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Graphical Image of NN force

What simple regularity can we imagine

from such a complexity ?

Image Bank (ph004), School of Science, University of Tokyo



Proton number >

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

Strong tunneling of loosely bound
excess heutrons uil

»

About same
radius
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Measurements of Interaction Cross Sections and Nuclear Radii in the Light p-Shell Region
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Nuclear Chart For Z larger, more
- Left Lower Part - exotic isotopes.

Ca 1997
K 1983

| Ar 1989
. Cl 1990
HE Wlder' area S 1990
n P 1990
HEEN

Si 2007

P e — e

As we go up with Z on the nuclear chart,
there are more exotic isotopes, more than 10 for
g8+ sdshell nuclei, and even more for larger Z.

Most of these nuclei are well bound

isotopes
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(a) central force :

Gaussian
(strongly renormalized)

(b) tensor force :
n+ pmeson
exchange

- H



Focus of this talk

Changes in the structure of exotic nuclei
as compared to stable ones

shell structure (incl. magic numbers)
binding energies, drip lines

experimentally, a lot of recent progress by
combining direct reactions and y-ray spectroscopy

Nuclear and hadronic forces are responsible
for such changes

2-body and 3-body forces

Monopole-based universal force V
—> similarity to Weinberg’s chiral perturbation
Importance of Fujita-Miyazawa force
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From undergraduate nuclear-physics course,

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

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

robust feature -> no way out



As Nor Zis changed to a large extent in exotic nuclei,
the shell structure is changed (evolved) by

e Monopole component of the NN interaction

k, .ﬂ:’

k&'

==p Averaged over possible orientations

Linearity: Shift| A€; = v,,.; mj | n.: #of particlesin j

<n;> can be ~ 10 in exotic nuclei
"> effect quite relevant to neutron-rich exotic nuclei

Strasbourg group made a major contribution in initiating systematic use of the
monopole interaction. (Poves and Zuker, Phys. Rep. 70, 235 (1981))



Tensor Interaction by pion exchange

V= (11,) ([0,6,]9 Y (Q)) Z(r)

relative motion

contributes
only to S=1 states

T meson : primary source

G.V T G’V

Yukawa
p meson (~ m+7) . minor (~1/4) cancellation

Ref: Osterfeld, Rev. Mod. Phys. 64, 491 (92)



How does the tensor force work ?

Spin of each nucleon % is parallel, because the
total spin must be S=1

The potential has the following dependence on
the angle 0 with respect to the total spin S.

V~Y,p~1-3 cos?0

0

s
4 relative
N 4 14 coordinate
0=0 0=n/2
attraction repulsion




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

General rule of Jo=1-%
monopole interaction  neutron
of the tensor force .
j) =/ + %
)<
proton
) s

Identity for tensor monopole interaction

@1, +1) vy 7+ @141) vt = 0

Vm,T . monopole strength for isospin T




An example with 5;Sb isotopes

VoOLUME 92, NUMBER 16

PHYSICAL REVIEW LETTERS week ending

23 APRIL 2004

Is the Nuclear Spin-Orbit Interaction Changing with Neutron Excess?

J. P Schiffer,' S.J. Freeman,"” J. A. Caggiano,” C. Deibel.” A. Heinz.” C.-L. Jiang,' R. Lewis,” A. Parikh.” P D. Parker,”

K. E. Rehm.'S. Sinha.' and J. 8. Thomas*

S L A AL NN L R A R —
D'_’;f ,  Pprofonsingle-particle ] |<£=51 isotopes

- L 0% levels :

PE - change driven

L by neutrons in 1hy,,

E 'f’__ hll/z - h11/2 PZPUISEVZ f
T hii/2 - 972 attractive &
10 1'!.

Meutron Excess

No mean field theory,
(Skyrme, Gogny, RMF)
explained this before.

T + p meson exchange tensor force

(splitting increased by ~ 2 MeV)




What are the major monopole components
in the shell-model effective interaction

which are successful in systematic

description over many nuclei ?

