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Three Nucleon Forces in Nucleus

Three Nucleon Force (3NF)
a key element to fully understand properties of nucleus

= Existence of 3NF : predicted in 1930’s (after Yukawa’s meson theory)

= 1980°s : First evidence of 3NF : Binding Energies of Triton (3H)

= 1990’s Realistic Nucleon-Nucleon Potential
(CD Bonn, AV18, Nijmegen |, Il)

= Evidence / Candidates of 3NF Effects

= Biding Energies / Levels of Light Mass Nuclei
= Equation of State of Nuclear Matter
etc ...

= Nucleon-Deuteron Scattering at Intermediate Energies



How to attack
Three Body Forces ?

1. Exact Solution of N > 3 Body System
2. Establishment of Two Body Force

3. High Precision Experiment



Earth-Moon-Satellite Gravitational Interactions

~ Three Body Problem in Classical Mechanics ~
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H. Poincaré (1892)

- non-existence of analytic solution
- sometime chaotic behavior

Now super computer-aided
calculations are available.

by the polarizations of the ocean water
“of the earth by the moon’s gravity
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Special Solutions

XD

Chenciner-Montgomery,
Ann. Math. 152(2000)881



Special Solutions

Chenciner-Montgomery,
Ann. Math. 152(2000)881

Milovan Suvakov and V. Dmitrasinovic
Phys. Rev. Lett. 110, 114301 (2013)

FIG. 1 (color online). The (translucent) shape-space sphere, with its back side also visible here. Three two-body collision points
(bold red circles —punctures in the sphere—lie on the equator. (a) The solid black line encircling the shape sphere twice is the figure-8
orbit. (b) Class LA butterfly I orbit (I.A.1). Note the two reflection symmetry axes. (c) Class LB moth I orbit (I.B.1) on the shape-space
sphere. Note the two reflection symmetry axes. (d) Class IL.B yam orbit (I.B.1) on the shape-space sphere. Note the single-point
reflection symmetry. (e) Class ILC yin-yang I orbit (IL.C.2) on the shape-space sphere. Note the single-point reflection symmetry.
(f) An illustration of a real space orbit, the yin-yang IT orbit (II.C.3a).



Triplets of Atoms
Van der Waals Type Three Body Force

# Two Body Electro-Magnetic Interactions

Vie = 5
T1o

® Three Body Interactions

3 cos 1 cos Yo cos s+ 1

3 .3 .3
Ti2 Tag3 T3

Effects of the polarizations of
the electron density distribution

Vios =



How About Three Nucleon Forces in Nuclei ?

¢ Nucleus : a compact system of nucleons

¢ Nuclear Force : Strong Interactions

proton neutron
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How About Three Nucleon Forces in Nuclei ?

proton neutron

¢ Nucleus : a compact system of nucleons

¢ Nuclear Force : Strong Interactions
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Where and How to attack

¢ Effects of Three Nucleon Forces

Solar System Atom Nucleus

Length 103 m 1010 m 10 15m

Interaction Gravity Electro-Magnetic Strong
Coupling Constant 10-38 10-2 1
Z;—Eg 0.001% < 0.1% )




Before Three Nucleon Force ...

Two Nucleon Force (2NF)

1935 Y ! P,
ukawa’s meson theory (2NF)
m Theory : Experiment :
M One Pion Exchange Model ® Nucleon-Nucleon (NN)
M One Boson Exchange Model Scattering Data Set
Heavier Meson Exchange (do/dQ and Spin Observables)
e.g. p, o ® Deuteron Properties

1990’s Realistic Modern NN Force
CDBonn,AV 18, Nijmegen 11,93
reproduce 3500 exp. NN scattering data
with high precision, x> ~ |

2500 3000

T, (MeV) T, MeV)



Three Nucleon Force (3NF)

1957 Fujita-Miyazawa 3NF
Prog. Theor. Phys. 17, 360 (1957)

_al 2r-exchange 3NF :
- Main Ingredients :
A-isobar excitations in the intermediate

d



Three Nucleon Force (3NF)

