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unstable nuclei and the developments
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Outline of my talk

1. Cluster-orbital shell model approach
2. Comparison with Gamow shell model

3. Radius of oxygen isotopes
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0. Basic motivation
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Nuclear structure and the size
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I. Tanihata, H. Savajols, R. Kanungo, PPNP68 (2013)
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The typical halo nuclei: 11Li (°Li+2n)

Loosely bound valence-nucleon above the core nucleus

11Li density

Pm(N [fm=2]

I. Tanihata, H. Savajols, R. Kanungo, PPNP68 (2013)
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We want to study these nuclei on the same footing

Valence
Valence

Core

Y

¥

Cluster-orbital shell model (COSM)

Y. Suzuki and K. Ikeda, PRC38 (1988)
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1. Cluster-orbital shell model
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Cluster-orbital shell model approach

Hamiltonian CoM motion is removed from the Hamiltonian

Y. Suzuki and K. Ikeda, PRC38 (1988)

i<j

PAI=ElAzl.+E(p;;pj +vl.j)
i A C

A
Core-N N-N
(1-body) (2-body)

Core nucleus

e Anti-symmetrization with the nucleons in the core

» Orthogonality Condition Model (OCM)

A=A|F.S)F.S.|

A — o0 (F.S. : Pauli-forbidden states)
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Basis function

H\Ifk, — Ek \Ifk (For N-valence nucleon system)
Eigenfunction: V¥, = Z Cgf)a?...w Doayan

alaz...aN ‘

(I)alag---aN;core = A {\chore ) [[¢Oi1 X ¢az] & ¢aw]§7“%T}

| 1 )
Gaussian expansion (GEM) &a, (i) = Ny GXP(—§CL¢7“7;2) [4i @ Si];m; Xom,,

Not eigenfunctions of the core+N sub-system Width parameter: Geometrical progression

a; = bOfYq_l (q — 1727 T 7Qmax)

E. Hiyama, Y. Kino, and M. Kamimura, Prog. Part. Nucl. Phys. 51, 223 (2003).
S. Aoyama, T. Myo, K. Kato, and K. Ikeda, Prog. Theor. Phys. 116, 1 (2006).
T. Myo, Y. Kikuchi, H. M and K. Kato, Prog. Part. Nucl. Phys. 79, 1 (2014).
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Combined with the Complex scaling method (CSM)

ri — rie? (i:1,2,--- N)

Complex-scaled eigenvalues on the physical Riemann sheet

ofe I | | | |
Im(E) 6 +
A 3-body scattering (6=0) He(2 )
—~2N°
l Re(E) = 6=30 1
©-<— resonance = o +
bound two-body continuum é ‘ % ° 2 |
‘,.—-—///’ E A % CC‘\\\‘ —
P &: % . % i
three-body [core+n]} +n J o8y, ®
continuum ' e Q 7]
l R B l
o [core+n],+n 15 2 25 3 35 4
( core+n+n J
N\ Re(E) [MeV]

T. Myo, Y. Kikuchi, H. M and K. Kato, Prog. Part. Nucl. Phys. 79, 1 (2014).
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2. Comparison with Gamow shell model
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Im.k

Complex k-plane |

> Bound states

_/ Continua

Re.

()

Anti-bound states
(Virtual states)

Resonant states
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Complex scaling method

A 3-body scattering (6=0)

l Re(E)
©-<— resonance

Bouna two-body continuum

4——-—-"’""'7 y
three-body [core+n] +n ]
continuum

2l

[core+n],..+n
[ core+n+n }

N\

Im(E) [MeV]

Re(E) [MeV]

| |
6 +
He(2")
2, 0=30°
\‘(;‘o 7]
YRS © 29 -
© % %o _
°%, oo
%? o %Q
o\ W
OOQQ? \.\\Q\‘O _
I L~ 9 N |
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“Resolution of the identity” - /
1= Wy Wy |+ ) [ (| +
S

E
Ly

dE | ) (%

np nf
- Z|w£><wt?|+2|wr"><wr"l+/k dk|¥) (%
b r Ly
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Gamow shell model approach

