The atomic nucleus: a bound system of
interacting nucleons

1. Nuclear forces and very light nuclei

2. The nuclear shell model: from independent
particle motion towards modern applications

3. Nuclear deformation and collective motion:

phenomenological models and self-consistent
mean-field theory



Lecturing about nuclear forces, one has to go back to the theoretical
work of H. Yukawa (1935) who proposed that the NN force with a
short range of the order of 1013 could be explained introducing an

« unknown » particle called « mesotron » purely on theoretical grounds
along the idea 's of QED as the exchange of the photon between
electrons, with a mass of ~250 m, . Nobel prize in Physics in 1949.

In cosmic ray physics, using cloud chambers, C. Anderson (Caltech),
a particle that was thought to be the proposed carrier was discovered
This turned out to be wrong: it was the muon.

It was the work performed in the Cosmic Ray group of Cecil Powell at
The Physics Institute of the University of Bristol that, using photo-
graphic emulsions, exposed at the Pic du Midi, unambigously discovered
tracks of the pion. He received the nobel prize in Physics in 1950.




H. Yukawa (Nobel prize 1949) « for his
prediction of the existencde of mesons
on the basis of theoretical work on
nuclear forces »

C.Powell (Nobel prize 1950) « for

his developments of the photographic
method of studying nuclear processes
and his discoveries regarding mesons

made with this method »



REACTION CHANNELS
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pp. pn and nn scattering states

{: even, odd relative angular monentum states

=» CHARACTERIZED BY 5 (£,5) ¢
PHASE SHIFTS IN SCATTERING PROCESS




.hZ -hZ
[ ZmlA
L
SEPARATION IN RELATIVE + C.O.M. COORDINATES

A, +V(12)]y(12)= EVY(1,2)

[ A VIV (r) = EW(r)

yr(r) = e

r‘—>oo @

PARTIAL WAVE EXPANSION
«6-0 (2J3+1) Jp (Kr)F, (cos0)
I"—)oo

k sin (kr-€m/2)

|(kr' in/2) _ |(kr—€7t/2)

~
2

Zkr'




FULL WAVE FUNCTION (r—)
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Phase-shift analysis (with error bars) for a laboratory energy interval SMeV < Ejp <
400 MeV. The phase shifts are given in degrees (taken from (Mac Gregor et al. 68a))