1957 Fujita-Miyazawa 3NF
Prog. Theor. Phys. 17, 360 (1957)

_al 2r-exchange 3NF :
- Main Ingredients :
A-isobar excitations in the intermediate

A s excit
MA = 1232 MeV

1 =(53)

leon



Three Nucleon Force (3NF)

1957 Fujita-Miyazawa 3NF
Prog. Theor. Phys. 17, 360 (1957)

_al 2r-exchange 3NF : N
- Main Ingredients :
A-isobar excitations in the intermediate

A T excit

leon
N N N

‘ + Tucson-Melbourne (TM) Ma = 123231+\4 %V
+ Urbana IX (/7. T) = (5 ’5)

+ Brazil, Texas etc...



Three Nucleon Force (3NF)

1957 Fujita-Miyazawa 3NF
Prog. Theor. Phys. 17, 360 (195

_al 2r-exchange 3NF :

- Main Ingredients :

A-isobar excitations in the interme

N N N

‘ + Tucson-Melbourne (TM)

+ Urbana IX

+ Brazil, Texas etc...

------

Chiral Effective Field Theory
2NF

3NF 4NF

3NFs appear at NNLO.

------
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Where can we find 3NF effects ? - I -
Ab Initio Calculations for Light Nuclei (A < 12)

® Green's Function Monte Carlo
® No-Core Shell Model etc..
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Where can we

find 3NF effects ? -

Ab Initio Calculations for Light Nuclei (A < 12)

® Green's Function Monte Carlo
® No-Core Shell Model etc..

==

-20

« 2NF provide less binding energies
e 3NF : well reproduce the data

IL2 3NF (Illinois-1I 3NF) :
2n-exchange 3NF
+ 37n-ring with A-isobar
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Where can we find 3NF effects ? -1 -

Ab Initio Calculations for Light Nuclei (A < 12)

® Green's Function Monte Carlo
® No-Core Shell Model etc..
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« 2NF provide less binding energies
e 3NF : well reproduce the data
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Where can we find 3NF effects ? - 11 -

A. Akmal et al., PRC 58, 1804(°98)

*Note
- Short range terms of 3NFs
(3-Baryon Fs) are taken as key elements
to understand 2 M(sun) neutron star.




Where can we find 3NF effects ? - I1I -

Equation of State for Nuclear Matter

300.0
o Symmetric Nuclear Matter Neutron Star &
(Densest system
B AV18+UrbanaIX(3NF) in the Universe)
;‘ 2.5 1 i 1 i 1
D 1500 I APR ]
= 3N Y 31614-2230
< 1000 Empirical 2-r \ ]
= Saturation Point AV18(NN force) . ]
ssokd W@ A JF 15 o \ PSR1913+16
_______ M
e Mo . | 2N
-50.0 . 4 & -
0.0 0.2 0.4 0.6 0.8 1.0
p [fm-3] 0.5 1
A.Akmal et al., PRC 58, 1804(°98) 0 e
_ 8 10 12 14
*All NN potentials R (km)
(AV18, Nijmegen L,II, CD Bonn) Short-range repulsive 3NF is required
provide larger saturation point
of Nuclear Matter. sNote
*3NF

- shift to the empirical
saturation point
- significant at higher density

- Short range terms of 3NFs
(3-Baryon Fs) are taken as key elements
to understand 2 M(sun) neutron star.
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* Understanding of 3NF is one key element to describe
nuclear phenomena.
* How to constrain the properties of 3NF ?

Nucleon-Deuteron Scattering is a good probe to study
the dynamical aspects of 3NFs.

v" Momentum dependence
v Spin dependence
v Iso-spin dependence : only T=1/2




Three Nucleon Scattering

a good probe to study the dynamical aspects of 3NFs.

