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Proton number >

14:46

Studies on exotic nuclel in the 80~90’s

Left-lower part of

the Nuclear Chart
Stability line and drip lines

are not so far from each

other

-> Physics of loosely bound

neutrons, e.g., halo

while other issues like 32Mg

neutron halo

Al nuclei
(mass number)

Neutron number > B stable
exotic




Neutron halo

4

9

VOLUME 35, NUMBER 24

excess neutrons

About same
radius

11|_i

PHYSICAL REVIEW LETTERS

Measurements of Interaction Cross Sections and Nuclear Radii in the =

—
L

1. Til[li.]liilii‘{aj H. Hamagaki, 0. Hashimolo, Y. Shida, and N, Yost

Institvte for Nuclear Study, University of Tokyo, Tanashi, Tokyve 188, Jap £ HE}
o
K. Sugimoto,'® 0. Yamakawa, and T. Kobayashi

Nuclear Science Division, Lawrence Berkeley Laborarory, University of California, Beriefle
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and
N. Takahashi
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Strong tunneling of loosely bound

He
Li
Be
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CDEINRFRZERECEALGEICRFEBEZEZASERD
—> & LT. Monopole Interaction 2 & % Effective Single-Particle
Energy OZ{ehidhFohd (k. Shell Evolution)

Effective single particle energy

e Monopole part of the NN interaction

VT . ZJ (ZJ +1)Va\i)-|<’;1b
b > (23 +1)

Angular averaged interaction

2RFDIEEE DB DA AEIZ DT

—RDHEEERZFEHLI=LD
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e Effective single-particle energy (ESPE)

ESPE Is changed by N* Vi,

Monopole interaction, V,,

Nygg particles

ZMD &% lineariity [ monopole interaction I+,

it multipole interaction [EHF (LDRTO) DEFAEH EEB
BFELHEHMRIFZEDIZLES (trace=0). —7F. monopole [ZIF
LIZLIE 10 OF 5 —DFZREH N5,

ZOD linearity (&, REFHEZ T (RIEBFRIET)EEZSHIED
TEATRERDMIERTIEIREEELKRE,
(RE#EITERPO>TUVWFICIEEE ThEM o, )
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Bl: BEEFREMICIZEER XEHLYBFSIN?

From undergraduate nuclear physics,

density saturation
+ short-range NN interaction
+ spin-orbit splitting

- Mayer-Jensen's magic number
with rather constant gaps
(except for gradual A dependence)

> FIZHEWED DI ELRYEH 5L
> EHASEDLLEN(FryTIEEHSELY) 10FwTIEFAL
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Monopole effects due to the tensor force
- An intuitive picture -

wave function of relative motion
44 spin of nucleon

large relative momentum small relative momentum
J. J. Y A
< J- J. Js
attractive repulsive

TO etal., Phys. Rev. Lett. 95, 232502 (2005)



T. Otsuka et al., Phys. Rev. Lett. 95, 232502 (2005)

TV ADSLD 7P
Monopole Interaction neutron
>
)<
proton
)

T>% )L 730D monopole interaction AViET-FEH K

@i.+1) vor P+ @i+ v = 0

Vm,T . monopole strength for isospin T
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515b case |

Opposite monopole
effect from
tensor force

with neutrons

in hyy/p.

Z=51 isotopes

Binding Energy (MeV)
T

EDTHIHZER/T S
(Skyrme, Gogny, RMF)
EREATCE M o1

Tensor by

T+ P meson
exchange

+ common effect
(Woods-Saxon)

8

1 | 1 | 1 1 1
12 16 20 24 28 32
Neutron Excess

1h,,, neutrons

1.,EXP. data from J.P. Schiffer et al., Phys. Rev. Lett. 92, 162501 (2004)



Spectroscopic Factor

These states are 2
of single-particle nature

Binding Energies ot h,,,, & g4/, States on Z=50

to a similar extent. or
> 2
g ®
e
s Spectroscopic factor with
a common hormalization
® @
L0 oo e - =
@
0.5 -
0.0—5 16 18 - = 26

14:46

Neutron Excess

&
g1 ®
[
®
[
o
I O R I
16 20 24 28 32
Neutron Excess ¢

closed shell

Correlation effects do not
seem to change the story.

