Di-neutron correlation
and two-neutron decay of nuclel
beyond the neutron drip line
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Introduction: neutron-rich nuclel

Next generation Rl beam facilities : e.g. RIBF (RIKEN, Japan)
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Mean-field approximation

Cr——71 = T * T * 1
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~ 3.5 |. Tanihata et al.

g Phys. Rev. Lett. 55, 2676 (1985)
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B 3.0 Interaction cross section

"g ‘ measurements at Bevalac
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effective NN interaction
strong in-medium effects ‘
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weakly bound systems

(almost) bare NN interaction l
weak in-medium effects

large extension of density
halo nucleus



Role of redidual interaction
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(pairing)

—o0o— oo
—04—+—04— —04—+—04—+
88— 88— 88— 88—

open shell nuclel weakly bound nuclel



Neutron-rich nuclei:
- weakly bound systems
- residual interaction (pairing interaction)
- couplings to continuum

many-particles in a confining potential

V(r)

. finite-well confining potential
. self-consistent potential

r

cf. a harmonic trap

m) 2 challenging problem



Borromean nucleus
residual interaction = attractive
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particle unstable particle stable “Borromean nucler”

Structure of Borromean nuclei

v'non-trivial because of many-body correlations
v'has attracted many interests



Borromean
nucleus

*\What is the spatial structure
of the valence neutrons?

*To what extent
IS this picture correct?

g

100 j (SLi+n)

effective NN interaction
strong in-medium effects

’n (n+n) does not
exist

(almost) bare NN interaction
weak in-medium effects

does not exist



WHEVREABIEN NNl (- Eli[o]aM Correlation: (AB) #* (A)(B)

Example: 80 =10 +n +n
cf. 160 + n : 3 bound states (1ds),, 2S,/,, 1ds,)

i) Without nn interaction: [nn) = [(1ds,2)?)

Distribution of the 2" neutron when the 15t neutron is at z, :

z,=1fm Z,=2fm z,=3fm Z,=4fm

HEEE

6420246 6420246 6420246 6420246
z (fm) z (fm) z (fm) z (fm)

X (fm)
DB NON DO

v Two neutrons move independently
v'No influence of the 2" neutron from the 15t neutron

(AB) = (A)(B)



What is Di-neutron correlation? Correlation: (AB) # (A)(B)

Example: 80 =10 +n +n
cf. 160 + n : 3 bound states (1ds),, 2S,/,, 1ds,)

I1) nn interaction: works only on the positive parity (bound) states
Inn) = a|(1ds;2)?) + B1(251/2)7) + 71(1d3/2)?)

z,=1fm z,=2fm z,=3fm Z,=4fm

=

6-4-20246 6420246 6420246 -6-4-2024€6
z (fm) z (fm) z (fm) z (fm)

X (fm)
DA NONDMO®

vdistribution changes according to the 15t neutron (nn correlation)
v'but, the distribution of the 2"d neutron has peaks both at z, and -z,
—> this Is NOT called the di-neutron correlation



WhHEIRIABI B gl R0 d-IEli[o)a¥M Correlation: (AB) = (A)(B)

Example: 80 =10 +n +n
cf. 160 + n : 3 bound states (1ds),, 2S,/,, 1ds,)

1) nn interaction: works also on the continuum states
Inn) = Z Onn’jl|(nn,jl)2>

n?n,7j7l
z,=1fm z,=2fm z,=3fm Z,=4fm

X (fm)
DA NON DO

6-420246 6420246 6-420246 64200246
z (fm) z (fm) z (fm) z (fm)

v’spatial correlation: the density of the 2" neutron localized close
to the 15t neutron (dineutron correlation)

v'parity mixing: essential role
parity J cf. F. Catara et al., PRC29(‘84)1091



dineutron correlation: caused by the admixture of different parity states

0 ? 10_R{m)
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F. Catara, A. Insolia, E. Maglione,
and A. Vitturi, PRC29(°84)1091




spatial localization of two neutrons
(dineutron correlation)
cf. Migdal, Soviet J. of Nucl. Phys. 16 (‘73) 238
Bertsch, Broglia, Riedel, NPA91(‘67)123

weakly bound systems

—easy to mix different parity states due to
the continuum couplings

6-4-202 46

z (fm .
(l ) + enhancement of pairing on the surface
parity mixing
l 180 0.04
160 11 j 0.035
140 0.03
120 0.025
S 100 0.02
80 0.015
60 0.01
40 0.005
20 0
0 -0.005