4 Momentum & Spin dependence
v' Iso-spin dependence : only T=1/2

Direct Comparison between Theory and Experiment

e Theory : Faddeev Calculations

Rigorous Numerical Calculations of 3N System

2NF Input 3NF Input

« CDBonn * Tucson-Melbourne 2NF & 3NF Input

* Argonne VI8 (AV18)  « Urbana IX ® Chiral Effective Field Theory
* Nijmegen I, II, 93 etc..

e Experiment : Precise Data
e do/dQ, Spin Observables (4, K;, C;)

Extract fundamental information of Nuclear Forces.



Where is the hot spot for 3NF ?

Predictions by H. Witala et al. (1998)

Cross Section minimum for Nd Scattering at 100-200 MeV/A

Low Energy

do/dQ

I'ha

3NF

ec.m.[deg]

do/dCQ

Higher Energy

Nd scattering

< | <@ |
@ <
Forward Backward
3NF




dp Scaﬂ'er'mg at Low Energles (E < 30 MeV/A)

@ High precision data are explained
by Faddeev calculations based on 2NF.

No signatures of 3NF.

Exp. Data from
Kyushu, TUNL, Cologne etc..

do/dC) [mb/sr]

0 B 1 Y WGlockle et al., Phys. Rep. 274, 107 (1996).




Facilities

| magnetlc spectrograph o
SMART

Cooler Ring
+ PINTEX

CIPIOS
extraction at
25kev

— BIpY

RCNP .

Ring Cyclotron Facility JA

50 m

— i

SOL2 | .



- IUCF ,

Cooler Ring
90 MeV The Cooler Ring 4+ PINTEX

Grand Raiden
& LAS

RCNP

Ring Cyclotron Facility J/'

CIPIOS
extraction at
25kev

CIPI0S

0 50 m

SOL2 | .



SMART at RIKEN ( - 2005)

Swinger and Magnetic Analyzer with Rotator and Tivwter

Swinger
Polarimeter

Swinger

Focal Plane Polarimeter
DPOL

Analyzer Taget
C:3cm Plastic

Hodoscope
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2
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New Facility : RIKEN RI Beam Factory

RIBF : pol.d beams up to 400 MeV/nucleon are available
by “AVF+RRC+ the new cyclotron SRC .

J+p

First commissioning/experiment with pol.d beams at 250 MeV/nucleon

was performed at the polarimeter BigDpol in 2009.

- Beam Polarization : 80% of theoretical maximum values

Polarimeter

BigDpol




dp Scattering

rd+p— d+p

Ocm.=0° ~ 180° ?) >
@ Momentum transfer d /
q =0 - 3.4 fm! o

(at E = 135 MeV/A)

d+p— ptp+tn,

Many kinematical configurations /O
g =0-3 fm! F—w e EB—0 A
o
(at E=135MeV/IA) o‘é//
etc ...
Star Configuration () Final State Interaction

-d +p — 3He + Y
Oc.m.=0° ~ 180°
q=1.5-2.5fm!

(at E=135MeV/A) ¢
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Observable for dp Scattering

Differential Cross Section
e Overall Strength
» Absolute Quantity : normalization to pp or np data

do yields

dQ B (target thickness)xbeam charge)>(solid angle) X(efficiency)
Spin Observables :

— Analyzing Powers ?
« Vector Analyzing Power : iT, * /r@

. ) -
— (L-S) interaction d /, etector
—_—

« Tensor Analyzing Power : T, T,,, T,,

o > r 0
— Tensor interaction (D-state) d
— Higher order (L-S) interaction
— Polarization Transfer Coefficient : K, — / )
— Spin Correlation Coefficients Cj ‘ /,\\)‘m
* Spin-Spin interaction / Analyzer Target
—> __________
— P



Nd Elastic Scattering



Differential Cross Section

at 70 - 400 MeV /nucleon
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/70 MeV/nucleon

135 MeV/nucleon
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mmmmm NN (CDBonfl, AV18, Nijm LI1)°
mmm— TM'(99) 3NF +

NN(CD Bonn, AV18, Nijm LII)
Urbana IX 3NF+AV18
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© NN only