Lab
energy
MeV) 150 1D, 1G4 ) ' P €
5 54.654+0.03 0.06£0.00 0.00%0.00 1.774£0.02 <=1.0940.01 0.294+001 -0.0640.00
10 54,9740.07 0.204£0.00 0.00£0.00 3.834+0.04 - -=23240.01 * 0.80+£0.02 -0.2330.00
15 53.01+0.09 0.38+0.00 0.01 £0.00 5614+£0.07 -3414002 1414003 -=-0.4440.00
20 50.754+0.11 0.574£0.01 0.03 £0.00 7.094+0.10 -436+0.03 2.07+0.04 -0.6640.01
25 48.514+0.11 0.774£0.01 0.05+0.00 8.2840.12 -5204+£0.04 2.7540.04 -—-0.8740.01
30 4636+ 0.11 098 +0.01 0.07 & 0.00 9.234+0.14 -595+0.05 3.4340.05 —1.0840.01
40 423740.12 1.384+0.02 0.1240.00 1054 40.18 -~7.284+0.05 4.764+0.05 —1.45+4+0.02
50 38.78 £ 0.13 1.77 £ 0.02 0.17 4:0.00 11.254-0.20 -8.454+0.06 6.0240.05 -1.76+0.02
60 35.554+0.14 2.1540.03 0.23 £ 0.00 11514022 -9514+006 7.1940.05 -2.03+0.03
70 32.6240.16 2.5340.04 0.2940.00 11,454 0.23 -f10.51 +0.07 8.2740.05 -=2.2540.03
80 29.9440.18 2.89+£0.04 0.3540.00 11,134+ 023 -11.474+£0.07 9.264+:0.05 -2.43+0.04
90 27.48+0.20 3.29+£0.05 0.4140.01 10.624:0.23 =12.3940.07 10.1740.05 -=2.57+£0.04
100 25.21+£0.21 3.60%0.05 0.47 4:0.01 9.974+0.23 -13.294+0.07 10.99+£0.05 -2.6840.04
120 21.0840.23 4.274+0.06 0.59 £0.01 8.3640.23 -15.0240.07 12413+0.06 -2.8340.04
140 17.384+0.25 4.91 £0.07 0.7140.02 6494024 —-16.704+0.09 13.584+0.06 -2.9140.04
160 13.96 +0.27 5.5240.08 0.82+0.03 45040.26 —-183340.11 14.534-0.07 -2.9140.05
180 10.71 4 0.29 6.104+0.10 0.93 £ 0.03 2444030 -~199140.13 15304008 -—2.87+0.06
200 7.58+0.31 6.66+0.11 1.0430.04 0384034 —-21.464:0.16 15914+0.09 —-2,794+0.08
220 451£034 7.194+0.12 115%£005 -1.65+040 =-2296+020 16.39£0.10 -2.68+0.09
240 1464038 7.69+0.14 1.25+006 =3.64+0.46 -24.43+£0.24 16.77+£0.12 -2.55+%0.12
260 —1.574+043 8.17%0.16 1354007 ~=5574+0.53 -2586+0.27 17.04+£0.15 -2.3940.14
280 -4.624050 8.634+0.17 1453+0.08 <=7431+060 -27.264+0.30 17.24+0.18 -=2.234+0.17
300 =767+£059 9.07+0.19 15540.09 -92240.69 -~28.6240.34 17.37+0.21 -=2.05+0.20
320 -1075£0.71  9.49 £ 0.21 1.65%+0.10 -=109340.76 -29.944-0.37 17.4440.24 -—1.8640.23
340 -—~13854084 9.8940.23 1744+0.11 -12574+083 31234040 1746+0.27 -1.67+0.26
360 -16.974099 10284025 1.8340.12 -14.124090 -324940.43 17444031 —-1.4740.29
380 -=20.11+1.15 10.64+0.27 19240.13 —-15614097 -33.724046 1738+0.35 —1.27+032
400 =23.274133 11.004+0.29 201+0.14 —=17.024+1.04 -=34914049 17284039 -1.0740.35
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FORCE ATTRACTION
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GENERAL PROPERTIES OF N-N INTERACTION
POTENTIALS

a. Hermitian

b. Symmetric for permutation symmetry
V(1,2) = V(2,1)

. . . = —
c. Translational invariance > r =r;-r ,

d. Galilean invariance — p = —12- (F1 '32 )

e. Parity invariant (strong int.)
V(rp.)=V(r-p..)

f. Time-reversal invariance
V(P ,G.) =V(-p .-0..)

g. Rotational invgrignce%
=r2,p?, 12, LS, (S=5(5W+3®))

h. Rotational invariance (charge-isospin)




« CENTRAL INTERACTION

Ve(,2) = Ve(r) + Vo (r) a5 @

> - > o > o
+ VT(r)Tl . 1:2+VGT (r') Gq .(52 T1. To

« TENSOR INTERACTION
Vi (1.2) = [V (M+Vp () 7. 751 Sy,

« SPIN -ORBIT INTERACTION

>
Vis-= VLS(r') L.S
« QUADRATIC SPIN-ORBITINTERACTION




ONE-PION EXCHANGE - IMPORTANT PART OF NN INTERACTION

« ELASTIC SCATTERING IN MOMENTUM SPACE

_)

NN > > > 92 (6.9)(c].q) A T
v (q =k'-k )‘ 2 -, 57

kl

* POTENTIAL (FOURIER TRANSFORM) IN COORDINATE SPACE

9 1 - 3

g

Tensor part




The Hamada-Johnston Potential

V =Vo(r)+ Ve(r)Siz + Vsl - S+ Vir(r)Lia,
with
3
S ==

L, = (cri -0'2)12 -- %[(al -E) (0'2 . l) + (0'2 . l) (0'1 E)] )
= (byto o)’ —(1-9)7.

