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Introduction: Pairing correlations in nuclel

Spatial structure of a Cooper pair?

Coherence length of a Cooper pair:

¢ = h2kp I ____________________ ® l

mA

=== much larger than the nuclear size

(note)
kp = 1.36 fm™1

A = 12//140=1.01 MeV

(for A=140) I

R=1.2x 14013 =6.23 fm

——> &£=55.6fm



Coherence length of a Cooper pair: ¢ =
=

much larger than the nuclear size H .................... __________________ ﬂ

| Y

Di-neutron correlations in neutron-rich nuclei
cf. HFB calculations for 18-24Q, 50-58Cgq  80-86N]j:
M. Matsuo, K. Mizuyama, Y. Serizawa, PRC71(’05)064326
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Another motivation: Spatial correlation of valence neutrons?

Analysis of Coul. Dissociation for 11Li
S. Shimoura et al., PLB348(’95) 29

W(R,T) ~ [ dka(k)dy(R)di(r)

Y (R) ~ exp(—n(k)R)/R
or(r) ~expCk-r)/r

| ?
) )
\ R r
4.5 fm 7.0 fm Di-neutron correlation
" A
n Detailed theoretical re-analysis of
75.75 deg > Density distribution
» Dipole excitations




Three-body model G.F. Bertsch and H. Esbensen,

Ann. of Phys. 209(°91)327
H. Esbensen, G.F. Bertsch, K. Hencken,
Phys. Rev. C56(’99)3054

Density-dependent delta-force

v(ry,r2) = vo(l+ ap(r))
x6(ry — 7o)
N
2 2 _|_ 2
H = 1 I 22 I VnC(Tl) ‘I' VnC(TQ) ‘I' Vin I (pl p2)
2m 2m 2A:m

(note) recoil kinetic energy of the core nucleus



Density-dependent delta interaction

H. Esbensen, G.F. Bertsch, K. Hencken, Phys. Rev. C56(°99)3054

()
Van(r1,72) = 6(r1 — 12) (UO | p )
_\ » Two neutron system in the vacuum:
P Van ]
T o’
. oy = —
| T2 1+ ake
_ vg m _ R2KZ
T oprmz eutT T
2 2 7:L2 2ann
- ’UO pu— .
m mw — 2kc aﬂnn

» Two neutron system in the medium:

Up, Rp, Qp  :adjustso that S,, can be reproduced



Two-particle wave functions (J=0 pairs)

B¢nl]m(r) — €nly wnljm(r)

Y

= Y~ (imj — m|00) Vo (PP (77)

mm>  Hamiltonian diagonalization

Wos(r,r’) = A > W(Q),lj(r r")

nn'lj

eContinuum: box discretization

eEnergy cut-off: A. 41
€nlj -+ €nll; < CA
C

Ecut



Application to COMPI Y ''Li, SHe: Typical Borromean nuclei
<== Esbhensen et al.

11L| Ann — —15 fm, Ecut = 30 Me\/, RbOX = 40 fm

WS: adjusted to p,, energy in 8Li & n-°L.i elastic scattering
Parity-dependence <— to Increase the s-wave component

6He: ann = —15 fm, E-yt = 40 MeV, Rpox = 30 fm
WS: adjusted to n-o elastic scattering

Results for ground state properties

Nucleus| S, (r2 )y (rZ_5,) dominant fraction  S=0
(MeV) (fm?)  (fm?)  config. (%) (%)

He | 0975 213 132  (py,)? 830  87.0
L | 0295 414 263 (p,)? 591  60.6




Two-particle density for 1L

A 47T7°2 y 27‘(‘7"2 sin 61-
o) ; X po(r,r,012)
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20 0
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function of r and 6,, r (fm)
»two-peaked structure

» Long tail for “di-neutron”
(note)
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v2y? pa(z,y) for ®He

s, Correlation density

A

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.l. Zagrebaev,

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

“di-neutron’ and ““cigar-like™
configurations



Two-particle density for 1L I L B B
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Two-particle density for °He
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Comparison between the two nuclei
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E1 excitations and geometry of Borromean nuclel

Dipole excitations

Response to the dipole field:

0.2

Bi(E1) = 3|(W*_|Dg|Wys)|?

d(BE1)/dE (e’fm’/MeV)
o
S
|

. e R
Dy = y ._ZIQWY&M(T@') AL
’ 0— I | I | I I
: o 1 2 3 4 5 6 1
Smearing: E (MeV)
B Bi(E1)
B(FE1) = — r=02-\/E—Ey (MeV)
T (E — Ep)2 4712

K.H. and H. Sagawa,PRC76(’07)047302



Dipole excitations
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Geometry of Borromean nuclei r

“experimental”” mean opening angle

(R?) B(E1) = ZB(El;gs—m')

3 (2

(note) forbidden transition

g; B(El: E< FE
(R%)exp = ( S Emax)exp (R%)cal
B(E1; E < Emax)cal

H. Esbensen, K.H., P. Mueller, and H. Sagawa,
PRC76(°07)924302

1

(12) 4+ 5 (R2) + 5 (1)

or also from HBT-type 2n correlation study



Geometry of Borromean nuclei r
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Nucleus| Method (r2 ) V2 on) (Onn)

(fm) (fm) (deg.)
SHe Matter radii 3.75+/-0.93  3.88+/-0.32 51.67i57
HBT 5.9+/-1.2 7451132

3body calc. 4.65 3.63 66.33
L Matter radii 5.50+/-2.24  5.15+/-0.33 56.211/%
HBT 6.6+/-1.5 6521117

3body calc. 6.43 5.13 65.29




BCS-BEC crossover phenomenon

[Vpair| — o ® @
| =
crossover @ @
BCS (weak coupling) BEC (strong coupling)
e\Weakly interacting e\Weakly interacting
fermions “diatomic molecules”
eCorrelation in p space eCorrelation in r space
(large coherence length) & (small coherence length)

cf. BCS-BEC crossover in color superconductivity: Y. Nishida and H. Abuki,
PRD72(’05)096004

cf. BEC of “°K molecules
M. Greiner et al., Nature 426(°04)537




BCS-BEC crossover

Cooper pair wave function: W (r, r') ~ (dglc' (r, 1) T (+, 1)|Pg)

@ @ @
/ 1
/ l.
(I
O !
@
! /
] /
® o
& QO

|Upair| — OO

| =

Crossover

BCS (weak coupling)

Correlation in p space

r ¥(r)

(large coherence length)

I ! |

W(r) ~

Sin(k’FT)

exp(—r/§)

r W(r)

BEC (strong coupling)
Correlation in r space

(small coherence length)

[

T

W(r) ~

exp(—kpgr)

{")

kp = \/4m|2u -|-_€B|/7L2




BCS-BEC crossover

®@ @ . @
. II . |Upair| — OO . .
® ,,'I. | =
/ crossover
BCS (weak coupling) BEC (strong coupling)
e\Weakly interacting e\Weakly interacting
fermions “diatomic molecules”
eCorrelation in p space eCorrelation in r space
(large coherence length) (small coherence length)
K& K&
Pairing in Stable nuclei Di'neutron Corre|ati0n8

IN neutron-rich nuclel



BCS-BEC crossover behavior in infinite nuclear matter

Neutron-rich nuclei <——= eWeakly bound levels
eUnsaturated density around surface

(halo/skin)
pairing gap in infinite nuclear matter

symmetric matter
Gogny D1 O

DDDI-D1
% - Gogny DIS X
> 2r DDDI-D1S - =
4 G3RS O

DDDI-G3RS - —-

M. Matsuo, PRC73(°06)044309



Spatial structure of neutron Cooper pair in infinite matter

0.20
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) ]
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0.10 : -+==+====- G3RS neutron matter 1 BCS
005 /Y /- /\ , ;
W BVAVAVAVAVAVAVLVE

v

Crossover region

M. Matsuo, PRC73(’06)044309



Spatial structure of neutron Cooper pair in infinite matter
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Our Motivations

»How can this behavior be seen

In finite nuclei?
> Relation to di-neutron
correlation?