N. Michel, W. Nazarewicz, M. Ptoszajczak, and K. Bennaceur,
Phys. Rev. Lett. 89, 042502 (2002)

R. Id Betan, R. J. Liotta, N. Sandulescu, and T. Vertse,
Phys. Rev. Lett. 89, 042501 (2002)

N. Michel, W. Nazarewicz, M. Ptoszajczak, and J. Okotowicz,
Phys. Rev. C 67, 054311 (2003)

N. Michel, W. Nazarewicz, and M. Ptoszajczak,
Phys. Rev. C70, 064313 (2004).

\/

K. Fossez, N. Michel, M. Ptoszajczak, Y. Jaganathen, and R. M. Id Betan
Phys. Rev. C 91, 034609 (2015)
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Gamow shell model

(I).Ullle“',UN;COl‘e = A {\IJCOI'G ) HQ/),U'I ® wl@] Y w“N]%A]\//{’T}

Single-particle states  hip,,, = €,,%,, - Z|un)(irn|+/ i) (G |dk = 1
n T Iy

¥

“Berggren basis”

‘l . .
. S-matrix poles 0.7
= O
.
E 06F 0p3/2 —— resonance
\ 0s1/2 = = bound
@ well bound state & 05 \ 105172 o scattering
IE ’ \ 10p3/2 == - scattering
S \ 10p1/2 scattering
— 04} !
= ! s.p. basis states
IS | .p.
> \

@ weakly bound state Re [kL

broad @ narrow

*, &, resonance resonance o
RN °

N 0\)\’ L,

[
G. Papadimitriou, J. Rotureau, N. Michel, M. Ptoszajczak,and B. R. Barrett,

o
Phys. Rev. C 88, 044318 (2013).

decaying resonant states
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Basis function GEM with CS and GSM

GEM with CS
(I)alag---aN;core = A{ core [[¢a1 X ¢az] Y ¢QN]%]]\\44T}
G, (1) = Nr exp(—%ai 2 [¢; R 8] jim. th
GSM
q),l,l,ll,l,g"'/,l,N;COl'e = A {\I’core ' lelzl %Y ¢,uz] + & wuN]TMT}
by, = €, ¥, an|un><@|+ | el = 1
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2-Steps for the comparison with GSM

H.M, K. Kato, K. Ikeda, PRC75(2007)034316

1. Prepare the single-particle complete set with the complex scaling

L= Y [e) (o f ko () (B ;K| M
m=b.r (C) . (d) Im. k
= Z|¢91 ¢91[U
— d(m’) (m") i - . o L X
Po(r) ; u(re’) 00 | Re.k !,‘{"90 Re. k

= 3 d™ M) (il @ 51, - )"

m’

2. Expand the many-body state with the complex-scaled single-particle states

m

= Cil(@g.1[vil-. . po.n[vND1)
+ Cal(o. 1 [V]] .- pon [V D) + ... Cr = (Pg[v1]...Hg yIVNDLWY)

= ) Crl@oalvi]. . po.n[vwD)-
k
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Comparison with the Gamow shell model

H.M, K. Kato, K. Ikeda, PRC75(2007)034316
Two examples:

180 (160+2n) : Stable nucleus

Bound, narrow resonant states, continua

°He (*He+2n) : “Halo” nucleus

Resonant states, continua
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Oxygen systems
Interaction

 Core — N: Semi-microscopic potential [3]

hilb] = {V;’[b] + Vf"[b]} Vis[b] + 1A [b].

Adjusted to 70 (5/2%, 1/2%, 3/2%) 1 r=o.40 T =0.096
1 32+ 3/2%
T R oo
* N-N:Volkov No.2 [4] = O+n threshold
(M=0.58, B=H=0.07) T
|3 et et
Adjusted to 80 (0") 4 50+ s/t
= Theory Experiment

Size parameter of the core

160 core (h.o.): fixed size as R, s(1¢0) =2.54 fm (b = 1.723 fm)

[3] T. Kaneko, M. LeMere, and Y. C. Tang, PRC44 (1991)
[4] A. B. Volkov, NPA74 (1965).
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Results for the oxygen isotopes

Energy and R..... of 17-200Q Energy levels of 180
rms
10 2+ 2+
170 180 190 200 | - >+ l+, 3+
o e S 2*
S, (MeV) O+n g+ O g+ T S
Calc. 4.143 8.048 4.204 7.331 S B 3t
Exp. 4.143 8.044 3.957 7.607 é’ 6 ".,,Oi N 3+
< | = 5 3 -
[38,39] % Al o ot St
ers (fm) ;_:_]:) i ——0+ + ot L + ot
Calc. 2.59 2.64 2.67 2.71 4t 4 4+
Exp. [1] 2.504+0.05 2.61+£0.08 2.6840.03 2.6904+0.03 2r 2t 2t 2
OF ot ot ot
Experiment COSM GSM