1 2 3 4 5 6 7 8 9 10

-6-4-202 46 e (fm) K.H. and H. Sagawa,

z (fm) PRC72(’05)044321



pairing gap in infinite nuclear matter

I r T I | 'I

3 B symmetric matter : :
Gogny D1 m ) :
DDDI-D1 :

I
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M. Matsuo, PRC73(°06)044309



6-4-2 02 46
z (fm)

parity mixing

1

6-4-202 46
Z (fm)

spatial localization of two neutrons
(dineutron correlation)

cf. Migdal, Soviet J. of Nucl. Phys. 16 (‘73) 238
Bertsch, Broglia, Riedel, NPA91(‘67)123

weakly bound systems

—easy to mix different parity states due to
the continuum couplings
+ enhancement of pairing on the surface

—— dineutron correlation: enhanced

cf. - Bertsch, Esbensen, Ann. of Phys. 209(°91)327
- M. Matsuo, K. Mizuyama, Y. Serizawa,
PRC71(°05)064326

0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

-0.005  K.H. and H. Sagawa,
0123458678 910 PRC72(°05)044321

r (fm)



dineutron correlation in Borromean nuclel
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FIG. 1. Spatial correlation density plot for the 07 ground
state of "He. Two components—di-neutron and cigarlike—

are shown schematically.

Yu.Ts. Oganessian, V.I. Zagrebaeyv,

and J.S. Vaagen, PRL82(’99)4996
M.V. Zhukov et al., Phys. Rep. 231(°93)151

“di-neutron” and “cigar-like”

configurations



dineutron correlation in heavy neutron-rich nuclei

Py [fm=3]

M. Matsuo, K. Mizuyama, and Y. Serizawa, PRC71(‘05)064326
Skyrme HFB
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N. Pillet, N. Sandulescu, and P. Schuck,
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Coulomb breakup of 2-neutron halo nuclei

How to probe the dineutron correlation? — Coulomb breakup

2 | | | |
| | | — I I | | | —
5 I I | |
11, . —— (orrelated Resonse ~
o | 4 ~ 03 — Correlated Response —
% Li — — = Uncorrelated Response| > 5 6He U 1 dRp |
S sk _ § 025 — — = Uncorrelate esponse]
“:E o =
N E 02p
L 1 ‘3 i
[ 0.15+—
= s "L
m 0.5 ) i
= £ 0.05
0 0
0

Experiments:
T. Nakamura et al., PRL96(°06)252502 T. Aumann et al., PRC59("99)1252

3-body model calculations:
K.H., H. Sagawa, T. Nakamura, S. Shimoura, PRC80(‘09)031301(R)
cf. Y. Kikuchi et al., PRC87(*13)034606 <— structure of the core nucleus (°Li)

also for °C, 1“Be, 1°B etc. (T. Nakamura et al.)