From the lecture note
by Schiffer for the 2008
CNS-EFES summer school
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T2/ )L AD monopole interaction MIREET
BT FHIBAL 7151 -

.. *8Ca(eep)
TUVILAIZKDBAEVHERIBRDEEZDILDZE
R - (&L fragmentation) & #DHI ?

BTFELRER = TREXRTOREIL
J-Lab/GETTEDEVLLD =D
RIE—LTTEADIEXZVAEDEE?



Spectroscopic factor for -1p from “8Ca:
probing the change of spin-orbit splitting
The same interaction as the one for 42Si

NIKHEF exp. Kramer et al. Nucl. Phys. A679 (2001)

2+ CQS(e,e’p) . 2+ CZS(e,e’p) .
- 32" exp | - 32 exp
1/2 12
i 52" N I 52" N
O } } } ‘ O | T ‘lil
i ”
L | N I ds/,-S1/, 8aP 7
CalC
? 1 | ¢ calc
2 C"S(calc.)*0.7 - ol d3/2751/283P C7S(calc.)*0.7 A
T L
0 5 0 5
E. (MeV) ' E_(MeV)

oy If the tensor force is taken away



f7/2 —— New Shell Model Int.
based on "Anatomy”

ds |
2—¥ neutron — ]
S1/2 : :

2 2-
~ i ® exp.

ds/2 Z=28 gap is T, |
proton reduced also 7 WL \<. i}

Potential Energy Surface 42145'28 0F— | |

600
o 400+
3 —
% 0
Al g,
1, - | Tensor force removed
@ o | from cross-shell interaction

Strong oblate

Deformation ? O, Suzuki and Utsuno,
14:46 Nucl. Phys. A805, 127¢ (2008)




Effect of tensor force on (spherical)

superheavy magic numbers _
Occupation of
: : heutron
— Proton single particle levels -
gep 1k17/2 and
OF 3p1/2 L i 2h11/2
> [ 3p3/2 ——= 1
£ | 2f5/2 ~— 1k17/2
> =~
5 — 2h11/2
o -4t 267/2 -===7 .
= 1i 13/2 -
g
= 1h 9/2 ~<o |
; >
| Neutron
—8t (a) w/o tensor  (b) with tensor -

Woods-Saxon Tensor force Otsuka, Suzuki and Utsuno,

e potential added Nucl. Phys. A805, 127¢ (2008)
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week ending
PRL 100, 062501 (2008) PHYSICAL REVIEW LETTERS 'S FEBRUARY 2008

5

Shell Model Description of the '*C Dating 8 Decay with Brown-Rho-Scaled NN Interactions

1.W. Holt,! G.E. Brown,! T. T.S. Kuo,' 1. D. Holt,” and R. Machleidt®
' Department of Physics, SUNY, Stony Brook, New York 11794, USA
ETRFUMF, 4004 Weshrook Mall, Vancouver, British Columbia, Canada, V6T 2A3

*Department of Physics, University of ldaho, Moscow, ldaho 83844, USA
(Received 21 September 2007; published 15 February 2008)

We present shell model calculations for the beta decay of ™ C to the N ground state, treating the states
of the A = 14 multiplet as two Op holes in an "*0 core. We employ low-momentum nucleon-nucleon
(N N) interactions derived from the realistic Bonn-B potential and find that the Gamow-Teller (GT) matrix
element is too large to describe the known lifetime. By using a modified version of this potential that
incorporates the effects of Brown-Rho scaling medium modifications, we find that the GT matrix element
vanishes for a nuclear density around 85% that of nuclear matter. We find that the splitting between the
(=, T)=(1%,0) and (J7,T) = (0%, 1) states in N is improved using the medium-modified Bonn-B
potential and that the transition strengths from excited states of '*C to the N ground state are compatible
with recent experiments.