GSM: N. Michel, W. Nazarewicz, M. Ptoszajczak, and J. Okotowicz,
Phys. Rev. C 67, 054311 (2003)
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Energy levels of 1°0 Energy levels of 200

4l or
- + +
3L 3/2* 5/2* - 0+ ot
> 7/2* 7/2° S 4 2 s
s 02 o7t 2 At 2
2 e 5 2" 2"
gt 32¢ = 2r ot
+
- 3/2 12 1L
0+ — + +
52" 5/2 572 N N N
Experiment COSM GSM Un - 0 — 0 —0
Experiment COSM GSM

GSM: N. Michel, W. Nazarewicz, M. Ptoszajczak, and J. Okotowicz,
Phys. Rev. C 67, 054311 (2003)
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4 )

Expansion with the single-particle states for 180
(Ci)? COSM GSM [14]
(0ds)»)* 0.830 — i€ 0.872 + ie
(Isy2)? 0.096 — ie 0.044 — i€
(0d3),)* 0.028 — 0.005 0.028 —i0.007
S1 0.020 4 i0.004 0.042 4+i0.005
S2 0.026 4 i0.001 0.0154:0.002

N\ /

Although the NN-int. are different, COSM and GSM give almost the same result.
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Helium systems
Interaction

 Core — N: Semi-microscopic potential [5]

A A A d ~ 1S A

Reproduce the phase-shift of “He+n

O (Degree)

* N-N:Minnesota [6] O L
(U=1-O) ’ ’ ) ° ECM(gMev)lO ’ : ¢

» Effective 3-body force[7]
[5] H. Kanada, T. Kaneko, S. Nagata, andM. Nomoto,

Prog. Theor. Phys. 61, 1327 (1979).

Adjusted to °He ground state
[6] D. R. Thompson, M. LeMere, and Y. C. Tang,

Nucl. Phys. A286, 53 (1977).

[7] T. Myo, K. Kato, S. Aoyama, and K. lkeda,
Phys. Rev. C 63, 054313 (2001).
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Results for the Helium isotopes

Energy of Helium isotopes

"He °He "He 8He

E MeV) GSM[14] 0.75 —0.98 0.18 —1.60
GSMT[19] 0.75 —-0.98 —0.14 -
COSM 0.74 -0.79 —-0.89 =294

Exp.[42] 0.89 —-098 —-0.53 -3.11

GSM[14]: N. Michel, W. Nazarewicz, M. Ptoszajczak, and J. Okotowicz,
Phys. Rev. C 67, 054311 (2003)

GSM[19]: G. Hagen, M. Hjorth-Jensen, and J. S. Vaagen,
Phys. Rev. C 71, 044314 (2005).

R.Of Helium isotopes

Calc.  exp.: Ref. [43] Ref. [44] Ref. [45] [42] F. Ajzenberg-Selove, NPA490, 1 (1988).

. [43] I. Tanihata, NPA478, 795c (1998).
He 2.48 248 +£0.03 2.33+0.04 2.30 £ 0.07 [44] I. Tanihata et al., PLB289, 261 (1992).

SHe  2.66 2.52+£0.03 249+£0.04 2.454£0.07 [45] G. D. Alkhazov et al., PRL78, 2313 (1997).
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Expansion with the single-particle states for ®He

(Cr)? COSM GSM [14] GSM [19]
(Op3jn)* 1.211 —i0.666 0.891 —:0.811 1.105 —:0.832
(0p1/2)2 1.447 4 10.007 0.004 —:0.079 0.226 —10.161
S1 —2.909 4:0.650  0.255 4 :0.861 —0.259 +11.106
S2 1.251 4:0.009  —0.150 +:0.029 —0.072 —:0.113

(ps/2)-contribution for 6-8He

COSM GSM [14] GSM [19]

‘He 1.211 —i0.666 0.891 —i0.811 1.105—i0.832
"He 1.429 —i1.017 1.110 —i0.879 1.296 —i0.987
SHe  0.252—1i1.597 0.296 —i1.323 -

GSM[14]: N. Michel, W. Nazarewicz, M. Ptoszajczak, and J. Okotowicz, Phys. Rev. C 67, 054311 (2003)
GSM[19]: G. Hagen, M. Hjorth-Jensen, and J. S. Vaagen, Phys. Rev. C 71, 044314 (2005).
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~

.

