The nuclear shell-model: from single-
particle motion to collective effects

Some basic facts about the atomic nucleus



THE ATOMIC NUCLEUS AS A BOUND SYSTEM
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The nuclear shell-model: from single-particle
motion to collective effects

1. Nuclear forces and very light nuclei

2. Independent-particle shell model and few nucleon
correlations

3. Many-nucleon correlations: collective excitations
and symmeftries



REACTION CHANNELS

V(1,2)

A fas

N

5=1,0 : TRIPLET, SINGLET SPIN STATE

pp. pn and nn scattering states

{: even, odd relative angular monentum states

=» CHARACTERIZED BY 5 (£,5) ¢
PHASE SHIFTS IN SCATTERING PROCESS
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SEPARATION IN RELATIVE + C.O.M. COORDINATES

A, +V(1,2)Jy(1,2)= EW(1,2)
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PARTIAL WAVE EXPANSION
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FULL WAVE FUNCTION (r—0)

st [ eitke-en/2)  i(ke-£1/2)
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S, (k)= 2%k

SIMPLE POTENTIAL V(r) SCATTERING: 9, (k)
MORE GENERAL POTENTIALS: 6(¢,S) #(k)




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

Lab
energy
MeV) 150 D, 1G4 3Py R P €2
5 54.65+0.03 0.06£0.00 0.00%0.00 1.774£0.02 <=1.0940.01 0.294001 -=0.0640.00
10 549740.07 0.204£0.00 0.00%£0.00 3.834+0.04 - -=23240.01 * 0.804£0.02 -0.231+0.00
15 53.01+0.09 0.38+0.00 0.0130.00 5614007 -34140.02 1414003 -=0.4440.00
20 50.75+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 8284+0.12 -52040.04 2.7540.04 -0.8740.01
30 4636 +0.11 098 4+0.01 0.07 £0.00 9.234+0.14 -595+0.05 3.4340.05 -—1.0840.01
40 423740.12 13840.02 0.1240.00 10.54 +0.18 -=7.284+0.05 4.76+0.05 —1.4540.02
50 38.78 £ 0.13 1.77+£0.02 0.17 4:0.00 11.254:0.20 -8.45+0.06 6.0240.05 -1.7640.02
60 35.554+0.14 2.154:0.03 0.23 +0.00 11514022 =9514+006 7.1940.05 -2.03+0.03
70 32.6240.16 2.5340.04 0.2940.00 11,453 0.23 -'10.51 +0.07 8.2740.05 -=2.254-0.03
80 29.9440.18 2.89+£0.04 0.3540.00 11,134 023 -11.4740.07 9.264+:0.05 -2.4340.04
90 27.4840.20 3.294+0.05 0.4130.01 10.6240.23 -12.3940.07 10.1740.05 -=2.574+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 -2.6830.04
120 21.084:0.23 4.274+0.06 0.59 £0.01 8.3640.23 -15.0240.07 12.414+0.06 -2.8340.04
140 17.384+0.25 4.91 £0.07 0.71 £ 0.02 6494024 -16.7040.09 13.584+0.06 -—-2.9140.04
160 13.96 £ 0.27 5.524:0.08 0.82+0.03 4504026 —-183340.11 14.534-0.07 -2.9140.05
180 10.71 3:0.29 6.1040.10 0.93 £:0.03 2444030 -~199140.13 15304+0.08 —2.8740.06
200 7.58+0.31 6.66%+0.11 1,0430.04 0384034 —-21.4640.16 15913+0.09 -2,79+40.08
220 451£034 7.194+£0.12 115%£005 -—1.65+040 -2296+0.20 1639%0.10 -2.68+0.09
240 1464038 7.69+0.14 1254+0.06 =3.644+0.46 -24.433+0.24 16.77+£0.12 -2.554+0.12
260 —1.57+£043 8.17%0.16 135340.07 —=5.57+4+0.53 -25.86%+0.27 17.04+£0.15 -~2.39+0.14
280 -4624050 8.63+0.17 1454008 -=74331+0.60 -=27.2640.30 17.24+0.18 -=2.2334+0.17
300 -7.67+£0.59 9.074+0.19 1554£0.09 -9.2240.69 -~28.6240.34 17.37+:0.21 -=2.0540.20
320 -10.75£0.71 9.4940.21 1.65%+0.10 -109340.76 -29.944037 17.44 4024 —1.8640.23
340 ~13854+084 9.8040.23 1.7440.11 -12574+0.83 ~31.234+040 1746+0.27 -1.6740.26
360 -16.97+£0.99 10284025 1.8340.12 —-14.124090 -32494043 17.444£031 —-1.474£0.29
380 -=20.11:+1.15 10.64+0.27 19240.13 -15614097 -=33.724+046 1738+£0.35 —-1.27+£032
400 =23.274133 11.004+0.29 201+0.14 —=17.02+1.04 =349140.49 17.284£0.39 -1.0740.35




PHASE SHIFT ( RADIANS)
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GENERAL PROPERTIES OF N-N INTERACTION
POTENTIALS

a. Hermitian

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

. . . —> _2 =
c. Translational invariance — r" =r;-r ,

d. Galilean invariance — p = % (P1-P,)

e. Parity invariant (strong int.)
V(FP.) = V(R-P.)

f. Time-reversal invariance

V(P .c.) =V(F .-5.)

g. Rotational invariance
= r2,p2, 12,8, (8=5(5W+3®))

h. Rotational invariance (charge-isospin)