In-medium TIETUVIL A (IZLHMEE) [£5EL
EEDTULVD, (I configuration space HIELNZIT ?)
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A

5 3#% 51L& Extended Weinberg Ansatz
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G-matrix (H.-Jensen) M oE6
(199{B DA% =)

ZFOR70EIZIRRFHLMHIE

NI-WEEEEA

690{ENEER T — 22 FER+ZTDRD VA F—1KET



T=0 monopole interactions in the pf shell

Vi (MeV)

| (a) original

— N\ I GXPF1A
.’\ A} —.—GXPFIA‘\__(

== G-matrix

== tensor force
| 1 | |

f7-f7 L

14:46

| | |
M - _
& & a a a 2 3 B -
T N
1 ™~ M —~ ™ T
4 a a a I LR L

“Local pattern” < tensor force

Tensor force

/ (n+p exchange)

G-matrix
(H.-Jensen)




T=0 monopole interactions in the pf shell

v, (MeV)

v, (MeV)

T T T T T T T T T T T

| (a) original

I —— (GXPF1A
i == G-matrix

== tensor force

T

/ (n+p exchange)

Tensor force

1 1 v 1 1 1 1 1 1 1 1

Mm — i
28 =2 a@a 833 %9
AN N Mm —= ™M L N 1h U
14:460 & & a o a S L L

G-matrix
(H.-Jensen)

Tensor
component is
subtracted.

The remaining part
~ effect of simple
central force of
range ~1 fm.




Monopole interaction

1fm BEOLY (HORER) ZH2>H 0 H
fae DR, MR ER
iR AADNR

BRRBEMICLDS > /—FEHIESETELD

m+pFEFRENSGES bare DTV ILS
RES(EIFD ALY /SO
FRADNZGBIELNHAD T, RBEICKRELEZE

mh*ﬁ

2{K LS K1 (S BIEFEEE) Ronf=ZEISHR
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The central force is modeled by a Gaussian function

V =V, exp( -(r/n) 2) (S.T dependences)

with V,= -166 MeV, p=1.0 fm,

(S5,T) factor (0,0) (10) (0,1) (1,1)

Can we explain the difference between f-f/p-p and f-p ?

14:46




T=0 monopole interactions in the pf shell

Tensor force

T T T T T T T T

T T T T

' (a) original / (n+p exchange)
= 0————.% ——————————————— .Nq._;;.——ﬁ.~——
% - )
E | b"—:ﬁ—\
O N\ - GXPF1
2|
i - GXPF1A
== G-matrix
—l= tensor force
— G-matrix
_ ol (b tensorsubtracted ___ —0- central (Gaussiapf | _| (1] _Tensen)
3
Z ]
£
K .
_2 m ?ﬁ - :
|| Central (Gaussian)
e e 2ER 222 a -Reflec’rmg
DoH oD m o @ T radial overlap -
14:46
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This is not a very lonely idea = Chiral Perturbation of QCD

Short range central forces
S. Weinberg, have complicated origins and

PLB 251, 288 (1990)| |[should be adjusted.

tive potential gives a local coordinatgfspace two-nu-
cleon potential:

Fanucieon =2{Cs + (10, 0, 15]{11 —X;)

2 2
-( FS:) (t -t }‘[ﬂ.t *FI*

—(1'=2"), Tensor force is explicit

(o2 V¥ (lx, —x2])

where Y(r)=exp(—=m.r)/4nar is the usual Yukawa

potential. [ Throughout it should be understood that

these are local potentials, containing a delta function
14:46 factor like 6°(x', —x, ) for each nucleon. ]