(p3/2)- and (p;,,)-contributions for ®He
(Ci)? COSM COSM (I =1) GSM [19]
(0193/2)2 1.211 — i0.666 1.139 —0.742 1.105 —{0.832
(SD)psa —0.252 +i0.692 —0.119 4 i0.773 —0.060 +i0.881
(52) s, —0.042 — 10.026 —0.060 — 10.031 —0.097 —10.050
sum 0.917 0.960 0.948
(0p1/2)* 1.447 + i0.007 0.353 — i0.077 0.226 — i0.161
(S1)py 5 —2.658 —10.042 —0.534 4+ i0.065 —0.198 4+ :0.224
(S2)py2 1.249 +i0.034 0.221 +i0.012 0.025 — i0.063
sum 0.038 0.040 0.053
(Lmax=5) (|_=]_) (L=1) /

When the model space is the same, results becomes similar

GSM[19]: G. Hagen, M. Hjorth-Jensen, and J. S. Vaagen, Phys. Rev. C 71, 044314 (2005).
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Although the number of channel increases,
contributions of (p3,,)? and (p,,,)? are almost the same
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Correlation of valence nucleons

-

Energy of ®He

-]D At L i 1 D I TR W Ty S S Wy .y S NN NN NN NN N WU U T ———

0123458678 910111213141516171819 352637282030

Channel No. [n]
S. Aoyama et al. PTP93 (1995)
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Weight (W)

Details of poles and continua

C? = Pole+ S1+S2

1.4 .
1.2L- hhhhh - - }—)--O—loei—--—-o ----- *-———9
1.0 N . . C —(P3/2)2

0.8 ) ) ) ) ) ) )

0.6

0.4

02

1 g w— [y — Szﬁ ___________ S — il
o S M
_0'43— 3 1 5 6 7 g 9 10

Maxim angluar momentum of basis sets (L=j%1/2)
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Precise comparison between GEM with CS and GSM
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PHYSICAL REVIEW C 89, 044317 (2014)

Precise comparison of the Gaussian expansion method and the Gamow shell model

H. Masui”
Information Processing Center, Kitami Institute of Technology, Kitami 090-8507, Japan

K. Katdo
Nuclear Reaction Data Centre, Faculty of Science, Hokkaido University, Sapporo 060-0810, Japan

N. Michel
National Superconducting Cyclotron Laboratory, Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan
48824, USA and Grand Accélérateur National d’lons Lourds (GANIL), CEA/DSM—CNRS/IN2P3, BP 55027, F-14076 Caen Cedex, France

M. Ploszajczak
Grand Accélérateur National d’lons Lourds (GANIL), CEA/DSM—CNRS/IN2P3, BP 55027, F-14076 Caen Cedex, France
(Received 23 February 2014; revised manuscript received 7 April 2014; published 18 April 2014)

PHYSICAL REVIEW C 89, 014330 (2014)

Nuclear three-body problem in the complex energy plane: Complex-scaling Slater method

A. T. Kruppa,'? G. Papadimitriou,®' W. Nazarewicz,"*> and N. Michel®'

' Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
2Hungarian Academy of Sciences Institute for Nuclear Research, P.O. Box 51, H-4001 Debrecen, Hungary
3Department of Physics, University of Arizona, Tucson, Arizona 85721, USA
4Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
3Institute of Theoretical Physics, University of Warsaw, ul. Hoza 69, PL-00-681 Warsaw, Poland
®National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy, Michigan State University,
East Lansing, Michigan 48824, USA
(Received 28 October 2013; published 31 January 2014)
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Precise comparison between two criteria

[Gaussian expansion/Slater basis] with complex scaling

Poyayayicore = A {\I’core N[Pay @ Pap| ® -+ ® Cbozw]:ﬁ\{[T}

Gamow shell model

(I),UIM‘Z'“,UN;COI‘G = A {\chore ) Hw/m ® %2] XX %N]i%T
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Hamiltonian

2

pa—

H=Y (+ V) + (Ta+ 0+ V3

=1

One-body part Two-body part
012(712)
5(C) __ Yran 7 Coul A 3
Vil =Vt + Vi A A =SV (W — MM PP + B P — H{P7)
A : —pET) . 13
VE(ry) = Vg (ri) + 2Vi§ i) L - S, <epoer) "
KKNN-potential
. h?
, 12=—M(C)V1 -V

"}iCOUl(rl_) _ 2e

ri

).