-#Large discrepancy

in the backward region




Differential Cross Section
at 70 - 400 MeV /nucleon
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400 MeV/nucleon x 0.2

70 MeV/nucleon

135 MeV/nucleon

d—p/n—d

mmmmm NN (CDBonfl, AV18, Nijm LI1%°
mmm— TM'(99) 3NF +

NN(CD Bonn, AV18, Nijm LII)
Urbana IX 3NF+AV18

e

1
120 180

© NN only
-#Large discrepancy

in the backward region

® 3NF:

-2 improve the agreement
-2- hot enough at very backward

angles at higher energies




Differential Cross Section

at 70 - 400 MeV /nucleon

70 MeV/nucleon

135 MeV/nucleon

[N
o
(=]

do/dQ [mb/sr]

1072

400 MeV/nucleon x 0.2

d—p/n—d

mmmmm NN (CDBonfl, AV18, Nijm LI1%° L
e TM'(99) 3NF + 0. [deg]
NN(CD Bonn, AV18, Nijm LII)

Urbana IX 3NF+AV18

180

© NN only
-#Large discrepancy
in the backward region

® 3NF:
-2 improve the agreement

-»- hot enough at very backward
angles at higher energies

A. Deltuva et al., PRC 68, 024005 (2003)
A. Deltuva et al., PRC 71, 054005 (2005)
L

Coulomb |

d—p
Q at 135 MeV/A |
Ny
5~ i
{ 5.0 —
Q
g
(&
= 1.0} ]
N &
S o5 ¢
'.5 §9® I/
\:Q /
‘ig:;% ’,//
o1b—— e O
0 0 120 180
Oom. [deg]



Differential Cross Section
at 70 - 400 MeV /nucleon

[N
o
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do/dQ [mb/sr]

H
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1072

400 MeV/nucleon x 0.2

d—p/n—d
70 MeV/nucleon p/

135 MeV/nucleon

mmmmm NN (CDBonfl, AV18, Nijm LI1%°

I TM'(99) 3NF +
NN(CD Bonn, AV18, Nijm LII)
Urbana IX 3NF+AV18

120
0.m. [deg]

180

Calculations with Lorentz
boosted NN potentials with
TM’99 3NF

H. Witala et al, private communications

50.00

do/dQ) [mb/sr]

pd/nd (@ 250 MeV

]
NN(Rel) + TM99

NN(Rel)

NN(non-Rel)

P
_—— -

Relativistic effects are visible
- at backward angles,j but small.

NN(non-Rel) + TM99



Deuteron Analyzing Powers at 70 - 300 MeV /nucleon

135 /6 el 135 MeV/A
MeV/A e L5 %o
0.4 >
60 180
0.0 (+——+ Sasts)
e ) 6}0' e '1?0 80 .
250 o°° 180 PE
MeV/A s
O£k 250 MeV/A
60 o 180
0.0 [g—+——+— o ‘A
=025
294 MeV/A
04

K.S. et al., Phys. Rev. C 83,061001 (2011)
K.S. et al., Phys. Rev. C 89,064007 (2014)



Deuteron Analyzing Powers at 70 - 300 MeV /nucleon

6o, [deg] - ® NN only
60 120 180 ‘ g
0.0 g = | Large discrepancy
| in the backward region
—0.2| e —
60 180
e 2 ' ® 3NF at ~ 100 MeV/A
6 180
S AT LI MeT/A Results are NOT always
041 2 similar to the cross section.
P 6|0. T 180
B SEE 6}0' L '1?0 80 : : e
i 5 e ® + 2 3NF at ~ 250 MeV/A
MeV/A ’ -
== T - improve the agreement
-2 hot enough
e I T ey at very backward angles
—similar to the cross section
==
== 294 MeV/A

K.S. et al., Phys. Rev. C 83,061001 (2011)
K.S. et al., Phys. Rev. C 89,064007 (2014)



Polarization Transfer at 135 MeV /nucleon RERRGEINSNOR ROENOTeN1ZY
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3NF :