T=1 monopole interaction
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-0.5
I I I I I
(c) tensor subtracted
0_ ____________________________________
_'|—
1 1 | | 1 1 1
™M o, ™M — M A,
&g 2 o £ o 2 a o 2
(e2] i (4]
> P a9 a E D P P2 a
14:46

| (@) original

—&— GXPF1A
—{— G-matrix

T=1 monopole

iInteractions
in the pf shell

GXPF1A

. (b) tensor force

——- tensor force
0.5} #\/

G-matrix
(H.-Jensen)

Tensor force
(n+p exchange)

Basic scale
~ 1/10 of T=0




| (a) original

—&— GXPF1A

—{= G-matrix

T=1 monopole

iInteractions
in the pf shell

GXPF1A

| (b) tensor force

—3— tensor force

G-matrix
(H.-Jensen)

(n+p exchange)

R
> o$ 3 2
14:46 —

f7-f5 |

p3-plf

Central (Gaussian)
- Reflecting

radial overlap -




(effective) single-particle energies relative to ps/,

6 1 I 1 I I I I I I

§ —

ln-n

2

=

= 2

s |

Z o3t
new i
magic & ?h-i-i------—-ﬂ
numbers ? =P} :

p3/2 —> o :
28 30 32 34 3628 30 32 34 3628 30 32 34 36
Neutron number Neutron number Neutron Number

Reduction of f5/2-p3/2 from Ca to Cr p-n force:
~ 1.5 MeV = 1.0 MeV (tensor) + 0.5 MeV (central)

Rising of f5/2 from 48Ca to 3%Ca  nn force:
~ p3/2-p3/2 attraction + p3/2-f5/2 repulsion

14746




T=0 monopole interactions in the sd shell

vV, (MeV)

- (a) Ioriginlal

—8— SDPF-M (~USD)
== G-matrix )
—f=- tensor force -

" (b) tensor subtracted

g

Tensor force

0:———'—{—.—\.— ————— R I—l—4“/ (n+p exchange)

" G -mMatrix

(H.-Jensen)

SDPF-M
(~USD)

—{ central (Gaussian) |

Central (Gaussian)
- Reflecting
radial overlap -

d5-d5 |
d3-d3

14:46

d5-d3 r

sl-s1 r O ®

d5-s1
d3-s1 r




v (MeV)

v (MeV)

T=1 monopole
interactions
in the sd shell

SDPF-M (~USD)

G-matrix
(H.-Jensen)

\rensor force

(n+p exchange)

2 B A\
[ (a) original sd shell D55
0 ______________
- \ —e— SDPF-M (~USD
=2 —O— G-matrix
2 | | | 1 | | |
 (b) tensor force )
0___.—/——.—5' ————— ———_
] —l— tensor force
_2 1 1 1 | | | |
| (c) tensor subtracted |
OF——g=—% "~ e
_2-_ —— central (Gaussian) :
LN ™M — ™M i i
T T W T v o
b 8w 8 8 3
1446 © —2 ©

Basic scale
~ 1/10 of T=0




T=1 OFHEWIEER) YT

Proton number >

e %

.

14:46

BREOR)YITSA1E
LY

Neutron number >

Drip Line

(Existence Limit of Nuclei)

A

nuclei
(mass number)

B stable

exotic



This is because the neutron d;,, orbit is high for Oxygen.

Neutron orbits Neutron orbits
in Oxygen isotopes in Fluorine isotopes
1d
_____ 3 neufromtheag
251/2 O—O
Proton-neutron force,
e ©,0,0, 0,00,
ld5/2 Incl. strong tensor force,

due to a proton ind5y

160 core ‘ 160 core

14:46



Neutron orbits
in Oxygen isotopes
1d
_____ 3 . neutron threshold
2515 O0—O *5015~ **O
— OO0 8
1d5/2 709~ 22014

Why do those neutrons NOT
pll" down d3/2 ?