A= FS)FS] Vi (ri.r2) = Vi, exp (—pann (17 + 13))
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“*He+pp/nn systems

Interaction

 Core — N: Semi-microscopic potential [5]

A A A d ~ 1S A

Reproduce the phase-shift of “He+n

* N-N: Minnesota [6]
(u=1.0)

» Effective 3-body force[7]

Adjusted to ®He ground state

* Core-N Coulomb pot.
n 2e”
‘/iCOUl(ri) —

ri

(° KITAMI Institute of Technology

Erf(a r;)

180

O (Degree)
o ®» o o
S & & o

S
o

()
O = T T
ﬁi} _
=
hy

[y*]
(e}

2 4 6 8 10 12 14 16
Ecy (MeV)

[5] H. Kanada, T. Kaneko, S. Nagata, andM. Nomoto,
Prog. Theor. Phys. 61, 1327 (1979).

[6] D. R. Thompson, M. LeMere, and Y. C. Tang,
Nucl. Phys. A286, 53 (1977).

[7] T. Myo, K. Kato, S. Aoyama, and K. lkeda,
Phys. Rev. C 63, 054313 (2001).



TBMEs

Gaussian/Slater basis (basis functions are analytic function)

TBMEs can be calculated analytically

Gamow shell model (sinle-particle states are solved numerically)

Numerically obtained w.f. : Expanded with analytical func.

(D6 )
= 3 (o lofliefs [0 ol ot
—Z dj (D1 | On2| P4, :
Re.k
—0000 00O o000
d: . = ((I)('B) {Cb(’) > @ O @) @
Lo — GSM @) D) ® D)
@) @)
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Energy of ®He (0 and 2*)

Comax GEM+CS GSM
I —0.117 —0.116
2 —0.737 —0.737
E(0}) 3 —0.870 —0.870
4 —0.933 —0.932
5 —0.978 —0.977
Comax GEM+CS GSM
| 0.805 — i0.086 0.804 — i0.086
2 0.675 — i0.038 0.669 — i0.041
E@2}) 3 0.628 — i0.027 0.619 — i0.030
4 0.605 — i0.023 0.595 — i0.026
5 0.589 — i0.021 0.577 — i0.024

l, =5 ——1[, =1
0 | Max T ooo—-o-—-—--------]\-/-l-a-)f ------ T T S— lMaX = §-
% 0 %Q
2 005} -
m
= 2
— o)
-0.1 .
lMax = 1
-0.15 - : i :
-1.5 -1 -0.5 0 0.5
Re E (MeV)

H. M, K. Kato, N. Michel, M. Ptoszajczak, Phys. Rev. C 89 (2014) 044317.
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Energy of ®Be (0+ and 2+)

Cmax GEM+CS GSM
1 1.932 —i0.152 1.926 — i0.146
2 1.490 — i0.046 1.482 — i0.041
E(0}) 3 1.380 — i0.036 1.374 — i0.030
4 1.324 — i0.033 1.318 — i0.026
5 1.285 — i0.031 1.279 — i0.024
Conax GEM+CS GSM
1 2.741 — i0.703 2.776 — i0.711
2 2.614 —i0.559 2.610 — i0.596
EQ7) 3 2.565 —i0.518 2.538 — i0.543
4 2.537 — i0.500 2.512 —i0.518
5 2.517 — i0.491 2.495 — i0.505

(0 KITAMI Institute of Technology

H. M, K. Kato, N. Michel, M. Ptoszajczak, Phys. Rev. C 89 (2014) 044317.

Im E (MeV)

1.5

2
Re E (MeV)




Convergence of the calculation and the related parameters

Complex rotation/Berggren basis function

\{Oﬂ‘iﬁ} y \_ {o+ip}

Non-Hermitian (complex symmetric Hamiltonian matrix elements)

variational problem “Generalized variational problem”

Model space Model space
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Variational parameters

GEM + CS « Gaussian width parameters: b, N .,
« Complex rotation angle:6
GSM « Discretization of continuum and the contour

Parameters in H.O. expansion: hw, Ny,
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Convergence of resonant poles of éHe (2+)

—0.07 ¢ g=75° O
 GEM+CS
> o
< Optimum value in GEM+CS
> _0.08} ’
m (6=13%)
a o
O
@)O*-—O ...... O 0 =25°
—0.09F  Pole of GSM
o8 o8
Re E (MeV)
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“Nuclear three-body problem in the complex energy plane: Complex-scaling Slater method”

