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Outline

— He & Li isotopes, 8Be with V.

Tensor Optimized Shell Model (TOSM)
to describe tensor correlation.

Unitary Correlation Operator Method (UCOM)
to describe short-range correlation.

He and LI isotopes
TM, A. Umeya, H. Toki, K. Ikeda PRC84 (2011) 034315
TM, A. Umeya, H. Toki, K. Ikeda PRC86 (2012) 024318



Pion exchange interaction vs. Viensor

qz 2
3(5-1 ) CI)(&z 'CI) m2 4

~ = q
> =(0,-0,) m2+q2 +S, m +q

o Tm2aa? m? 4 2 )
:(01'0-2)|: 1 q2}+812 |

m’+q° m’+

A
T Involve large
O Interaction momentum

Yukawa interaction

Tensor operator

S12 — 3(5-1 ' d)(5-2 ' CAI) — (&1 ' &2)

- Viensor Produces the high momentum component. |



Deuteron properties & tensor force

0.50 —
G 0.40 | AVE8’ -
G'Zg 0.30 |
g 020 ([ :

0.10 /\‘

0.00 L =

o 1 2

| AVS

Vcentral

Vtensor

3 4 5 6 7
r [fm]

Energy

-2.24 MeV

Kinetic
Central

Tensor

LS

19.88

-4.46
-16.64
-1.02

P(L=2)

5.77%

R.(S)=2.00 fm
R (d)=1.22 fm

Radius

1.96 fm

d-wave Is
“spatially compact”
(high momentum)



Tensor-optimized shell model (TOSM)

TM, Sugimoto, Kato, Toki, Ilkeda PTP117(2007)257

2p2h excitations “He
Viensor IS NOT treated as 0s =
residual interactions 'Tc. = ' VT '* ”v.

VI 80% in GEMC (0s)* <08> (nlj)>
VNN

cf.

Length parameters such as bgs, bgp, ... are optimized
iIndependently, or superposed by many Gaussian bases.

— Spatial shrinkage of D-wave as seen in deuteron.
HF (Sugimoto, NPA740) , RMF (Ogawa, PRC73), AMD (Dote et al., PTP115)

Satisfy few-body results with Minnesota central force (#°He)



Configurations in TOSM

particle states Gau33|an expansmn

D

"
¥ L 1
Al ,
-

"

r 1

* L

--

proton neutron\
hole states (harmonic oscillator basis)

+ configuration mixing (0s—0p)

Application to Hypernuclei to investigate AN-XN coupling
by Umeya (NIT), Hiyama (RIKEN)



Tensor force matrix elements

WMsp(r) = rogy(r,bs)- V- g (r,bp)

bD - bs
VT = Vresidual
\ 4
‘“Ar:.r 1st order o
Yy, 0
- N 3
. . = 5
: ’ bD ~ bSXOS -8
/10
‘ : VT7£Vresidual 12
Y — OpOh-2p2h
J

. Integrand of Tensor ME

SD coupling

|
- 1m+p (Bonn)  AV8' -

- i 3.8 MeV -

15.0 MeV -

00 05 10 15 20 25 3.0

r [fm]

» Centrifugal potential (1GeV@0.5fm) pushes away D-wave.



Hamiltonian and variational equations in TOSM

H = Zt Ty, (0pOh+1p1h+2p2h)
<]
B »~  Shell model type configuration
O(A) = Zk:Ck Yi(A) with mass number A

Particle state . Gaussian expansion for each orbit

‘ I _ 1( T
§0|J (I’) ZCUH ¢Ij,n(r) ¢|j’n(r)ocl’ EXP ——[b ] [Y|(f)’)(1(/72}j

BART
<§0|?' ‘€0|?"> =0 e Gaussian basis function
Hiyama, Kino, Kamimura
PPNP51(2003)223
o(H-E) , (H-E) |
aCk ablj,n c.m. excitation is excluded

by Lawson’s method



Unitary Correlation Operator Method

p—_ (short-range part)
\Pcorr. =C '(Duncorr. TOSM

\

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

I;I\PzE\P > C'HCO=H® = Ed

Bare Hamiltonian Shift operator depending on the relative distance

C =exp(-i2_g;), g{j {prS( ) +(r, )pr} =0, + P,
I<]j /

Amount of shift, variationally determined.

