Role of the tensor correlation
IN heutron halo nuclel

Takayuki Myo RCNP, Osaka Univ.

In collaboration with

Hiroshi Toki (RCNP, Osaka Univ.)
Kiyomi Ikeda (RIKEN)

Satoru Sugimoto (Kyoto Univ.)
Kiyoshi Kato (Hokkaido Univ.)
Yuma Kikuchi (Hokkaido Univ.)

1

INT workshop@INT, Univ. of Washington. 2007.11.26-29



Contents

 He isotopes with tensor correlation
— Tensor-optimized shell model (TOSM)

e Liisotopes with tensor and pairing
correlations

— Breaking of magic number, halo formation

 Unitary Correlation Operator Method
(UCOM) for short-range correlation

— TOSM+UCOM with bare interaction



Motivation

e Tensor force (Vo) Plays a
significant role in the nuclear structure.

— In “He, <Vtensor> - <Vcentral>

V7T
_ ~ 80% (GFMC)
VNN

R.B. Wiringa, S.C. Pieper, J. Carlson, V.R. Pandharipande, PRC62(2001)

« We would like to understand the role of V., In the nuclear
structure by describing tensor correlation explicitly.

 model wave function (shell model and cluster model).
o spatial properties, p-h correlation, ...

e Spectroscopy of neutron-rich nuclei : He and Li isotopes



Variational calculation in real space

o e ~ Green’s function
N - T ~ Monte Calro

Energy (MeV)
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C.Pieper, R.B.Wiringa, _
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R.B.Wilinga,S.C.Pieper,J.Carlson, V.R.Pandaripande,
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Tensor-optimized shell model (TOSM)

e Tensor correlation
in the shell model type approach. [4He]
e Configuration mixing T —
with high-L orbit R — n
within 2p2h excitations 0s oo -00- V PRV
TM, Kato, Ikeda, PTP113(2005) T V T TC V
TM et al., PTP117(2007) —.
T Terasawa, PTP22(1959) (0s)* (0s)%(nlj)®

» Length parameters {b,} such as by,b,,,... are
determined independently and variationally.

— Describe high momentum component from V¢

CPPHF by Sugimoto et al,(NPA740) / Akaishi (NPA738)
CPP-RMF by Ogawa et al.(PRC73), CPP-AMD by Dote et al.(PTP115) °



Hamiltonian and variational equations

A A
H=>t-Ts+) v, v, :central+tensor+LS+Coulomb
1=1

1< |

@:ch W, v, - shell model type configuration
K

5<®\H\qn>:0 N o —E>:O, a<H—E>:O
(@]0) o, <,

TM, Kato, Ikeda, PTP113(’05)763
TM, Sugimoto, Kato, Toki, lkeda PTP117('07)257

Effective interaction : Akaishi force (NPA738)

— G-matrix from AV8'’ with k,=2.8 fm™
— Long and intermediate ranges of V

survive.

tensor

— Adjust V., to reproduce B.E. and radius of “He 6



V-(r) [MeV]

Property of the tensor force

F(r) = r*-dos(r.bos)-VT(r) dod(r,bod)

Viensor= VT(r) - S bos=1.4- 2 [fm] bog=bos / 2
. Tensor Force (SE) ME(S D) of Tensor Force ( E)
| | I | I Tc+p (Bonn) I |
100 ﬂ n+p (Bonn) { =
0
50 =
0 N
50 @D
AK (G-matrix) LL
-100 14 2
AVE' —_
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r [fm] r [fm]

Centrifugal potential (1GeV@0.5fm) pushes away the L=2 wave function.
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Energy of “He [MeV]
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“*He with TOSM
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Pion exchange interaction vs. V.. <or

2 2 2
S - . .
=(0,-0,) +3S
2 1 2 m2_|_q2 12m2_|_q2

- A= A g
3(o,-0)(0,-q) 2,

m2 +CI2 m2

_m2_|_q2 m2_|_q2_

— (51'52)

A
T Involve large

Delta interaction momentum

Tensor operator
S12 = 3(61 ' @(62 ' (j) - (61 '62)

- Viensor Produces the high momentum component.