3-body model calculation for Borromean nuclei

11| j SHe G.F. Bertsch and H. Esbensen,
! n Ann. of Phys. 209(’91)327; PRC56(’99)3054

Density-dependent delta-force
v(ry,r2) = vo(l+ ap(r))

core ’ X0(ry —12)

(p1 + p2)?
2Acm

_ pi
2m

H

2
+ 5—; + VnC(Tl) + VnC(TQ) + Van +

Ground state density K.H. and H. Sagawa, PRC72(705)044321

180 180 0.07
160 160 0.06
- 140 . 140 0.05
> 120 = 120 0.04
S 100 o S 100 .18
~ 80 0.015 ~ 80 :
S 60 0.01 & B0 0.02
40 0.005 40 0.01
20 0 20 0
0 -0.005 0 -0.01
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r (fm) similar g.s. density r(fm)



E1 excitation to the continuum states f
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0.S. correlation? or correlation in excited states?

g.s. correlation only

! I ! I
0.3+ — : L
— : 6 .
2 [ He g.s. correlation + FSI - (no nn interaction in
= 025~ y the final state)
E 02 g.s.:odd-1 only

=015 / (no dineutron correlation)
= +FSI
—~ 0.1
=)
2 0.05

I

! 2
E (MeV)

v'Both FSI and dineutron correlations: important role in E1 strength



Geometry of Borromean nuclei

A

@ T'nn @ Cluster sum rule

N IR S Biot(E1)

‘ ' 2
v Ac+2

reflects the g.s. correlation
“experimental data” for opening angle
<R2> — B(ED)

(r2,y < matter radius
nn
or HBT

65.2 +12.2 (1L)j)
74.5+12.1 (°He)

(612)

K.H. and H. Sagawa,PRC76(’07)047302
cf. T. Nakamura et al., PRL96(’06)252502

3-body model calculations
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<912> = 65.29 deg.

(612) : significantly smaller

than 90 deg.

|

suggests dineutron corr.
(but, an average of small and
large angles)

C.A. Bertulani and M.S. Hussein, PRC76(’07)051602



Energy distribution of emitted neutrons

2.5 ; . . . -
SHe ) o35  v'shape of distribution: insensitive
S .. ol to the nn-interaction
Q . :
s 0.2 (except for the absolute value)
g 0.15 e .
® e o1 v sFro_ng se_nsm_vlty_ to V¢ |
. 3-05 v'similar situation in between 1L
0 05 1 15 2 25 and °He
e, (MeV)
‘ Vrm = O no di-neutron corr. in the g.s.
(odd-I only)
2.5 0.25 25 0.12
2 0.2 2 0.1
% 1.5 0.15 % 1.5 0.08
= = 0.06
s o1 & 0.04
0.5 0.05 05 002
0 0 0 0
0 05 1 15 2 25 0 05 1 15 2 25
e, (MeV) e, (MeV)

K.H., H. Sagawa, T. Nakamura, S. Shimoura, PRC80(‘09)031301(R)
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K.H., H. Sagawa, T. Nakamura, S. Shimoura, PRC80(‘09)031301(R)



Energy distribution of emitted neutrons

6He *° o35  v'shape of distribution: insensitive
3 1.2 325 to the nn-interaction
% 1 ng (except for _tr_\e_absolute value)
* e o1 v'strong sensitivity to V.
. 008 v'similar situation in between 1L
0 05 1 15 2 25 and ®He
&1 (MeV) —— Coul. b.u.: 2-step process
‘ Unn = 0 no di-neutron corr. in the g.s.
2.5 0.25 25 012
2 0.2 2 0.1
g 1.5 0.15 é 1.5 332
) ! 0.1 :5:' 1 0.04
0.5 0.05 0.5 0.02
0 0 0 0
0 05 1 15 2 25 0 05 1 15 2 25
e, (MeV) e, (MeV)

K.H., H. Sagawa, T. Nakamura, S. Shimoura, PRC80(‘09)031301(R)



2-proton radio activity

‘ correlated protons free prnton/s

energy

distance to centre of nucleus

B. Blank and M. Ploszajczak, Rep. Prog. Phys. 71(‘08)046301

v' probing correlations from energy and angle distributions of two
emitted protons?
v Coulomb 3-body system
 Theoretical treatment: difficult
-how does FSI disturb the g.s. correlation?
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2-proton decay of “°Fe