14:46
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ESPE (MeV)

Effective Single-Particle Energy for Oxygen isotopes

Final correction Empirical correction

B Less steep e
i e ‘ |
10
15 20 15 20
Neutron N
I . eutron
Flnally f|Cl'|', nhumber (N) number (N)

d3/2 kept high

8 10 12 14 16 18 20

Neutron Y. Utsuno, T.O., T. Mizusaki, and M. Honma,

Phys. Rev. C 60, 054315 (1999).
e umber (N) yS. RV (1999)
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> 3RAICER?

3NF -> attractive effects
systematics in results of GFMC, NCSM
CC (Hagen et al., Phys. Rev. €76, 034302 (2007)
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GFMC (Green Function Monte Carlo) by Argonne group

0
— 1" j
LoPPH— 12 5—1.1 gmu?le x.f] .
- SH With Illinois-2 3-body force
e . GFMC Calculations—
30F Nl EE;::__ﬁ g 5 I -
B 4HE‘ . 1 =7 E et | -3t 77 .
S op Li =35 =07 I:L-; T e e .
= s0f- L1 g T el i:'i " ﬁii -
g N L1 -2975 |==52p=-serr ]
5 soF e iaryll (e | IR
= U SRe 52 W ,E,'_ i .
70F e T 3
_ —_— QBE mBE‘ IGB - :
soF- AV18 E
- L2  Exg | ]
20F A 3-body force 07
- | ; 12 1
1100 3-body force /ncreases . C
included binding energies
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The key : Fujita-Miyazawa 3N mechanism
(A-hole excitation)

Progress of Theoretical Physics, Vol. 17, Neo. 3, March 1957

Pion Theory of Three-Body Forces

Jun-ichi FUJITA and Hironari MIYAZAWA

A particle - T
m=1232 MeV
S=3/2, 1=3/2
A
==
N N N

14:46



Renormalization of NN interaction
due to A excitation in the intermediate state

Modification to
A ‘ bare NN interaction
. (for NN scattering)

T=1
attraction
between NN
effectively

14:46



Pauli blocking effect on the renormalization of
single-particle energy

m
single / T

particle —sg .

states \

m

Renormalization of
single particle energy
due to
A-hole excitation
- more binding (attractive)

14:46

m

Another valence
particle in state m’

Pauli Forbidden
> The effect is
suppressed



Inclusion of Pauli blocking

m m

m | |m A & A

m m'’ m

Pauli forbidden

(from previous page) This Pauli effect is
included automatically

by the exchange term.
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Realization in ferms of 3-body interaction

!

m m m T=1 effective monopole
S repulsive interaction
I T=0 does not survive
! rd chi _
m A + A 3% order (Akaishi et al.)
m' m
m
m
— Pauli blocking -
Renormalization
of single particle same
energy
Monopole part of
Fujita-Miyazawa ™

3-body force
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Back to the question of high-lying d3,,

Neutron orbits
in Oxygen isotopes

1d3/;

neutron threshold

2817

1dg,,

—OO-000-0O- 1704~ 220y,

160 core

14:46

Central :
attractive
(generally)

Tensor :

attractive
- 0.9 MeV

(next page)

A-hole induced
repulsion
( > tensor )
Next page



Other diagram included

inert core

Particle
in the

Pauli

blocking

) .

T=1
inferaction
between
valence
particles

Related effect

was discussed by
Frisch, Kaiser and
Weise for

neutron matter

See also Nishizaki,
Takatsuka and Hiura
PTP 92, 93 (1994)
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A-hole excitation may be crucial to neutron matter property

Chiral Perturbation incl. A : Frisch, Kaiser and Weise
|
A. Akmal VE. Pandhanpande. D.G. F.ﬂveuxlall_. Phys. Eev. C 38 (1998) 1804

5. Fritsch et al. / Nuclear Physics A 750 (2003) Xﬁ.ﬂ—é‘.‘lﬁ’

s
(.25




Repulsive effective monopole interaction assuming °0 core

n exchange with radial cut-off at 0.7 fm , AE =293 MeV
f_{nNA}/f_{nNN} = ¥sqrt{9/2}

Monopole interaction

j j’ pion tensor
d5/2 d3/2 250 keV

14:46

d3/, single-particle energy relative to N=8
t +1 MeV
+2 MeVI

14 heutron

Al A-hole-induced humber (N)
repulsion

S.P.E.