Yukawa interaction



“He in TOSM

Energy (MeV) — 28.0 4 Gaussians instead of HO

<Vtensor> -51.0 <T>: 71.2 MeV

(0s,,,) ot 0 o (Veentral ) = —48.6 MeV
S1/2 ;

c.m. excitation = 0.6 MeV
(051/2)°57(0py2)?57 IT=10 ‘\

JT=01 e 0~ of pion nature.
2
(0512)"10(181,2)(031)10 | 2.4 e deuteron correlation
(051/2)°10(0P32)(0f512) 1 2.0 with (J,T)=(1,0)

96 Cf. R.Schiavilla et al. (GFMC)

PD] PRL98('07)132501
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Tensor correlation in °He
0P+ 4?_ _?_J_Iast neutron
Op3/2 — —0®
051, -©% %O

¥ V

(Opa/z)i (Op1/2)§
t {

[main conﬁguration} [Tensor correlation is suppressed }

in G.S. (0+) due to Pauli-Blocking

4

[Ground state] [ Excited state]
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°He in coupled “He+n+n model

o System is solved based on RGM

H(°He) = H(*He) + H  ®(CHe)= A{i% (4He)-;(i(nn)}

> (v, He)H (He) — E[.A fy(*He) - 7, ()} =0
w. (*He) : shell model type configuration _>[TOSI\/I]

« Orthogonality Condition Model (OCM) is applied.
N
> [Hy(“He)+ (T, + T, +V,, +V,, +V,,) -5y Jr; (nn) = E g, (nn)

=1

H; (‘He) = (w;|H (“He)|w; ) : Hamiltonian for ‘He

x(nn) = A{pp,} : 2 neutrons with Gaussian expansion method

(¢:|4,)=0, {¢, € “He} : Orthogonality to the Pauli-forbidden statesz



°He in coupled “He+n+n model

|

8 r -
6 (Preliminary)
7 B F=105 7
6| o -
sl (Op1/2) _
> +T=9.14
% 4 F otlz3.14 - -
[T 3 n .
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o =~ N W & 0 O NN ®

1
A



"He (unbound) : Expt vs. Theory

N < T e (e 16
> [7He]a+n+n+n 3/2
= °f (0s)* 1°
a 4 b le.?5 14
S ) 3/2
o 5/2 =
W 3 [ — 5/2° 13
- [=2.2(3) ['=1.9(3) = I=2.1(8) Fo150
o 2r S oL I 12
© 1 |
"'c_:; 1k I'=0.75(8) S /2 ]
- - [=2.19
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a) b) ¢ d) e f) Present
\_ /
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TM, K.Kato, K.lkeda
PRC76('07)054309

complex scaling *

Experiments




Characteristics of Li-Isotopes

Halo structure

40 1 1 I 1 I 1 .
14
L>11Li Be

o~
o

N
o

r.m.s. radius [fm2]
W
o

N
o

15
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“He

Mass Number

|. Tanihata et. al
PLB206(1988)592

» Breaking of magicity N=8
o 10-11] j 11-12Bg@
ol j ... (15)?~ 50%.
(Expt by Simon et al.,PRL83)
 Mechanism Is unclear

1S,/
0P,/
Op3/o




11 in coupled °Li+n+n model

System is solved based on RGM

HMLi))=HCLi))+H,, @('Li)= A{ZN:% CLi)- x, (nn)}

i@”  CLIY[H (L)~ E| A {y; C Li) -  (nn)}) = 0
_ w. (CLi): shell model type configuration — [TOSI\/I]

Orthogonality Condition Model (OCM) is applied.
N
DL H CLI)+ (T +T, +V,, +V,, +V,) -8, |z, (nn) = E 7, (nn)

=1

H; CLi)=(y;|HCLi)|w;) : Hamiltonian for °Li

x(nn) = A{pp,} : 2 neutrons with Gaussian expansion method

(¢:|4,)=0, {¢, € °Li} : Orthogonality to the Pauli-forbidden statess



Energy surface for b-parameter in °Li

0 .
< 5t TOSM ] 0s+0p+1s0d within
O 6L ' 2p2h excitations.
2 10 <VTensor> ¥
cn: -15 F
—— '20 B : -
; o5 | 1 0Py -0-©0-
o 20 5 Energy Opy, —O— OO
o VT |
e (a)/'“" T V
-40 > |' 1 = .
/ 0.5 1 15 o pairing correlation
Op1/2 —O% 70— bOp”g/ by [fmM]

i : Dominant part of the tensor correlation

cf. 15t order (residual interaction): T. Otsuka et al.
T V PRL95(2005)232502.