A. T. Kruppa, G. Papadimitriou,W. Nazarewicz, and N.Michel,Phys. Rev. C 89, 014330 (2014).

,\1248 5
%) L
S 1.240 e Frcesssseeens .
S P ’/}’r’/
> . —
S 1.232} %
2 3420
() Z.
1.224 | @)
5881 7
5841 CS-Slater Z »
< 5807 :
&) .
< 576}
— y
572t
568 (b)
8 10 12 14 16 18 20 22 24 26
nmax
O 1A ()
<¢GSM O12 ‘ q>GJSM>
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N

O @),

On| @iio)(®lio| PGsm)

-0.242

-0.244

-0.246

-0.248

-3.32

energy (MeV)

3.080

3.076

3.072

* . GSM

. « CS
(a) total *
(b) two-body fee,
(c) one-body e’ ¢

18 20 22 24 26 28 30 32
Ng

-0.245}
-0.246}
-0.247}

-0.248
-0.249

3328

(MeV)

/o

-3.340

energ

-3.344]
3.006|

3.092}
- (c) one-body

3.088

3.084}

— GSM
— CS

[ (a) total

3332}
= -3.336]

" (b) two-body

\

08 1.0 12 14 1.6
non-linear parameter a




3. Radius of oxygen isotopes
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Matter radius of nuclei near the drip-lines

Nuclear radii determined from o at ~1 A GeV
(Radius of 4He (1.47 fm) is subtracted.)

20

A. Ozawa (2001)
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Relation for the S, and (R,,./A/3)

1.20
15 0T ., Larges,
| {20 \ Large R
v @ 240 |
26 \\ /,
1.10} Fos., @ .~ |
- O e h F-isotopes
< O
g LO5 = [ O-isotopes
a% O o5
100} € @
[] B E“S
0.95} C-isotopes []

Sn (MeV)
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900 L
15 16 17 18 19 20 21 22 23 24 25
Mass Number (A) R. Kanungo et al. PRC84 (2011)

Reaction cross-section of O-isotopes

il

A. Ozawa et al. NPA693 (2001)

R. Kanungo et al. PRC84 (2011)
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160+XN systems

Interaction H. M, K. Kato and K. Ikeda, PRC73, (2006)

e Core — N: Semi-microscopic potential [3]

hi[b] = i {V{’[b] + Vf"[b]} Vis[b] + AA;[b].

Adjusted to 70 (5/2%, 1/2%, 3/2%) 1 [=0.40 = T=009 .
. 32 3/2
T e
* N-N: Volkov No.2 [4] = O+n threshold
(M=0.58, B=H=0.07) 5 )
m-3  apt 12+
AdJUSted tO 180 (O+) —4 5/2+ 5/2+
. = Theory Experiment
Size parameter of the core
160 core (h.o.): fixed size as R, s(160) =2.54 fm (b = 1.723 fm)

[3] T. Kaneko, M. LeMere, and Y. C. Tang, PRC44 (1991)
[4] A. B. Volkov, NPA74 (1965).
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Core-size dependence

16N -
I -25
~70 I B
80 | 3 Sip e
~  -90 I _ I
=~ —
E -100 I % 35F" b=1.723 ‘..
o -110 | = A
-120 | O™
~130 | 45 °
| 0.2 Swe e
14 15 16 17 18 19 20 21 22 | 5 5 - = e Sy
b (fm) | b (fm) S o4 b=1.723
=
. . ] | = os d
Core configuration: : E
- 0.8
h.o. wave function e
1 4
! 1'21.5 16 1.7 1‘.8 1.9 2 2 2.2
b (fm)

(E(b))=(E(b)). +(E(b))

Optimum b might be different in isotopes/isotones

Core Valence
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160-core part

Energy of 180-core with effective NN-int. [5]

69
E(b) = —hw Energy of 160
31 3 15 . e ~70 : : : : . .
+) v B/ KT — 30+ ?‘313) (X{+ X5)
k 80
+65 (X — X§° ~ 90
Bre( X — X )] S
§ ~100
. . 1/2 . 3/2 ~
_|_€28_3 i + 16 - § L 03 m -110
4 \ wb? 9 \ 3mwb? | ~120
f —130
(additional 3-body force) 14 15 16 17 18 19 20 21 22
. . . b (fm)
VE =@ ri —1;)0(r; —7K)
ik ( )olr; =) Volkov No.2 (M=0.58)

[5] T. Ando, K. Ikeda, and A. Tohsaki-Suzuki, PTP64 (1980).
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The core-N part

Core-N Hamiltonian:

hilb] = i; + VI[b] + VX[b] + Vi, [b] + LA [b].