C'rC =r+s(r)+3s(r)s'(r)--- [ 2-body cluster expansion 1

9

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



Unitary Correlation Operator Method
(short-range part)

C : UCOM operator 80
60
i i < 40

150 Vi XI2 | >
— 100 || | 3GeV repulsion- = 20
= > 0

“— 50 F - (@)
> = -20
g 0 o 40
100 F | | i -80
-100

0 1 2 3

-120

r [fm]

exact

(0s)* xC
“He in UCOM (Afnan-Tang, Central only)

10

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



MeV]

“He in TOSM + short-range UCOM

100
80
60
40
20

0
-20
-40
-60

Kinetic

“He with AVS8’

— T (exact)

Kamada et al.
PRC64 (Jacobi)

TM, H. Toki, K. Ikeda
PTP121(2009)511

e variational
calculation

« Gaussian expansion
with 9 bases

good convergence



Tensor Optimized Few-body Model (TOFM)

« Same as TOSM concept

100 -

K " 102.35
* No use of UCOM o L 95.37 ]
* Correlated Gaussian basis oL ]
+ Global vector in SVM “He with AVS

40

S-wave (L=0) D-wave (L=2)

20 F -

]
~
NG
“.) <
N
o~
Energy [MeV]
=)
—
0p)
I
o
o1
I
\l
=

fz'.';\’ loste,, 20 k -24.05 2592 |
® i ® i E e
@ @ a0 -
V. _5458 55.22
. O O -60 [ V -
@7 @] T -60.79 —
Y, L. s Y, 80
g @ TOFM  SVM

Horili, Toki, Myo, lkeda PTP127(2012)1019



>8He with TOSM+UCOM

TM, A. Umeya, H. Toki, K. Ikeda

 Excitation energies in MeV PRC84 (2011) 034315
I 10
AVE’
8 — Tt TTToTTTTTTToo _0+ “““““““““““““““““““““ f:_):-l_-_“_ 8
; 32 =o"
o O _2+ """"""""""""""" T 706
= = _—
) T —3 T —t ] 4
+ — 50—
£ Expt. Theor. ,."_2
e -1 2
— ] /D) J— /9
() | —/2 0" 3/2 o+— 0

» Bound state app. "He “He He ®He

* No continuum o
* No Vynn  Excitation energy spectra are reproduced well



>Ii with TOSM+UCOM

TM, A. Umeya, H. Toki, K. Ikeda

* EXcitation energies in MeV PRC86(2012) 024318

10 10
—
AVS’ =
l1_ 51’2
8 -2 -1 8
—,'f"
i m_ = 16
~ T=1 LTI S . s 55/ — | 4_'_ — i
1‘.“"" é"‘ — 719 2::: — —T/2
R | _“ — 1 ) n
rﬂ 4 T=1 llllltlll_ + =%I _ 4
- —= _=x
_EXpt. Theor. e —" 3 ‘ |
2 ——]_,'2_ ',“""0+ _]_+ 2
— . 1/2 s 172
0 3/2 —————]_+—___3/2 —— ——) —————3,"2 — 0

i  °Li i %Li °Li

« EXcitation energy spectra are reproduced well



>PLi with TOSM Minnesota force

« EXcitation energies in MeV

E, [MeV]

16
14
12
|

-

S N =) e

 Too large excitation energy

NO tensor

16
14
12
10

S N B~ OV ©0



2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4

|. Tanihata et al., PLB289(°92)261
O. A. Kiselev et al., EPJA 25, Suppl. 1(‘05)215.

Matter radius of He & LI isotopes

Expt

I A N _
TOSM with AV8

‘He °He %He ©°Li "Li %Li “Li
Halo Skin

2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4

A. Dobrovolsky, NPA 766(2006)1

G. D. Alkhazov et al., PRL78(‘97)2313
P. Mueller et al., PRL99(2007)252501



Configurations of “He with AV8’

(Osyp)*

83.0 %

(0S1/2) % 31(P1/2)?y7 IT=10

JT=01 0.1
(051/2)%10(181/2)(d312)10 2.3
(051/2)10(P312)(f512) 10 1.9
Radius [fm] 1.54

* “He contains p,,, of “pn-pair”

— Same feature in °He-8He ground state

TM, H. Toki, K. Ikeda
PTP121(2009)511

* deuteron correlation
with (J,T)=(1,0)

Cf. R.Schiavilla et al. (VMC)
PRL98(2007)132501

R. Subedi et al. (JLab)
Science320(2008)1476

12C(e,e’pN)

S.C.Simpson, J.A.Tostevin
PRC83(2011)014605

12C— 19B+pn
17



Selectivity of the tensor coupling in 4He

4 I 7 N
/OpOh (0)g, A 2p2h = (0s)14(0P; 5 )i
2 2
= (05)15(05)10 (,=0,=0 (=1
(,=0,=0,=10,=0 (/VT\ fa=l
1 %2 *~3 4
SR I T
l ] - Y
51‘1‘ ‘1‘52ES3T TS4E e > ~
L 1*(pn) L 1) TN 2p2h = (0s);,1(15)(025 )]
) . ty=0,=0 ;=0
Selectivity of S}, ly=2
| AL=2, AS=-2 s&“sz 33¢l¢s4 L=2