Example taken from pf-shell

GXPF1A interaction *
G-matrix obtained from Bonn-C potential + 3" order Q,,

+ empirical refinement by y2-fit to experimental data

*) M. Honma et al., PRC65 (2002) 061301(R)



T=0 monopole interactions in the pf shell

Vi (MeV)

| (a) original

== G-matrix

== tensor force
| 1 | |

f7-f7 L

| | |
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)
_2:_ ./\ « - GXPF1A

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

(@) original

Tensor force
(n+p exchange)

’”\\@ %\ GXPF1A
i - GXPF1A
N == G-matrix .
= tensor force G-ma‘rr'lx
e e s (H.-Jensen)
(b) tensor subtracted
- Tensor
| o I f_ component
Co—o e = . is
- 1 1 1 1 1 1 1 1 1 1 1 1 - subtraCted
ree 22 d 0 2aad
o2 Bk P~ N R



The central force is modeled by a Gaussian function

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

with Vo= -166 MeV, u=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 ?




Systematic description of monopole properties of
exotic nuclei can be obtained by an extremely simple
intferaction as

(a) central force : (b) tensor force :
Gaussian n + p Meson
(strongly renormalized) exchange

Parameters are fixed for all nuclei



The tensor part of the effective NNinteraction
for valence nucleons is similar to the bare tensor force.

bare tensor force : n+p meson exchange

S. Weinberg, Central force: »
PLB 251, 288 (1990) | | strongly renormalized | 77 /ucle!

tive potential gives a local coordinayf-space two-nu-
cleon potential:

| finite
Vaucteon = 2{ Cs + Cr oy - a3 15]{11 —x;) range
, 2
-(E-:) (-t )0,V ) (o V) Y (| X, —x3| )
' Tensor force is explicit == TP
—(1"+=2"), phicit exchange|

- Chiral Perturbation of QCD



T=0 monopole interactions in the pf shell

Vi (MeV)

Vi (MeV)

- Tensor force

T T T T T T T

| (a) original

g
RN

/ (n+p exchange)

I~<.._;;.-—¢l -
——= GXPF1A
== G-matrix

== tensor force

GXPF1

- (b) tensor subtracted

mw

G-matrix
(H.-Jensen)

—— central (Gaussia

Central (Gaussian)

L
i
(el

f7-f7 +
f5-f5 |
f7-f5
p3-p3

Lo
(al

- Reflecting
radial overlap -




T=1 monopole interaction



| (@) original

—&— GXPF1A
—{— G-matrix

T=1 monopole

iInteractions
in the pf shell

GXPF1A

. (b) tensor force

—— tensor force

G-matrix
(H.-Jensen)

Tensor force
(n+p exchange)

Basic scale
~ 1/10 of T=0

Repulsive

corrections
to G-matrix



v (MeV)

vy (MeV)

| (a) original

‘ \ —e— SDPF-M (~USD
! —O— G-matrix

T T T T T I I

 (b) tensor force

—ll—- tensor force

o S ———— _

\rensor force

T=1 monopole
interactions
in the sd shell

SDPF-M (~USD)

G-matrix
(H.-Jensen)

" (c) tensor subtracted

(n+p exchange)

Basic scale
~ 1/10 of T=0

d5-d5

Repulsive

corrections
to G-matrix




Neutron single-particle energies at N=20 for Z=8~20

solid line : full

low
P3/2 10V (central + tensor)

8 14 16 20

4 l T T T T T T dashed li . I I
\ (@) neutron single-particle levels | ashed line : central only
of N=20 isotones

0 N T - Tensor force makes
~ .
changes more dramatic.

These single-particle
energies are "normal”

energy (MeV)

f7/2-P3/2 2~3 MeV
N=20 gap ~ 6 MeV

-20




Monte Carlo Shell Model (MCSM) results have been obtained
by the SDPF-M interaction for the full-sd + f7/2 + p3/2 space.