Change of b-parapeter:

e

Strength of the potential

S
[}
2
w
[a1]
4}
o
a5
1.5 1.6 1.7 1.8 1.9 2 21 22

(o KITAMI Institute of Technology

B.E. (MeV)

0.2+

04+

-0.6 1

08+

0

1.8 1.9 2 241 2.2



Inclusion of the dynamics of the core: R ___ are improved

3 - ]. 1 1 1 1 T
(a) Fixed b

o
Z,
a

H. M, K. Kato and K. Tkeda, PRC73, (2006)
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Our approaches

I) Role of many valence neutrons
160+Xn model
m-scheme COSM + Gaussian basis

IT) Role of last one- or two-neutrons
“Core” + n or “Core”+2n model
Coupled-channel model for the core
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160+XN systems

. H. M, K. K K. Ik EPJA42 (2009
Interaction , ato and eda, EPJ ( )

* Core— N: Semi-microscopic

hi[b] = 7 {Vi(’[b] + Vf"[b]} Vis[b] + AA[b].

Adjusted to 170 (5/2*, 1/2*, 3/2%)

e N-N:Volkov No.2
(M=0.58, B=H=0.07, 0.25)

'O +n threshold

Energy (MeV)
|

-2
: ST -3 + +
Adjusted to 180 (0*), drip-line at 2°0 _— 2 12
-4 s+ 52+
= Theory Experiment

Size parameter of the core

160 core (h.o.): fixed size, A/®
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Wave function

P = Ecm F (1,5 ,...,1y) ‘(MMT)m>

*Radial part

Fm(i’i,i"z,...,i"N) = (g(i’l)g(i’z)g(l’N))m

Product of Gaussian with polynomial
*Spin-isospin part
(M M,),)

| M=m+m,+---+m,
Total M and M, are fixed

M, =m. +m.,+---+my,
We check the expectation value of the total J as <J2>
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S, of O-isotopes

8
7F
6
St
3 & ; —
=
v B=H=0.25 < B=H=0.07
7L
- Attraction
1 n
O_-
—1}
17 18 19 20 21 22 23
A
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3.4

33}
32f L4

Sl
3.0

R, (fm)

2. F
2.6

2.5

(
( K11ANMIL

2.9t
2.8t

R Of O-isotopes

Fixed—core Expanded—core

om
O @ B=H=0.25

b NA 1/6

b: 1.723 (fm)

17 18 19 20 21 | 22 23 24

insutute Oor 1ecnnoiogy

25




Comparlson with other approaches

3.4

3.2}

3.0

R (fm)

2.6}

2.4+

2.2

2.8}

Expr.: A. Ozawa et al, NPA693 (2001) ,T T~

®: M-COSM with b~A1/6

leed b
m: H. Nakada, NPA764 (2006)

[1: B. Ab-Ibrahim et al., JPS] 78 (2009)

16

18 20 22 24
A
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34

32 (.
B/"
= 30} .
& (@) o
; v
2.8 ‘ e
+ ) & ......... m '''''' LT!
2 6 ) e
4
2.4 ] ] 1 1 ]
16 18 20 22 24
A
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A schematic figure
to illustrate the change of the radius of 220

R [1] 2.88+0.06 3.20+0.04 3.19+0.13
[1] A. Ozawa et al, NPA693 (2001)
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Inclusion of the core excitation

a coupled—channel picture for %0

Swo [pad

T o0gs 88ee

Radius :

(05)*(0p)"”

“Mean-field-like” core
(\WI‘AMI Institute of Technology /

H.M, K. Kato, K. Ikeda, NPA895 (2012)

/Zp-Zh ex.

b Fixech

Radius : small

[(151/2 ). (Lsy), ]S=1,T=0

*

\\[(Opuz ). (0py,), ]S=1,T=y




/Zp—Zh ex. b: FlXCd\ 4P-1 (Myo)

Tensor-optimized shell model
@ T. Myo et al.,PTP117 (2007)
\ / Coupling to the higher orbits

@ ®
@/ High-momentum components

Radius : small ‘
\ / Small b-parameter

Optimized b-parameter for *“He

Imax | Os1/2 Opi1y2 Opsje 1s1y2 Odzje Odss;o Ofs/2  Ofr/2
1 1.26 0.75 0.69 — — — — —