K. -K > : Good Agreement
Ky': Direction : O.K.
Magnitude : not enough
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120 180



Polarization Transfer at 135 MeV /nucleon RERRGEINSNOR ROENOTeN1ZY

=
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p s e -
‘ Bl S o
C‘ /V Analyzer Target
s

2o P
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3NF :
K. -K > : Good Agreement
Ky': Direction : O.K.
Magnitude : not enough

0.0 etk L L
0 120 180






Around 100 MeV/nucleon

Cross Section : 3NFs are clearly needed.
Spin Observables : Defects of spin dependent parts of 3NF

B Serious discrepancies exist at very backward angles
at higher energies (250 & 300 MeV/nucleon).

B“What” we are missing ?
Components other than 2TT3NF;
e.g. heavier meson exchange 3NFs .




How does Chiral EFT pot. describe the Nd elastic scattering ?

Various types of 3NFs, including 2n3NF, appear in N°LO, N3LO.
Theory in Progress : up to N3LO (NN + NNN) for higher energies

So far calc. based on XEFT pot. is available below 100 MeV/nucleon.

= 3NFsinN2LO




How does Chiral EFT pot. describe the Nd elastic scattering ?

Various types of 3NFs, including 2n3NF, appear in N°LO, N3LO.
Theory in Progress : up to N3LO (NN + NNN) for higher energies

So far calc. based on XEFT pot. is available below 100 MeV/nucleon.

100.0

50.0

d-p
at 70 MeV/A

0.4

0.2

0.0

-0.2

d—p

at 70 MeV/A

-0.6

P
at 70 MeV/A

0
0om [deg]

d-p

d-p at 70 MeV/nucleon
Calc. with xEFT Pot. (N2LO)

by E. Epelbaum et

al.

d—p
at 70 MeV/A

180



Nd Elastic Scattering Data at Intermediate Energies

pd andnd Elastic Scattering at 70—400 MeV/A

Observable 100 200 300 400 s~ 1 9 9 8
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Nd Elastic Scattering Data at Intermediate Energies

pd andnd Elastic Scattering at 70—400 MeV/nucleon

Observable 100 200 300 400
T u u ~
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pd andnd Elastic Scattering at 70—400 MeV/nucleon

Nd Elastic Scattering Data at Intermediate Energies

Observable 100 200 300 400
do ® @e000O O : ®
dQ @ oo 1 @ 5 5

B Af . 00000 O : )

et = X ) 5 5

d iTu| @es @ e o o .

Tr| @00 @ o, -0 —®
T2 | @00 @ Bl B
e N e R FOSS CeRN z
B3 KY O :
e e
jidd im threshold | @ :
e =
K7 200
e |
e
AU
K, T !

23 kY E o

pd  Cyy g &

~2014

* High precision data of
do/dQ & Spin Observables
from RIKEN, RCNP, KVI, IUCF

* Energy dependent data
Y do/dQ
v Proton Analyzing Power
v'Deuteron Analyzing Powers



Nd Breakup Reaction



Nd Breakup Data at Intermediate Energies

It Step : Nd Elastic Scattering

pd Breakup Reaction at 65—250 MeV/A

at Intermediate Energies
Observable 100 200 300
o § 2m Step : Nd Breakup Reactions
an 2 * = = at Intermediate Energies
B4 ® ® . - Leading Channel at Intermediate Energies
47 ° i :
3 nd total cross section
3 Ayd o L] : i threshofld Obr = Gel
= : NSO 250 | at 1356MeV/A
Azd . é / r e
: : J. Kuros-Zolnierczuk et al. PRC 66,024003(2002).
e (] i L T T T T
: 1000¢ : NN : CDBonn
Ay, o ® i C - |
Ay | ® . ;
e 2 2 100k |
e e 3 o |
23 K . | .
Kyyy L4 3 10 :_ :
53 C —C : . " | L 1 L : 1 " | ! 1 L ]
vz Czy 1 0 50 100 150 200 250 300
sz,z : Elab [MeV]