Il

(o1 7)(o2-7) —01- 02,

The radial functions are, at large distances, restricted by the condition
of approaching the OPEP.
Vo(r) = vo(1 - 72) (01 02) Y (@) [1 + acY (@) + b V()]
Vip(r) = vo(T1 - 72) (01 - 02) Z(@)[1 + arY () + brY*(z)] |
Vis(r) = grsvoY *(@)[1+brsY (@)
Z(x)
2

VLo(r) = grivo [1+apY (@) +brY(x)]

! fzm & =3.65MeV
Yo =g Mme =2 )
z=(mgc)/h-T=7/143fm,

1
Y(x)= . exp(—x) ,

Z(z)=(1+i+%) -Y(x) .
T

In addition, an infinite repulsion at the radius ¢ = 0.49 fm (x. = 0.343),
is assumed.

The optimum, adjusted param- The values of the different potentials at
eters are given in the table. the hard core r = ¢ have been determined as
Singlet Triplet Singlet Triplet Ve Vr Vis Ve
even even  odd odd N
Singlet, even  —1460 - - —42
ac 8.7 6.0 —80 —9.07 Triplet,even —207 —642 34 668
bo 106 -10 120 338 Singlet, odd 2371 - —  —6683
ar - -05 - 129 Triplet, odd -23 173 —1570 1087
br —. 0.2 —. 0.55
grLs - 2.77 . 7.36
brs -—. —0.1 - -7.1
gL —0033 01 —01 —0.033
arr, 02 18 20 -73

b —-02 —04 6.0 6.9
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TWO-NUCLEON (NN) INTERACTIONS

= Argonne Vg, Vig potentials
— Coulomb, one-pion exch. (OPEP) + intermediate and short-range

=2 v o (i) O

'J p=1,18
A > >
Fitted to 4300 nn scattering data

= Bonn potential

— Based on meson exchange >- -- <

" Effective field theory (EFT)
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FIG. 4. 35,-*D, mixing parameter €; from the Argonne vyq
interaction and various phase-shift analyses: Argonne vg,
_ Wiringa, Stoks, and Schiavilla, 1995; Bugg-Bryan, Bugg and
Bryan, 1992; Nijmegen, Stoks et al., 1993; Henneck, Henneck,
1993; VPI-SU, Arndt, Workman, and Pavan, 1994. Figure from
Wiringa et al., 1995.
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FIG. 6. 3P, phases from different modern NN interaction

models: AV18, Wiringa et al., 1995; CD Bonn, Machleidt et al.,

1996; Nijm II, Stoks, Klomp, et al., 1994; Nijmegan PPA, Stoks,

Klomp, et al., 1993. Figure from Wiringa, Stoks, and Schiavilla,

1995. E
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Nuclear Force from Lattice QCD

N. Ishii'?, 8. Aoki®* and T. Hatsuda®
Phys.Rev.Lett. 99(2007),022001
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Calculations for tensor and 3-body forces will be great



THREE-NUCLEON (NNN) INTERACTIONS

» First evidence for NNN interaction comes from 'exact’

calculations for t and 3He.
— under-"'bound’ with NN interactions

« Systematic evidence from ab-initio calculations (A <12)
(Wiringa, Pieper, Pandharipande, Carlsson, Schiavilla)

3T rings
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Problems using realistic NN forces in nuclei

U(r)
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Concept of effective interaction
(operators) active in finite space:

|
A

Y= Z a;'j {17-nucleon coordinates}.

0=

M3 -

1]
[y

More general ”

(Ho+ V)W =EY Y= Zl a, ¥
1=

FULL SPACE (1,..x)

M
M
MODEL SPACE (1,.M) ¥ ='Z1 aquI_(O)
1=

IMPLICIT EQ. <wMHEf|wMs - €




FROM REALISTIC (NN free) TOWARDS EFFECTIVE (NN in nucleus)
INTERACTION

Some literature (old papers)
* B. H. Brandow, Rev. Mod. Phys. 39 (1967),771

B.L. Scott and S. A. Moszkowski, Ann. Phys. 14 (1961), 107
H. A. Bethe, B. H. Brandow, A. G. Petscheck, PCR 129 (1963), 225

T.T.S. Kuo and 6. E. Brown, Nucl. Phys. 85 (1966), 40; ibid. A103 (1967), 71

B. R. Barrett and M. W. Kirson, Adv. Nucl. Phys. 6 (1974) 219
(many more)

Recent:

« D.J. Dean, et al., Progr. Part. Nucl. Phys. 53 (2004), 419