2 1.19 0.78 0.75 0.76 0.69 0.62 — —

3 1.16 0.74 0.66 0.73 0.67 0.62 0.77 0.66
4 1.16 0.75 0.67 0.73 0.67 0.61 0.77 0.67
5) 1.16 0.76 0.67 0.73 0.67 0.61 0.77 0.64
6 1.16 0.76 0.67 0.73 0.67 0.61 0.77 0.64
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Inclusion of the core excitation

TOSM in °Li

(@  Tsie
OLj Opgp —e- ecee + == +
(GS)| o0syp, ©o -© e - o
s \ T \Y T \Y
o
(b) sy, 1 i
10Li 0p1/2 . Leco o o-e
Ops/ —e- coce —of ok + —o oo
% | o0sy, o0 oo ¥ °% e e
T v b1 \Y n \Y
last neutron  [GEULR I [eTe (410
© sy 3 ' ; : s
opj| P oo 5
1 Opgp — o coc0 + —o oo + —O& oo
S 0s1/2
T \ T v T \Y
d 15y
1L Op12 oo et —o— cee
5 Opg, —o- coce — e e e
(Op) 0syjp 00~ o0 o oo & xo
T \Y T \ T \Y
Pauli blocking
(e) ;31/2 ol | ole i i
11L| p1/2 oo o o
0Pz —e eece + o ook + S eoee
(1s°] o
Sq/0 © S \Sans ©
T \ T v T Y

(o KITAMI Institute of Technology

T. Myo, K. Kato, H. Toki and K. Ikeda, PRC76(2007)

E(°Li) [MeV]

0.5

bop. , [fm]

1. Different size for each orbit

2. Specific configurations are
suppressed due to
the Pauli-blocking effect



(NN N
A A A AN

q
@ C

tions]

[2p2h excita

NN

NaYaYave

CONC NN
NN NI,

[Xpxh excil Renormalized to 1ch and 2ch

NaYaYave

NN

0d,),

()
N

LN
N/ N it

0d;,

@




A coupled-channel approach

T+,
A21

Hamiltonian: [ A,

T,+V,+AE

/1ch

(OpOh) R4

b =1.1AY® (fm)

1s,, is allowed

\_

~

¢ | B d,
el
/Zch

@2 @

b =1.5(fm) : fixed
1s,, is forbidden

/

* Coupling term
* Energy difference of the core
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~

/

Ay, = By, = —2MeV
AE =2.5,5,7.5, 10 (MeV)



170 (5/2%)
0d,/, |
1s,/; i
|
0d VYAV VavVa
5/2 A A A A I
160-core (OpOh)
190 (5/2%)
0d,,, |
1s,/, i
|
0ds/ ] OO0

180-core (Op0Oh)
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0d,,
1s,/,
0d TRV YAV VvV
5/2 NS ST
|

160-core (2p2h)

0d, /2 :
|
1s |
0ds), S ..®,

0o —————

180-core (2p2h)



210 (5/2%) O O
0ds, i 0ds, .
141/ i 1sy), ooi
i i
“,  —OO00C0 M —— 0000
290-core (0pOh) 200-core (2p2h)
/ 20 (1/2%) O \
O @i—forbidden
Od3/2 : Od3/2 :\
1s,), i YA Lo172 QO
o0 S
w, w:  —— OO0000-

_ .

220-core (0pOh)

|
220Q-core (2p2h) /
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Results for a coupled-channel core+n model approach

4.4 -
4.2+
4.0 ¢
3.8+
3.6+
34+
32+
30
2.8 ¢
261

S, (MeV)

S, (MeV)

Fitted

S, are almost reproduced

\\

A
L

220+4n

16

17 18 19 20 21 22
A
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Results for a coupled-channel core+n model approach

3.3
Ri(fmM)
3.2 >[<
3.1 _
R. Kanungo et al. PRC84 (2011)

3.0}

E 59 Mean-field-like core . 1

2
“ o8t T O
-------------------- 22
271 16040 T O+n
ol (R
Fixed core
2.5 : . . : : : : —
16 17 18 19 20 21 22 23 24
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Summary

e Comparison between GEM+CS and GSM

Different procedures for preparing the “complete set” of the basis function

They give numerically the same result (at least) for core+2N systems

Generalized variational parameters should be optimized carefully

e Rrms 230 and 240

160Q(fixed size) +Xn : failed to reproduce the experiment

Modification of the core is important
[An attempt to reproduce the Rrms]

Coupled—channel picture

( ) + (Broad core) is a possible way
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