Expected effects of pairing and tensor correlations in "ILi

L
GS

v =_—=2J

Pairing-blocking :

1s4/2
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K.Kato,T.Yamada,K.lkeda,PTP101(‘99)119, Masui,S.Aoyama,TM,K.Kato,K.lkeda,NPA673('00)207. '
TM,S.Aoyama,K.Kato,K.lkeda,PTP108('02)133, H.Sagawa,B.A.Brown,H.Esbensen,PLB309('93)1.



Hamiltonian for 1L
hybrid-VT model

V.. : folding potential

eSame strength
for s- and p-waves

*Adjust to reproduce
S,,=0.31 MeV

*V, ., . Argonne potential (AV8’) \ean Field like n-n correlation

(Shell Model like) | (di-neutron, pairing)
|

*2n : Gaussian expansion method Configuration mixing

[Ref] TM, S. Aoyama, K. Kato, K. Ikeda, PTP108(2002)
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L G.S. properties (S,,=0.31 MeV)

60

| | I | 3.7
i 04 3.5
® Simon et al.
_ 3.3
= 3.1
_ 2.9
_ 2.7
1 2.5
Inert Pairing Tensor Tensor
core +Pairing

R, [fm]

TM, K.Kato, H.Toki, K.lkeda, PRC76(’'07)024305
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2n correlation density in tLi

180
160 Inert core
140
120
100

Tensor+Pairing

S2=47%

S2=4%

0 [deg]

0 2 4 6 8 10
4 )
% Reore-n [fM] Reore-n [fM]

e?‘ [ =5 %} G

Cigar type config.

Di-neutron type config.

H.Esbensen and G.F.Bertsch, NPA542(1992)310
K. Hagino and H. Sagawa, PRC72(2005)044321

0.16
0.12
0.08
0.04




Charge Radii of LI iIsotopes

11 9, 2 2 LN
proton (*'Li) =R} oroton ( L1) + (1—21) RC-2n G
1 I BC’ 2

25 | Charge Radius (}) ] -

E 2.4 | / - [11Li}

2.3 -

ol ¢ ][owi]

Inert  Tensor Expt. (Sanchez et al., PRL96(2006))
core +Pairing

Ro.on | 4.67 [fm]

P(s?)| 4 47 %

R




Q-moment of Li-iIsotopes

Qo (*Li) = Q, CLi) + Qo (Reon ) + & - [HC L), K (Reon )1
- r2Yz (F) { N/

Vanish due to 0+ state of ZnJ

-5.0 |

Q-moment

Ours 1N
SVM B a+t+ Xn

Varga et. al

| AMD Il

Kanada-En'yo
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do/dE [o/MeV]

Coulomb breakup strength of 1L

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

L (G.S) —> JLi+n+n

||||||

Tensc')r+Pairin'g —_—
Pairing —

Energy [MeV]

4 )
No three-body
resonance

E1 strength by using the
Green'’s function method

+Complex scaling method

+Equivalent photon method
(TM, Aoyama, Kato,

lkeda, PRC63('01)054313)

o Expt: T. Nakamura et al. , PRL96,252502(2006)
e Energy resolution with \/E =0.17 MeV.
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Virtual s-wave states in 0L

: _ EXpt. M. Thoennessen et al.,
e 1s,,, virtual state: PRC59 (1999)111.

0 1 - 1,2 M. Chartier et al.
(0p3;2) . 151/2), PLBE10(2001)24.

