The atomic nucleus: a bound system of
intferacting 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



Problems using realistic NN forces in nuclei
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Many-body Hamiltonian-Nuclear mean-field

* Start from many-body Hamiltonian
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* Introduction of mean-field U(r;)
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Central problem: choice of U(r)
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Solve central problem Schradinger eq. [*2; +UM] o(r,s)=co(r.s)
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Harmonic oscillator: (N+3/ ) iw with N=2(n-1) +{

n: radial g.n.;(: orbital angular momentum q.n.



Idea of shell-model:

* M. Goeppert-Mayer (1949)

* H. Jensen, O. Haxel and
H. E. Suess (1949)
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On Closed Shells in Nuclei. IT

MartA GOEPPERT MAYER

Argonne National Laboratory and Depariment of Physics,
U niversity of Chicago, Chicago, Illinois
February 4, 1949

HE spins and magnetic moments of the even-odd nuclei

have been used by Feenberg"? and Nordheim? to deter-
mine the angular momentum of the eigenfunction of the odd
particle. The tabulations given by them indicate that spin
orbit coupling favors the state of higher total angular mo-
mentum. If strong spin-orbit coupling, increasing with angular
momentum, is assumed, a level assignment different from
either Feenberg or Nordheim is obtained. This assignment
encounters a very few contradictions with experimental facts
and requires no major crossing of the levels from those of a
square well potential. The magic numbers 30, 82, and 126
occur at the place of the spin-orbit splitting of levels of high
angular momentum.

Phys.Rev.75,1969 (1949)

On the “Magic Numbers” in Nuclear Structure

0710 HAXEL
Muax Planck Institud, (Fillingen
J. Hams D, Jensen
Inatilait f. theor. Physik, Heidelberp
AND
Haws E. Suess
Iusl, £, phys, Chemie, Hamburg
April 18, 1949

SIMPLE explanation of the “magic numbers” 14, 28,

50, 82, 126 follows at once from the escillator model of
the nucleus,! if one assumes that the spin-orbit coupling in
the Yukawa field theory of nuclear forces leads to a strong
splitting of a term with angular momentum [ into two distinect
terms jo/==§.

Phys.Rev.75,1766(1949)
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Construction of basis wave functions

* Y, (6,0) and Xl/z

. (Pn,l,j,m(F),G) =Rn1(r)Y] ®X1/2]"rir\
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ang. momentum coupling
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 Two-particle wave functions (ja,jb)J

V(jajb M) = J all values [jjplcT< j *iy,

W(j% TM) = J:0,2,46.,..( evenonly)
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Two nucleon systems: :
|
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H=ho(1) + ho(2) + V(1,2)
E(iqdp TM) = Eja * Ejb *+ < Jado IMIV(L,2) | jajb TM >

ligibl€ T¢ Jgtip

AE (jajb)T

J=0, 2, 4,.2j-1
AE (jy°T

Radial overlap of s.p. orbitals



The two-body interaction (finite range,
8 (-1 ).... ) all show a "pairing"
property
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(i) Energy spectra for nuclei near closed shells (A£2, A £ 4) show a clear gap
for the 0* g.s.
Example: 2/9Po,,; and 219Bi,,, adjacent to 25Pb,,q

ol i @ In 219Po the configuration outside the
: | doubly-closed shell core of 208Pb is
? y (1hg)?. If there were no interaction
A between the two 7's constituting the pair,
SRR _— ‘ i.e. if they behaved like independent
> " o particles, the various (1hg,)? spin
X Thor2 V9or2 . couplings, which reflect the orbital
i Fl?f'f"”g alignments, would lead to states
-1000 | oef :
~ 2A degenerate in energy.
— correlated pair of two «'s
R — O @ Pairing effect = 2A

nhgj, Thys,
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Adding more particles 3,4,..,n, angular momentum becomes
more involved (use of angular momentum coupling methods)

An alternative method: constructing a Slater determinant
wave function: state with fixed M (no fixed J).
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A very convient way for computing




ex, 4 particles in sd-shell
| 1d5/2,-1/2; 1d5/2,-3/2; 1d3/2, +3/2; 2s1/2 +1/2>(M=0)

A very usefull approach is a bit-representation,
known as the M-scheme.
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NUCLEAR RESIDUAL INTERACTIONS...

i SEPARATION OF A NUCLEONS

j,—xx— ™ 'INERT' CORE AND A
t—xooc  NUMBER OF VALENCE

CORE {% —> CONSTRUCT A 'BASIS' IN
7 THE VALENCE SPACE O
97,703, G273 )
AND SOLVE EIGENVALUE EQUATION
AWy = Epy W

_Y ki
Wik = ziaJ' D5
PARAMETERS.:

= SINGLE-PARTICLE ENERGIES ¢
= TWO-BODY n-n INTERACTION <j j, T IV, 5lj3js.9>

=»> MANY STRUCTURES ARISE




Calculate Hamiltonian matrix H;=(¢|H|b,
— Diagonalize to obtain eigenvalues

HII le Hm'\ EaS———
1—1.21 sz _
\Hy, oo Hyy) S

Use of various algorithms: Jacobi method (small),
Householder method (few 100-1000), Lanczos
method for "very big" matrices (see numerical
schemes).




* VERY - LIGHT NUCLET (A< 12): AB - INITIO CALCULATIONS

X SHELL - MODEL

1p shell : Cohen, Kurath (1965): 15 2b m.e.
2s, 1d shell : Brown, Wildenthal (OXBASH) (1988, 2007): 63 2b m.e.
2p, 1f shell : Hjorth-Jensen, Kuo, Osnes (1995): Bonn (C) potential (1996)
Madrid - Strasbourg, (ANTOINE) (Kuo, Brown-KB force (1996)) 195 2b m. .
KB (fp), KB3, KB36....
Honma, Otsuka, Brown, Mizusaki: GXPF1,...(2004)
ex. 2®Ni: full fp shell: 10° (all M states) (2007)
2p, 1f, 1g4 , ? without reach 2.4 x 10%%all M states)

% RESTRICTIONS

C N C nv  ng(ny): number of active protons (neutrons)
Nz" = Nv Nz (Ny) : number of single-particle (j,m) states
for protons (neutrons)
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Full fp shell-model study of 2°Nli (Horoi et al., PRC 73(2006), 061305)
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STATE-OF-THE ART SHELL-MODEL
CALCULATION IN fp SHELL

Strasbourg-Madrid
(CAURIER, NOWACKI, ZUKER,
POVES et al.)
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Round up of the shell model approach

= Shell model represent a powerful theoretical model to
describe low-energy nuclear spectroscopy

= Having got Ej,, ¥;, one can calculate matrix elements of
operators to compare with experiment (spectroscopic
factors, static and transition electromagnetic moments -
Q, u, B(E2), .., weak decays - B, BB, lifetimes, etc)

= There is a link to the NN interaction, although more
developments in the effective interaction theory is
required

The shell model as unified view of nuclear structure
E.Caurier et al, Rev. Mod. Phys. 77 (2005) 427