- Rich Phase-Spaces

- a large amount of kinematical configurations

- Selectivity



IH(d,pp)n breakup Reaction at 65 MeV/nucleon from KVI

¥ Nearly 1800 data points of cross section
Courtesy by St. Kistryn

Erel e Small 3NF effects
/ * Relative energies of the scattered two protons [

b Erel SJ 10MeV

\ : Clear signature of Coulomb Force effects
e | \ 8 * The best agreement is reached when the Coulomb
~ :
—~ 01 F o . 8 ¢ and the 3NF (UrbanalX) are taken into account.
5 T 0
| , 08 ° * At lower polar angles (0, 0,)
a ¢ ¥ $ . . .
g 6 o o 0o 8 o © ¢ v ! v ' the data are explained by inclusion of Coulomb forces.
Dt Y| A v_._._g_._.!._._.:._._f‘_._ ............................................
v V .
0 o Calculations by A. Deltuva - 15 —
o . P, =13+ 1°! : | >
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T [8, =13 %17, \ | =
L § 4 |pn=20"%5 ‘ / 3
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B ©
_O'2 1 1 1 1 | L L I L | I I L L | 1 I L L | 1 ! 1 L | L L 1 I d- |
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60 85 110 135 160
S [ MeV]

St. Kistryn et al., Phys. Lett. B 641, 23(20006)



IH(d,pp)n breakup Reaction at 65 MeV/nucleon from KVI

¥ Nearly 1800 data points of cross section
Courtesy by St. Kistryn

Erel e Small 3NF effects
/ * Relative energies of the scattered two protons [

%—>Q ¢ Fra < 10MeV
\ : Clear signature of Coulomb Force effects
e | \ 8 * The best agreement is reached when the Coulomb
~ :
—~ 01 F o 8 ¢ and the 3NF (UrbanalX) are taken into account.
5 o @
r b , 08 ° * At lower polar angles (81, 0,)
e T LI . . .
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St. Kistryn et al., Phys. Lett. B 641, 23(20006)



dp In-Plane Breakup Reaction at 135 MeV/nucleon
from RIKEN K.S. et al., Phys. Rev. C 78,054008 (2009)

Which is better, Tucson-Melbourne or Urbana IX ?

_~ EPOL
(0,,9,) = (28 — 32 deg, 31deg) , ¢,, = 180° z - _;;ﬁ%
Near Final State Interaction 4 o W
Q L z
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dp In-Plane Breakup Reaction at 135 MeV/nucleon
from RIKEN K.S. et al., Phys. Rev. C 78,054008 (2009)
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dp In-Plane Breakup Reaction at 135 MeV/nucleon

from RIKEN H. Witala et al, Phys. Rev. C 83, 044001 (2011)
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dp In-Plane Breakup Reaction at 135 MeV/nucleon
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Relativistic Faddeev Calculations with TM’99 3NF
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Relativistic effects are NOT negligible.




Complementary effects in 3N Scattering

Relativistic Effects in 2H(p,pp)n breakup Reaction

02 =37.5°, @12=180°, at 200 MeV/nucleon

[ 9 =42 5° Large effects are predicted
08 1 around Quasi Free Configuration.
I Witala et al. Phys. Lett. B 634, 374 (2006)
- 04F

m—=_ Lorentz boosted NN pot.
= = = = 1on Lorentz boosted NN pot. (CD Bonn)

o
[
l

[ 0,=47.5

N
LI | I

In plane

o

o/dQ2,dQ2,dS [mb sr* MeV
1
AN
=
41\?
3

\\‘ (“ ________________________________________________________ >
) , ’N(\ beam
n° 15 6,=575 ,\‘ P1
O i | | momentum of neutron q, ~ 0
1.0 p
05 /\
| | \
0.0 == =

PR | T 1S
0 100 200
S [MeV]



Summary of Current Status

Nucleon-Deuteron Scattering
is a good probe to investigate the dynamics of 3NFs.
- Momentum & Spin dependence - . For iso-spin, T=1/2 only.