J

18



Tensor correlation in °He

val.-n

Pie —@& @—, —®- 060°
P3/2 _*_ ‘*99 N

Voo Voo
S0 @@= @ @ =0
T V T V
(P3/2)3 (P1/2)3

[ Ground state ] [ Excited state ]

halo state (0") 1‘ |
Tensor correlation is suppressed

due to Pauli-Blocking
TM, K. Kato, K. Ikeda, J. Phys. G31 (2005) S1681 19



°He : Hamiltonian components

- Difference from *He in MeV b, =1.5 fm
6He 0*, 0%, h@=18.4 MeV
nZ2config (Pzn)?  (P1)? LS splitting
energy in °He
AKInN. 53.0 34.3
e Esame trend }
in 5-8 10,11
ACentral -27.8 -14.1 In >*He, LI
Halo formation with
ALS 4.0 21 lkeda, Myo, Kato, Toki

Lecture Notes in Physics 818
(2010) “Clusters in Nuclei” Vol.1



r.m.s. radius [fm]

Characteristics of Li-isotopes

Halo structure

\ |
Nl N N S

35 I HLL T/

30 [ |°He -
o

2.5 \

20 | :

11Be

1.5
/4 6 8 10 12 14

4
He Mass number

Tanihata et al., PRL55(1985)2676.
PLB206(1998)592.

v' Breaking of magicity N=8
o 10-11] j 11-12Bg@
«ULj ... (1s)?>~ 50%.
(Expt by Simon et al.,PRL83)
 Mechanism Is unclear

184/
0py/5~
Op3/o




Expected effects of pairing and tensor correlations in 1'Li

°Li
GS

11 L'
(s°)

S

Pairing-blocking :

1sq/2
Opq/2

Osq/2

1sq/2

Op1/2
Opsz/2

Osq/2

1s9/2

Op1/2
Ops/2

Osq/2

-~
g

Opz2 —6- ©00e |
-0

\Y

( Lowest)

—O-
-©-0O-

0O

ﬁ_ei_;e_r [ High-momentum ]
—e x + —o-}/0000
-0~ 00 ol w0
T Y | \
( Pairing ) (Tensor)

energy loss

— e — 00

— 00 —o- o— Ll VAl

—O- OO + —O- ©000 : )
[lncrease (15)]

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.



L i with °Li;oq,+n+n cluster model
« System is solved based on RGM ®

H(*Li)=H(CLi)+H_, CLi-n-n)

5 -
cp(llLi):/z{ wi<9u)-zi(nn)}
- [TOSM basis ]\/ [11Li ]

 Orthogonality Condition Model (OCM) is applied.

N

D H CL)+ (T +T, 4V, +V, +Vi,) - 85 [ (nn) = E 7 (nn)

=1
H; CLi) =(w;|H (CLi)lw;) : Hamiltonian for °Li with TOSM
y(nn) = A{golgoz} . few-body method with Gaussian expansion

(p]¢,)=0, {g, € °Li}: Orthogonality to the Pauli-forbidden states
TM, K.Kato, H.Toki, K.lkeda PRC76(2007)02430%°




HLi properties (S,,=0.31 MeV)

60 . . 3.7
50 F | Simon etal. m 4 3.5
— )
O B _ p—
é‘ 40 1 Rm 3.3 Hg
& 30 ¢ 131 =
7p) &
5~ 20 f 129 OC
10 P(s?) 1 2.7
0 - 25

Inert core ~ Tensor (pn)
+Pairing (nn) AE = 0.1MeV
Pairing correlation between halo neutrons couples (0p)? and (1s)?

TM, K.Kato, H.Toki, K.Ikeda, PRC76(2007)024305
TM, Y.Kikuchi, K.Kato, H.Toki, K.Ikeda, PTP119(2008)561



do/dE [b/MeV]

Coulomb breakup strength of 11Li

el (GS) — JLi+n+n

Tensor+Pa|r|ng —_
Pairing —

No three-body
resonance

| E1 strength by using the
Green’s function method

+Complex scaling method

+Equivalent photon method
(TM et al., PRC63(°01))

llllll

Energy [MeV] T.Myo, K.Kato, H.Toki, K.lkeda
PRC76(2007)024305

« Expt: T. Nakamura et al. , PRL96,252502(2006)
« Energy resolution with \/E =0.17 MeV. 25