Ul i=°Li+n+n

M. Matsuo, PRC73(’06)044309



Di-neutron wave function in Borromean nuclei

wE=0) () 1) = fr.(r, R)[YL(7) YL (R)] (OO
L

r,R) = o7 (— H_L\/27T(2j+1)
i 10 Enzz; 'ty (=) 2 +6, )

X /Oﬁ sin 6d6 Y7,0(6) ;(—)m ((ll :L Z))!!

x P/"(cosf1)P"(cosby)

X 15 (1) Ppr1(r2)
ry = \/R2 —I—r2/4—|—RrCOSH

T

‘ ro = \/R2+r2/4—RrCOS¢9
cos#y = (R+rcos6/2)/rq
cosf, = (R—rcosf/2)/ro

B.F. Bayman and A. Kallio, Phys. Rev. 156(’56)1121



Di-neutron wave function in Borromean nuclei

wE=0) () 1) = fr.(r, R)[YL(7) YL (R)] (OO
L

P, = /Tsz/deR|fL(T, R)|?

(00)
4 A
L . PL:O — (0.578 ==
PL=2 — 0.020
PL:4 — 0.00452
- 7 Sum = 0.603

(—> Py, =0.606
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Plot the wf at several values of R

r°R?| fr,—o(r, R)|?

Probing the behavior
at several densities
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vnn = Fp(R)] - 6(7)
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R=40fm |




good correspondence
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2-neutron rms distance

/(.2 _ | [r*dr|fr=0(r, R)|?
i) () = \ [ r2dr | fr=o(r, R)|?

wE=0) (g r0) =3 fr.(r, R)[YL (7)Y (R)] (OO
L

(N
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=

>]

2
nn
(@)}

Sqrt[<r
N
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/1,2 | [r*dr | fr=o(r, R)|?
rin) (F) = \lerdr | frL=0(r, R)|?

R (fm)

>] (fm)

nn

Sqrt[<r

10 10 10

Matter Calc.
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neutron matter O

M. Matsuo, PRC73(’06)044309

cf. Free n-n system

virtual state around zero energy

—> <r>~12fm

(Nijmegen potential)



Gogny HFB calculations
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Di-neutron correlation in 8He

BHe(0*) M.V. Zhukov et al., PRC50(’94)R1
@ ®) ) (1ps)* configuration in H.O. pot.

Z

lack of continuum couplings
(mixing of several ang. mom.)

F1G. 2. Three configurations with maximum probability for the
angular part of the spatial correlation function [(6)] are shown.

o + 4n model (see also Varga, Suzuki, Ohbayasi, PRC50(’94)189)

HZ(

+ Vnoz(""z)) + Z Vnn (T — )

1<J

V., Woods-Saxon
V- density-dependent contact force

—————> Hartree-Fock-Bogoliubov (HFB) + PNP (VBP)



Hartree-Fock-Bogoliubov approximation

quasi-particle operators: sl =3~ (Uy,cf + Vir ;)
l

:>|HFB>=1;[ﬁk|O> (ﬁ_/\ A(r) )(Uk(’r)>:Ek<Uk("“)>

A(r) —h4+ X Vi (1) Vi (1)

4 2
For H=)_ (pi + Vna(ri)> + ) v (1 - ptpi?) 6(r; —7;);  pe(r) = pa(r) + pan(r)
i=1

2m i<j
g . OE h2 1 r
h = < = TS5 2 + 5 Y (1 — pol >) - pan (1) + Vna(r)
op m < \ PO
3 p4n(r>2 1 ﬁ4n(r)2
——0 — —vQ
4 £0 4 £0
oF 1 p+(7) -
Ay =2E_1 (1— Fan(r)
op 2 PO

pan(r) =3 Ve()Vii(r):  Ban(r) = = Vi(r)Ug(r)
k k



4 particle density

two-body correlation density (dineutron-dineutron configuration)
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K.H. and N. Takahashi, in preparation




» Application of three-body model to Borromean nuclel

. 180 0.04 10 0.04
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»E1 response and geometry of Borromean nuclei
» Di-neutron wave function for each R

e Close correspondence to the matter calculations

e BCS/BEC crossover phenomenon

eConcentration of a Cooper pair on the nuclear surface
oAlso in other superfulid nuclei (universality)

» Strong di-neutron correlation in 8He
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