Precise data of do/d<2 and many spin observables at 65 - 300 MeV/nucleon

Cross Sections : 3NF's are clearly needed in Elastic Scattering.

Spin Observables : Defects of spin dependent parts of 3NFs

New Data from RIBF at 250 & 300 MeV : serious discrepancy in backward angles
New Challenge to be solved

Complementary Effects, i.e. Effects of Relativity as well as Coulomb Forces, are
NOT negligible in particular kinematical configurations of breakup.
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Next Step

Energy Dependence for Pol. Transfer and /or Spin Correlation Coefficients
for Elastic Nd Scattering : Natural extension of 3NF study in Elastic scatt.

Nd Breakup Experiments : Study of Relativistic Effects

Four Nucleon Scattering, e.g. p+°He : from Few to Many & Iso-spin dependence




¢ Four Nucleon Systems

Four Nucleon Scattering

First Step from Few to Many

Large 3NF effects in cross section minimum
(0c.m.~120°) at Intermediate energies ?

Isospin Dependence of 3NFs

4ANFs ?
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pol.°’He target is under construction

at Tohoku University

Method : Spin Exchange Optical Pumping

Polarization : al
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Planning First |

xperiment : p+5He at 70 MeV

pol. 3He target &

&3 3




Perspective of 3NF Study
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RIBF pol.d beam experiment Gr. (2009~)

Collaboration
Tohoku University
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To explore the laws of the nature, stepin1 —- 2 — 3 .

Earth-Moon-Satellite Gravitational
Interactions

Two Body Interactions : Gravity

H — P;;')1 n P:\')I N GMm
 2m  2M r

Three Body Interactions

2 2 2
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+V (7es Tha, T) by the polarizations of the ocean

water of the earth by the moon’s
gravity




To explore the laws of the nature, stepin1 —- 2 — 3 .

Triplets of Atoms
Van der Waals Type Three Body Force

Two Body Interactions : Electro-Magnetic Force

Ca®

6
T2

Vis =

Three Body Interactions

Vies — C3 COS 7y1 cOsy2 cosys + 1

L 3 .3 ..3
Ti2 T3 T3y

Effects of the polarizations of the
electron density distribution




proton neutron

@ Nucleus : a compact system of nucleons
@ Nuclear Force : Strong Interactions

@ Effects of Three Nucleon Forces

— Where and How to attack-?

Solar System Atom Nucleus
Length 105 m 1010 m 10 15m
Interaction Gravity Electro-Magneti¢ Strong
Coupling Constant 1()'38 10'2 1
V(3BF)
= 0.001% < 0.1% )
V(2BF) 2 : :




Are there three nucleon forces
in Nuclei ?
@ Nucleus : a compact system of nucleons

@ Nuclear Force : Strong Interactions

@ Effects of Three Nucleon Forces

— Where and How to attack-?

Solar System Atom Nucleus
Length 105 m 1010 m 10 15m
Interaction Gravity Electro-Magneti¢ Strong
Coupling Constant 1()'38 10'2 1
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= 0.001% < 0.1% )
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Frontier of Nuclear Force Study

¢

&

1990’s Realistic Modern Nucleon-Nucleon Forces (2NFs)

s - We have “reliable” two nucleon forces.

To describe Nuclear Forces from Quarks (elementary particles)

To describe Nuclear Matter from bare Nuclear Forces ~ 2NF & 3NF ~
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B+ He B13L%

d—p : p—"He at 47 MeV

at 135 MeV/A . Murdoch et al. PRC29, 2001 (1984)

® ROKEZ

Murdoch et al., Phys. Rev. C 29, 2001 (’84)



B 1-+3He BXELR

FRORKES \ d—p " p-"He at 47 MeV

at 135 MeV/A . Murdoch et al. PRC29, 2001 (1984)
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B 1-+3He BXELR

® ROXKEZ

d—p p—"He at 47 MeV

at 135 MeV/A

Murdoch et al. PRC29, 2001 (1984)
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N +3He Scattering
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