4 T
— 9+
I'<s 1IMeV 1
—ot v |
— 3" °Li+d
0+
it g+ l
— 1+ 7Be+n 7
—_—t —
(T=1) Li+p -
—_—qT )
8Be| .
Expt.
(TUNL)
_— ot )
27 (1=0) |
0+

8Be spectrum

* Argonne Group
— Green’s function Monte Carlo

z (fm)

C.Pieper, R.B.Wiringa,
Annu.Rev.Nucl.Part.Sci.51 (2001)

Laborat .\
. a Ofa oryl | Intrllnsu: |

I L L L Ll Ll i
-4 -2 0 2 4 -2 0 2
r=(x24y?»)" (fm)

o-o. Structure



E, [MeV]

20

18

16

14

8Be in TOSM
~AVS' -

*V:x11,V,x14

— simulate *He benchmark
(Kamada et al., PRC64)

* ground band

* highly excited states
— small Ey
— correct level order (T=0,1)

* R (8Be)=2.21 fm
— Brink 2o model: 2.48 fm
— 4He :1.52 fm
— 12C :2.35fm



E — E(2°,T=0) [MeV]

10

+
— =04
— - 2
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—_— 0
6 =2: —2+
—_—3
4+ + 3" +
0 -2
=4+ —::_'_|.,__1+
3+—|—3 + :3+
2+ 37— 4
= 1"
— + —
0fot—T"2 2'==__o*
(T=1) t
pye — 47 (T=0)
4+
_4+
6
+
—_— 2
Expt.
10 - —0"
-12 + g
—o* Be
14 -
AVE’
16 - . TOSM

8Be in TOSM
~AVS' -

*V:x11,V,x14

— simulate *He benchmark
(Kamada et al., PRC64)

e 0 :0pOh+2p2h with high-k
— naively 2a needs 4p4h.




Hamiltonian components in 8Be

— Kinetic & Central
~ twice of 4He

SBe

— Tensor ~ 1.6 of 4He

O+1 192 —115 —97  _ larger (H) components
than highly excited
2%, 191 112 —95  states.
 Kinetic & Tensor
2" 185 —98 —-92  _ T=0 states > T=1 states

29



E, [MeV]

20

18

16

14

SBe in TOSM
— Minnesota —

* ground band

* highly excited states
— good E,
— Incorrect level order

(O+’1+,3+)

— Ey(T=0) < E(T=1)

* Radius (R,,) Is small
—4He 1.39 fm
—8%Be 1.89 fm
—12C 1.85fm

30



N

E-E(1") [MeV]
o -

S

Viensor dependence of ®Be

+
gt 3+0+ 9 3"
_ B + —
L S
—" =0 + 2
2" 2 +
+
2 1
_ — 21 — gi =0 N
—9 —0 + + O 4+
_§+ o ii - i'}' + _i'}' 3 —i‘}'
+ + -
_0+ (T=1) — 2+ 0"' . 2-:;‘*' 3+ =2:3+ 1+—= 21'3
gt o+ o st 1T 1 g— 1
-1 ML S, PN L 2+—_1: _?
—1, t—2" of— 2 2
ot_—2 ot —
Expt. TOSM Xr=1.1 Xr=1.2 Xr=1.3

« S-wave UCOM can be simulated with X;~1.1 (PTP121)
« Stronger tensor correlation in T=0 states than T=1 states.




V| s dependence of ¢Be

- + + —3
8 (T_Oi (T=0) i+ —3+ + _03+ 1 _Oz+ 1 8
— ] OI -410 -2-*4 =2+
2
2
> 6 16
Q
= — — 2] —2; 2" +
I et T 3" i
— + — ot Ty % PR
= 2F — g"’ (T=1) == §+1 E2+1+ +_-124+ 0 _=211+ 1 2
Et|1 3" 3" 4t o'— ° 0 T3 =3+
e 0 — —
¥ + + +
R 0|1 3 ——1t 3" s 1 1 0
— 1 + 3 +
1 — 2" 4+ —
+ o ——ot 4
5 L 2"— ot — L L2 1= , 1,
Bl i 2 — 2+_—2 1

Expt. TOSM Xis=1.2 Xis=14 Xis=1.6

« UCOM underestimates (LS) due to the lack of three-body term.
e Spectrum gets wider (2*,1*,3*), same trend in T=0 & T=1.



Summary

« TOSM+UCOM using V.-

— Strong tensor correlation from OpOh-2p2h.

 He & LI isotopes

— Energy spectra, Radius

— *He contains “pn-pair of p,,,” due to V.
« 8Be, T=0 & T=1.

— Two aspects : Grand band states & highly excited
states.

— Indication of more configurations such as 4p4h
to describe 2a structure in the grand band states.
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