, d-wave = 56%



Interim Summary (E1 Response of 2n halo)

E1 Response of 2n Halo Nuclei->Soft E1 Excitation
Coulomb breakup > Non-resonance origin Likely:
c.f. Some work claiming soft E1 resonance

(p,p’) J.-Tanaka et al., Phys. Lett. B 774, 268 (2017). Ex=0.80(2) MeV, I'=1.15(6) MeV

(d,d’) R.Kanungo et al., Phys. Lev. Lett. 114, 192502 (2015). Ex=1.03(3) MeV, I'=0.51(11) MeV

Non-energy cluster sum rule = sqrt<r_,,*>, <0,.> =>dineutron

Spectroscopic tool for Halo state: mixture of different parities,
dineutron

Universality: s-wave halo< -2 Efimov ?



Summary

v’ Halo Nuclei: Existing at the limit of stability (Boundary between Nuclear and
nucleon(hadron) hierarchies

v Halo Nuclei: Some common features with ultra cold atoms at unitary limit

v’ Description by the scattering length/ Efimov

v Coulomb Breakup : Useful tool to probe E1 (Electric dipole) response of Halo
Nuclei

v E1 Response of 1n-Halo Nuclei: Soft E1 Excitation: Non-resonant nature,
Spectroscopic tool for C2S, Sn, and |

v E1 Response of 2n-halo nuclei: Soft E1 Excitation: Non-resonant nature (Some
experiments showed resonance nature, though), Spectroscopic tool for nn
correlation



Review:

Coulomb Brea kup of 1n and 2n Halo: T Aumann, TN, Phys. Scr T152, 014012 (2013).
' TN, H. Sakurai, H. Watanabe, Prog. Part. Nucl. Phys. 97, 53 (2017).
TN, Y. Kondo, Clusters in Nuclei, Vol. 2. p67-119 (2012).
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Perspective

» Dineutron correlation: Direct evidence/ Mechanism to be explored in the near future

» 4n halo or giant halo?

» Halo is common for the whole nuclear chart? Does halo exist in heavy nuclei?
(37Mg is the heaviest halo nucleus known currently)

» How Halo is relevant for Shell evolution, and the location of the neutron drip line?

» How Halo can be understood as universal few-body quantum systems.
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Scattering length in Nuclei

V(r)—Potential between n and 4
(4 can be “Li or n or whatever)
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For a square well potential,
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(1 can be “negatively very large” only when
there is an unbound state under a specific potential condition
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V(n-9Ll) is as deep as ~65MeV (Myo et al.)
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Backup



Equivalent Photon Method
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absorbing a = Virtual photon number x

photon at b Photoabsorption cross section
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Coulomb Breakup (Excitation) cross section

n(E.) = j:N(Ex,b)znbdb

C.A.Bertulani and G.Baur,
Phys. Rep. 163, 299, (1988)
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(Photo-absorption Cross Section)
Probability of absorbing one photon

R: Minimum Impact parameter
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Photo-absorption cross sectionvs B(EL) 7:EFor M, A:1.2....

do do

dE db’

Quiz:

Can be described in a same manner.
dE d) Scattering angle is inversely proportional to b

Explain the virtual photon spectrum (4 page back) qualitatively.



Shape & Strength of B(E1) spectrum |l

(from I.Hamamoto lecture)

For &,<0 R;b (&,.7) = 07']’;1, (ar) where o’ =-— ?;::2 &
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Efi Effect V.Efimov Phys.Lett.B33, 563(1970)
IMOV €c E.Braaten,H.-W.Hammer,Phys.Rep.428,259(2009)

BIARIZHELT Scattering length(&XEL &) 2K 71D

| b it
JEDSEYEYTM, FEEEYEYFRM> a0 (a>>7)  (hn-Lafm)
IRDFB I IR IRBE BIAHIE a= —1f7(1) fm
“#‘% :I ’ Abﬁ or nn
75 BE ( E’*L %) :{k He 1."&1&:)\ 0 1/a>0
+ 1 E 4+ 1 e S A
a(an( . ) _ exp(7/s,), (n+1) _ exp(—27/s,) M %, (RRER)
1 RELSS: % ETHTO
¥ ~Linfal )
Efimov 72- - trimer et %
:iﬁ % 0) 7!;& _‘___f\iczr:‘E_fif\_ov trimer S (3'5/1_: . E
Efimov {KAE D MR 1 I it

a0 e
(1/R*EFF 1% a Nature Vol.440 g oo_ 2
for R>rg) HMEN< h‘ - " md?

2 2 2 2 Weakly bound

R =1, +r, +r, a

dimer
H=-H& . HEERADORZERER JYERWEZERER a2 DLIITIRES
HMEERICELLGEWLWERBRMGIRER WBEEIREFRTHDONDOTLD)



AIN—S LaD RSN

k15
b : 3EELT I
) . 0 UnBoun#al
1/a : —1

—2
o "o l
%0 o | "

3{R&ELT
Bound(2{A+11%) Bound(Borromeai)
FIG. 1 (color online). Pictorial energy diagram of Efimov
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states for the double-species mixture of K and Rb, around’ #
interspecies Feshbach resonance where the K-Rb scattering
length diverges (1/a = 0). The Efimov resonances appear:

(1) at the atom-dimer threshold for positive scattenng lengths %%*Z—C(i
a,; (1) at the three-atoms threshold for negative scattering RAST %
lengths a_. Two distinct kinds of Efimov trimer are possible, D IEH 30,
KKRb (red or dark gray line) and KRbRb (blue or gray). The Triton,18C,20C
green or light gray line shows the dissociation threshold of the 15 E hMELH
Efimov states. (tritonlZ
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Scattering length we
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