Uncer’lcainticles ofle inc:lludedI | | |
: A ey
%‘ — 43% p’ ] ]
Diproton-like K. Miernik et al.,
: correlation - PRL99 (“07) 192501
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w4 / : :
T T T T calculations (Grigorenko)
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, 60 Diproton 301 Three-body 30 Phase volume
% 40+ 201 201
’é
2 20 10 10-
%0 30 60 90 120 150 0 30 60 90 130 130 o’ 30 60 90 120 150 180
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— diproton correlation: unclear in many other systems

calculations: not many)

(theoretical



2-neutron decay (MoNA@MSU) 3-body resonance
due to the centrifugal

50 40 barrier
— T .
% 40 - : (d) ] T 1/2" =mmmme
ff, § “dineutron 71~ 307 o )
N 30 H A« emission” ] E 251 3/2,5/2 mmnnn
: - 4 — 20 '.- , mmmm— .
2 20 no correlation 4 8 151*—m LU
= ~ 1l g 1
= TRY W / 1= oy T o
8 10' . +L-.r-. A 1 054 _/E
0 — —— 004 0'—— |
00 05 10 15 20 I gy R Be
En*n (MGV) A. Spyrou et al., PRL108(*12) 102501
Other data:

B3Li (Z. Kohley et al., PRC87(‘13)011304(R)) “Be—13Li—1Li+ 2n
260 (E. Lunderbert et al., PRL108(12)142503) ?’F— %0 — 240 + 2n

3-body model calculation with nn correlation: urgently needed



3-body model calculations for 260 K.H. and H. Sagawa,

arXiv: 1307.5502

> the simplest among 1°Be, 13Li, 20 (MSU)
16Be: deformation, 13Li: treatment of Li core

> Neutron-rich O and F

A \*.C"

- A __ H. Sakurai etal.,
mmm e PLB448 (*99) 180
amm (stability of 3!F and unboundness
s4- T ek s of 280)
.=I t;:s B stable isotopes
m oy e T. Otsuka et al.,

mm E E ™ i PRL105(*10)032501

[ | IREREEY |

3 : % % N v’ 3-body interaction

» New experiment at SAMURAI (RIBF)
Y. Kondo et al.



1) Decay energy spectrum

with final state nn interaction

/
/ | | | | | |
] — (Correlated -

1.2
1 \ — Uncorrelated —
S n =0.21 MeV -
o 0.8 : : :
= No final state nn interaction
06 / (the dashed line: pure (1d5,)?
~ for the initial state)
2 0.4
0.2
OO 1 2 3 4

(MeV)
cf. ,43,(?°0) = 0.770 MeV

~ 1019 MeV) 3-body resonance state

decn

Very narrow (I

exp



11) energy spectrum for 2-emitted neutrons
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111) distribution of opening angle for two-emitted neutrons

1 .fs | |

= — (Correlated
— Uncorrelated

nn

dP/do

0.5

0 | | | 1
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M = ((G)7=°)(1 — vGo + vGovGo — -+ )| W)

1.5 | | | | |
- — C(Correlated
-—- fs:1=0
1 -=- fs:1=0+1 _
E%E
o
0.5 —
0 | | | | | | |

0 30 60 90 120 150 180
0  (deg.)
11

initial state (ds,)2 —— (Sy,)2 OF (Pan)? ,(P10)?

rescattering due to the pairing interaction

*other | components: largely suppressed due to V.,
(Egecay ~ 0.14 MeV, e, ~ e, ~ 0.07 MeV)



di-neutron correlation: spatial localization of two neutrons
v'parity mixing
v'neutron-rich nuclei: scattering to the continuum states
enhancement of pairing on the surface

how to probe it?

e Coulomb breakup

v'enhancement of B(E1) due to the correlation
v'Cluster sum rule (only with the g.s. correlation)
v'opening angle of two neutrons

*2-neutron emission decay

v' decay energy spectrum
v" energy spectrum of two emitted neutrons
v" opening angle of two emitted neutrons (back-to-back)

«— dineutron correlation
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