20 I'Ca TCa"ClluCg}
Effective N=20 gap e T P’: N
between sd and pf shells S [ A i ) B -
% | Expansion | [ ;
1o . | "4+ of the -
[ WBB (1990) | Territory |~
I R R s -
- - ® ® i 0 - RONehLNeIZNe [N U SR A N D
st @ - ® SDPF-M (1999) , | T b
i ® i s 000
: . ~5Mev : /N8 9 10 11 12 13 14 15 18 18 19 20 21 22 23 24
- I~2MeV : Neyens et a/. 2005 Mg
° 10 Z 20 Tripathi et a/ 2005 Na
O Ne Mg Ca Dombradi et a/. 2006 Ne

Terry et al. 2007 Ne



Proton single-particles levels of Ni isotopes

. Central Gaussian
. + Tensor

) solid line:
] full effect

] dotted line:
) central only

From

Grawe,

EPJA?25,
357 - . . . : LT shaded area :

40 Jo,2 Occupied >0 N effect of
ey tensor force

Crossing here

IS consistent | o - N
. PRL 103, 142501 (2009) PHYSICAL REVIEW LETTERS 2 OCTOBER 3009
with exp. on

Cuis OTOPCS Nuclear Spins and Magnetic Moments of 74737 Cu: Inversion of 7w2p3; and 715/ Levelsin “Cu

K.T. Flanagan," P. Vingerhoets,' M. Avgoulea,' J. Billowes,” M. L. Bissell,' K. Blaum,” B. Cheal.” M. De Rydt,'
V. N. Fedosseev,” D.H. Forest,” Ch. Geppert,”® U. Koster," M. Kowalska,'" J. Krimer,” K. L. Kratz,” A, Kreger,”
E. Mané.” B. A. Marsh,” T. Materna,'"” L. Mathien,"” P. L. Molkanov,"” R. Neugart,” G. Neyens,! W. Nortershiuser,™’

M. D. Seliverstov, '® O. Serot,'” M. Schug,d M. A Sj{'}l}din,” 1. R. Stone,”"” N 1. Stone.""" H. H. Stroke,'®
G. Tungate,” D. T. Yordanov,® and Yu.M. Volkov'”

nstituwt voor Kern- en Stralingsfisica, Katholieke Universiteit Leuven, B-3001 Leuven, Belgium



Shell structure of a key nucleus 19°Sn

I T T T T

(c) neutron s.p.e. at N=51

T

solid line : full
(central + tensor)

dashed line : central only

shaded area :
effect of tensor force

Exp. d5/2 and g7/2 should be close
Seweryniak et al.

Phys. Rev. Lett. 99, 022504 (2007)
Gryzywacz et al.



Si i1sotopes
. f7/2 SM calc. by Utsuno et al.
32— neutron .
S1/2 -
T 2

ds/2 Z=28 gap is =7

proton reduced also 7 w L

Potential Energy Surface 0

energy (MeV)

_ 42¢;
'211 -, | Tensor force removed SI
. from cross-shell interaction
Strong oblate 0 Otsuka, Suzuki and Utsuno,
Deformation ? Other calculations Nucl. Phys. AB05, 127¢ (2008)
show a variety of shapes. 42Gj: B. Bastin, S. Grévy et al.,

PRL 99 (2007) 022503



Systematic description of monopole properties of
exotic nuclei can be obtained by an extremely simple

intferaction as

(a) central force : @)) tensor force}
Gaussian T + p Meson
(strongly renormalized) exchange

Can this be really the
same as the bare
tensor interaction ?




Question : Tensor potential

1Gﬂ ||||f

Can the tensor force
survive after

-treatment of
short-range correlations
(hard-core)

W (MeV)

-treatment of
core polarization

_'ISG_IIII’III.I|IIII|IIII|IIII|IIII_



Treatment of tensor for'ce by V low i and Q box (34 order)

0.5

v, (MeV)

—0.5F

0.8

0.4t

v (MeV)

-0.4

(a) T= 0 tensor force

o bare (AV8)
==V . (A=1/fm)

low

--'V|0W k (A=2.1 /fm)

— Q o (3rd order)

f7-f7 +

f5-f5

f7-f5t

o
N
oM
Q

i
N

—
a

f7-p3
f7-p1t
f5-p3
f5-p1

i
T

™M
a

(b) T=1 tensor force

|I:| be;re (AVS'I)
(A=1/fm)

Iom k

VIowk (A 21 /fm)-
= Q ,ox (3rd order)

f7-f7 |

f5-f5

f7-f5

f7-p3
f7-plt
f5-p3
f5-p1
p3-plt

Monopole component
of tensor interactions
in pf shell

Input: AVS

Almost no cut-off (A)
dependence, except for
extremely low A

V owk: Kuo, Bogner, et al.