« CENTRAL INTERACTION

Vce(1,2) = Ve(r) + VG(r-) (._5)(1) (_5)(2)

— —
V(T TV (1) &5, T T2

. TENSOR INTERACTION
Vi(12) = [Vp, (Ve () T TS,
with 512: r% ((;>1 F)) ((;)2 ?) - 8)l 'C_;Z

« SPIN -ORBIT INTERACTION

Vig=V,(ML.S
© QUADRATIC SPIN-ORBIT INTERACTION




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

gie 1 -
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N

Tensor part




The Hamada-Johnston Potential

V = Vo) + Vpr)Si + Vis(rl - S + Vi(r) Ly,

with
3
Slzzﬁ(alvr) (o2-7)—01- 02,
L= (0'1 -O’g)lz —% (cr] -l) (o‘z-l) + (0'2~l) (crl E)] ,

= (fo+or-a)lP = (-8,
The radial functions are, at large distances, restricted by the condition
of approaching the OPEP.
Vo(r) = vo(T1 - 72) (01 - 02) V(@) [1 +acY(z) + b V(@)
Vr(r) = (71 - 72) (01 - 02) Z@)[1 +arY (@) + brY*@)] |
Vis(r) = grsvoY 2@)[1 +brsY (@)] ,

Z
Vir(r) = grrvo x(f) (1+aLLY (@) +bLY(@)] ,
1 2
vo=3 fEmﬂc2 =3.65MeV ,

z = (mgc)/h-r=7/1.43fm,

1
Y(x)= = exp(—z) ,

Z(I)=(1+§'+%)-Y(.’L’).
T 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 Vir
even even odd odd -
Singlet, even  —1460 - - —42
ac 8.7 60 —80 -907 Triplet,even —207 —642 34 668
be 106 —10 120 338 Singlet, odd 2371 - —  —6683
ar - -05 - -129 Triplet, odd -23 173 —1570 —1087
br - 02 - 0.55
gLs 277 —. 7.36
brs - —=0.1 - =711
grr —0033 01 —0.1 —0.033
arr 0.2 1.8 20 =73

bry —-02 —04 60 69
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TWO-NUCLEON (NN) INTERACTIONS

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

Vij = 26 Vo (1) O
A - 2
Fitted o 4300 nn scattering data

= Bonn potentidl

Based on meson exchange ——e—
T, P,O,...

" Effective field theory (EFT)




Sm""""I""I""I""
1Sochannel

27
g, W, O

repulsive
core

I e —
[ CD Bonn :
- Reid93 .
-100 AV18 =
- rfm] -
A T YT T NN TN T SRS N AN TN SN RO SN (NN SUNNE TONNY SN SO Y TN ST SN W
0 0.5 1 1.5 2 2.5

FIG. | (color online). Three examples of the modern NN
potential in the 'S, (spin singlet and s-wave) channel: CD-
Bonn [17], Reid93 [18], and AVI8 [19] from the top at r =
0.8 fm.
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1S, phases of the Argonne v g interaction compared to
various np and pp phase-shift analyses: Argonne vyg, 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 Wir-

inga et al., 1995.
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3S, phases from different modern NN interaction
models: 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.
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FIG. 4. 3S,->D, mixing parameter €, from the Argonne vig
interaction and various phase-shift analyses: Argonne wvig,
 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. ?P; 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.




Nuclear Force from Lattice QQCD

N. Ishii'?, S. Acki**! and T. Hatsuda?
Phys.Rev.Lett. 99(2007),022001

600 £ B -10.0-::3;: T 'is'o' %H c.c 1.1 central force
s0f . . calcuqued by
S 400 | ., 8 11  alattice QCD
= 300 | % 11 calculation
S 200 L
100 |
o
00 05 10 15 20

r [fm]

Calculations for tensor and 3-body forces will be great



THREE-NUCLEON (NNN) TNTERACTTIONS

» 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)

] [ORBITALS

OPEPnr'egion Y (_r':_r')')
s
® @ N-NFREE
SCATTERING




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

|
A

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

B T

O (r.,c..,7).

4 |

o=

M3 -

I
[y

More general ”

(Ho+ V)W =EY Y= Zl a, ¥
=

FULL SPACE (1,..x)

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

IMPLICIT EQ. <wMHefwMs - €




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. 11 (1960), 65
H. A. Bethe, B. H. Brandow, A. G. Petscheck, PCR 129 (1963), 225
T.T.S. Kuo and G. 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



Effective operators

Perturbation theory

Hilbert space — Valence space
VN = \/ eff
HIW)=ElY) = R =B,
WOW) = Yer O er)

= microscopic effective interaction (realistic interaction)

V = G — Ve
M. Hjorth-Jensen et al, Phys.Rep.261 (1995)

NN

= empirical interaction (fitted o the data)
B.A.Brown, B.H.Wildenthal, Ann. Rev. Nucl.Part.Sci. 38 (1988)

= schematic interaction (delta-force, etc)



Carlsson, Schiavilla,
Rev. Mod. Phys. 70(1998), 743
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Limits of nuclear
existence

ab initio
few-body

0hp Shell
Model

calculations No-Core Shell Model

®

Towards a unified
description of the nucleus

J
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FIG. | (color online). Three examples of the modern NN
potential in the 'S, (spin singlet and s-wave) channel: CD-
Bonn [17], Reid93 [18], and AV I8 [19] from the top at r =
0.8 fm.