Chiral EFT for nuclear forces
Separation of scales: low momenta I @ < A, breakdown scale Ay

NN 3N 4N

Lo 2(%) — —
xrf‘.uu:}-h{- ‘ “ 'H ‘ -
xirnf}:-‘{-. ! .--";"H’ _
L] L]
wLo @ (%) A 1T L

A
explains pheno hierarchy:
NN>3N>=4N > ...

NN-3N, N, mm, electro-weak,...
consistency

3N,4N: 2 new couplings to N°LO
resolution/A-dependent couplings

error estimates from truncation order,
lower bound from A variation

|.|:g,. {
5, 9
1 |

|

open problems:
power counting

)

Iﬂ-lﬂss vs. full I

Phase Shift |deg)

Wemberg, van Kolck, Kaplan, Savage, Wise, Epelbam:l Meissner, Nogga, Machleidt. ...



Low-momentum 3N interactions
from leading N2LO chiral EFT ~ (Q/A)? van Kolck (1994), Epelbaum et al. (2002)

long (2m)  intermed. () short-range

C,C5.C, terms D(A) term  E(A) term

c; from nN, consistent with NN |e: = —0.9707, es = 4770, es = 35753
Meissner (2007)

c;,¢4 Important for structure, large uncertainties at present

Results show that 0-, 1- and 2-body parts | | N___
of 3N interaction dominate 10" @.Z-body only 1
\ 2! { “aQbody INF
> bod || |I II E | “‘144}0{[}‘ INF
-body part $-"F " oW, :
y p I|I ,'l ,'I :ﬁ 10 "F estimated triples corrections H"x‘ 3
. | g " pesimated wplSSSOmERons
occupied orbits 10°F :
residual 3N interaction can be neglected -
. o . a4 1
very promising and practical 0T e e @ e

w4 More binding by 3NF  TIs this always true ?



From EFT (Effective Field Theory)

O -
= |
| dmm sd shell
<) F o W, NLOn_ =4 A=18-28 fm i 4
E ~1.5:— S +ll-n'.=.-L|:s.: cede .’HI:-I,]_Ih o= 712 __ pf Sh@”

[ — - +ome A3 ) <=T2 e
2 e e U5 e
- = USDh V]

25 [ 1 1 [ 1 |
o dddSy ddd} dbsl didd  dds| |

0.5 ] T | | T I I I I
+Howest order 3N

ik
Low-momentum 3N interactions
from leading N2LO chiral EFT ~ (Q/A)? van Kolck (1994), Epelbaum et al. (2002)
long (2x) intermed (x) short-range

TR

€,.£5,C, terms (A term  E(A) term

¢; from nN, consistent with NN |-:1 = 00403 ey = - 7813, e = 85500 |

i
b=
L=, |

V(ab:T) [MeV]

i
—-—
L=,

LI I

Meizzner (2007)
] a — ¥ aind
: I how k
2 I'_‘l . . 1"'1-.-# .
- - [ oo GXPF]
“ o KB3G
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(Effective) single-particle energies

new
magic
numbers ?

28 30 32 34 3628 30 32 34 3628 30 32 34 36
Neutron number Neutron number Neutron Number

Rising of f5/2 from 48Ca to 94Ca :
p3/2-p3/2 attraction 4y p3/2-f5/2 repulsion

KB interactions : Poves, Sanchez-Solano, Caurier and Nowacki, Nucl. Phys. A694, 157 (01)




- N=34 magic number

The same mechanism widens N=34 gap.

Recently more (indirect)
experimental indications, e.g.,
Fornal et al. PR C77 (2008)
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