Shell evolution in exotic nuclei
due to tensor + central forces

|8 Selected for a Viewpoint in Physics week ending
PRL 104, 012501 (2010) PHYSICAL REVIEW LETTERS 8 JANUARY 2010

Novel Features of Nuclear Forces and Shell Evolution in Exotic Nuclei

Takaharu «1_'_'ltr~1ulczz|,"3 Toshio Suzuki,'; Michio Honma.” Yutaka Utﬁunc:,5 Naofumi Tsunoda,’
Koshiroh Tsukiyama,' and Morten Hjorth-Jensen®

Changes of single-particle properties due to these nuclear forces

T T T T T T T T T T T T T ] 4 T T T T T T
(@) neutron SPE of N=20 1 | (b) proton SPE of Ni isotopes| (¢) neutron SPE at N=51

What is the next ?




Three-body force
and
exotic nuclei
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Single-Particle Energy for Oxygen isotopes

by microscopic eff. int.

G-matrix+ core-pol. :

Vv low-k

Single-Particle Energy (MeV)

Kuo, Brown

by phenomenological eff. int.

- G-matrix + fit -

Utsuno, O., Mizusaki, Honma,
Phys. Rev. C 60, 054315 (1999)

: Bogner, Kuo, Schwenk

Brown and Richter,

Phys. Rev. C 74, 034315 (2006)
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What is the origin of
the repulsive modification of
T=1 monopole matrix elements ?

The same puzzle as in the pf shell




The clue : 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




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



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)

m

Another valence
particle in state m’

Pauli Forbidden
> The effect is
suppressed



Inclusion of Pauli blocking

m | |m \ == A

m m'’ m

Pauli forbidden

(from previous page) This Pauli effect is
included automatically

by the exchange term.



Most important message with Fujita-Miyazawa 3NF

m ml |m Effective monopole
. -1l __ repulsive interaction

AT A

i A
m' m
m
m
Pauli blocking -
Renormalization
of single particle same
energy
Monopole part of

Fujita-Miyazawa ™
3-body force




(i) A-hole excitation in a

conventional way

(ii) EFT with A

.

I (a) G-matrix NN + 3N (A) forces

(b) Vi . NN + 3N (AN'LO) forces |

>
L
2
g O
)
o
8
E -4
5
o
= -8
2| e NNEIN@WSa
7] M - NN .
===NN
| I [ N [ N N (N (N N NN S | | I N [ N NN AN N N NN N N |
8 14 16 20 8 14 16 20
Neutron Number (V) Neutron Number (V)

(c) 3-body interaction

®
o0 00—
0 core

(d) 3-body interaction with one
more neutron added to (¢)

Single-Particle Energy (MeV)

A-hole dominant

role in
determining

oxygen drip line

(iii) EFT incl. contact

terms (N2LO)

" (b) Phenomenological forces

| == USD-B

8 14 16
Neutron Number (V)

20



Conventional calculation with TNA coupling
n exchange with radial cut-off at 0.5 fm , AE =293 MeV
f_{nNA}/f_{nNN} = ¥sqrt{9/2}
A.M. Green, Rep. Prog. Phys. 39, 1109 (1976)

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

long (2n)  intermed. (1) short-range

XX

€,,C3.C, terms D(A) term  E(A) term

c; from N, consistent with NN | = 09703 ey = —a.775 . ey = 8,555
Meissner (2007)

c3,¢4 Important for structure, large uncertainties at present

NN for smooth cutoff V,,,  (n_exp=4) from N3LO(500)
D, E terms fitted to E(3H) and radius(4He)




Energy (MeV)

Ground-state energies of

oXygen isotopes

NN force + 3N-induced NN force
(Fujita-Miyazawa force)

16
@) core|:

0 T T T T T T T T T T T
(a) Energies calculated | | (b) Energies calculated ] | (c¢) Energies calculated
from phenomenological{ F from G-matrix NN { F from Vigw NN -
forces | | +3N (A) forces { | + 3N (AN'LO) forces
-20 _ ]
—40 & & EXp. 1| : ] ¢ Exp. '\\ !
| —— SDPF-M I L =3NS 1 | === NN 43N (NLOP ===~ ]
— [ JSD-B ] [ ===NN ==~ 1 == NN + 3N (A)
—60 1 1 1 1 1 l_: | | | i 1 1 | b= _I- NNI | | |
8 14 16 208 14 /16 20 8 14 16 20
Neutron Number (N) Neutron Number (V) Neutron Number (N)

Drip line




For neutron matter : ® k states below Fermi level

attractive | @ :

4 Je| mf e b g€
.(a)i ' (b P .(c)m.
"™ | ™ dk 4™ |repulsive
m’ m m’ k m
(d) ® & @
(f) (9 (h)

Brown and Green, Nucl.Phys. A137, 1 (1969
Fritsch, Kaiser and Weise, Nucl. Phys. A750, 259 (2005);

Tolos, Friman and Schwenk, Nucl.Phys. A806}, 105 (2008);
Hebeler and Schwenk, arXiv:0911.0483 [nucl-th]



For valence neutrons: # states outside the core

Attractive (single-particle energy
‘ renormalization)

m
m! A m! <

m

m m’

repulsive mp ti@% &a

(valence neutron |m '
interaction) (d) ()

HH O X

(f) (9) (h)
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Ca ground-state energy contd

Ca

-20 + —— BonnC+3N

Energy

®e
®e
.
°
.
.....
o,
®e,
oe
.

-140 |
-160

40 45 50 35 60

SPE : GXPFl1 f7:-8.62 15:-1.38 p3: -5.68 pl:-4.14



Ca 2+ level systematics
Ca

; 8 t —— BonnC+3N (sp:GXPF1)
> === BonnC+3N
= 6|
N’
+A 47
(@\|
N’
- 2
=
0 1 1
40 45 50 55 60

2+ of 48Ca rises by 3N
becomes about right by using GXPF1A SPE

N=32, 34 higher 2* levels



48Ca M1 excitation

BM1) (1)

2

(W]

f—
1

s BonnC+3N 48
[ wmmm= BonnC Ca
6 7 8 9 10 11 12
Ey (MeV)
spe : GXPF1

Spin quenching factor 0.8

BMDT (1)

BV1) )

10

| | |

48C a experiment
8-13MeV _

| Lala 12 hwas
GXPF1 ;

. | I E | L

E, (MeV)



Summary
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Summary

1. Effects of monopole component increase linearly as the
particle number. This works like a lens, which enables us to
study nuclear forces deeply in neutron-rich nuclei.

2. Meyer-Jensen's paradigm that magic number and shell
structure remain (topologically) unchanged for all nuclei has
been destroyed for exotic nuclei. 2- and 3-body forces are
driving forces.

Shell structure determines not only single-particle
properties but also deformations, which are nothing but
Jahn-Teller effect, and spin properties as well.

3. Tensor force and central force constitute an effective
force of Weinberg type. Tensor force appears, in its
monopole channel, to be the same between in nuclei and in
free space (as proved by modern thoerys) .



Summary (continued)

Proton-neutron forces are well modeled.
N=20 island of inversion, key issues like 78Ni, 100Sn

4. Fujita-Miyazawa force generates effective repulsive
forces between valence neutrons.
The spacing between single-particle levels gets wider
as the neutron number increases.

new magic humber; opposite to shell quenching

Drip line of oxygen
Last puzzle of SM eff. interaction solved ?
Loosely bound neutron matter in Ca isotopes ?

5. If nuclear physics implies many-body problems due
to nuclear forces, it may be said that the real
nuclear physics starts now (stable nuclei are prolog ?)



Summary-2

Dominant monopole forces are due to

(a) central force : (b) tensor force : FM 3NF
Gaussian T + p Meson
(strongly renormalized) exchange
= + + ° :
0000
o0
u=1fm
basic binding variation of limit of

shell structure existence



Casablanca mechanism
Love = attractive force

This love is reduced This love is reduced
by the presence of Rick by the presence of Victor
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