: : H.B. Jeppesen et al.
a . scattering length of °Li+n Pf§642(2006)449_

a.=-10~-25fm

17 Inert Tensor
core +Pairing

1- | +1.4fm  -5.6fm
10.8 fm Pauli-blocking
naturally describes

virtual s-state in 9L

cf. a,(nn) : —=18.5+0.5fm

T.M. et al., submitted to JPG
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Tensor & Short-range correlations

e Tensor correlation in TOSM

- S, «[Y,(F),[6,,6,1,], > AL=AS =2 (}
o He
— 2p2h mixing optimizing

the particle states AT — s n
(radial & high-L) Os o0 @@ V < X

TU Vv T A%

e Short-range correlation (0s)* (0s)*(nlj)?

— Short-range repulsion of the bare NN force
In the relative wave function of nuclel

— Unitary Correlation Operator Method (UCOM)
H. Feldmeier, T. Neff, R. Roth, J. Schnack, NPA632(1998)61

T. Neff, H. Feldmeier NPA713(2003)311 ”



Unitary Correlation Operator Method
LI"corr. = C;\’cl)uncorr. < SM, HF, FMD

short-range correlator C' =C™* (Unitary trans.)

I;I\P:E\P 5 C'"HC® =H® = Ed

Bare Hamiltonian _ . S
Shift operator depending on the relative distance r

. /
C ZEXP("Z 0i) 95 :%{ p,s(r; )+ s(r;) pr} P=0p, + P,

<]
ey S(R.(F))
R+(r) _ S(I’)

H. Feldmeier, T. Neff, R. Roth, J. Schnack, NPA632(1998)61 27

g; = g; : Hermitian generator



Short-range correlator : C

C: r - R_(r) for Hamiltonian,

r - R_(r) for relative wave func. O

/

CTI' C = R+(r) . i ’/Correlated WF
R(R.(r))=r g °°F
0.0
. . . MT-V
Hamiltonian in UCOM ol = .\ .\ |
PR 0 05 1 15 2 25 3
C'HC=H=T+V "{fm]
T=T+AT, AT=) u; V=2 V(R()
1<} 1< ]

2-body approximation in the cluster expansion of operator



Form of R, iIn UCOM

0.25 . .

0.20

0.15

0.10 |

R+(r)-r [fm]

0.05

0.00

r [fm]

Functional form given by referring
to the Deuteron’s exact case

[Correlated AT-S3] - 2
100 I | I | |

Original 1E

0 05 1 15 2 25 3
r [fm]

Afnan-Tang : central only
about 1GeV repulsion
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Energy [MeV]

“He with UCOM (Afnan-Tang)

30 F

80

40
20
0
-20
-40

Energy [MeV]

A | | i -80

1.0 \1.5 20 25 3.0  -100
Radius [fm] -120

60 [

60

(Os)4 xC  exact
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Charge form factor and Corr. Func.
Form Eactor Correlation Func.

“He

0.1 =

0.01
0.001
1e-04
1e-05
1e-06 [ xC

1e-07 : ' : ' ' . 0.5 | 1 I | 1
0O 5 10 15 20 25 0O 05 1 15 2 25 3
g° [fm™] r [fm]

P[(0s)*]=0.95

IF(q°))°

llllll'llll'llll'llllll
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Energy [MeV]

-1
-120

160 with UCOM (Afnan-Tang)

Jastrow -

1 2T 3 4

Radius [fm]

5

Energy [MeV]

400

300

200

100 |-

0

-100
-200
-300 [
-400
-500
-600

(0s)*(0p)'* xC Jastrow
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“*He in TOSM+UCOM

20 | | | | | ! | | |
- 4 . , Central+
% 10 k He with AV8 - LS+Tensor
= 0
=
3 10 |
S
LLI -20 eXxact (Kamada et al. PRC64) b
-30 | | l | | I | ' '
0123 456 7 8
L
max
Choice of R (1) <Vtensor> =—20 MeV

R. Roth et. al , PRC72(2005)034002 33



Summary

e Tensor correlation in nuclel.

— Tensor-optimized shell model (TOSM).

— He isotopes : LS splitting

— LI isotopes: Magic number breaking and halo
e Short-range correlation

— Unitary Correlation Operator Method (UCOM).

e In TOSM+UCOM, we can study the nuclear
structure starting from the bare interaction.
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