7. Nuclear models

7.1 Fermi gas model

7.2 Shell model



Fermi Gas Model

Free electron gas: protons and neutrons moving quasi-freely within the
huclear volume

2 different potentials wells for protons and neutrons.
Spherical square well potentials with the same radius

Statistics of the Fermi distribution

Given a volume V the numer of states dn goes like:

dn = Amp*dpV If T=0 the nucleus is in the ground state and
(2nh)’ is the maximum possible
momentum of the ground state.
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sz,n _ Vpi,p N= number of neutrons

32 T Z= number of protons
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Spin 1/2 particles
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The nucleon moves in the
nucleus with a large momentum
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Fermi Energy |E, = Pr_33 Mev
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Binding Energy: BE/A= 7-8 MeV
VO:EF"'B/A"’ 40MeV

>Nucleons are rather weakly bound in
the nucleus
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Potential well in the Fermi-gas model

The neutron potential well is deeper that the proton well because of the
missing Coulomb repulsion. The Fermi Energy is the same, otherwise the p-->n
decay would happen spontaneously. This implies that they are more neutrons
states available and hence N>Z the heavier the nuclei become.
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Calculation of the state density

Considering the approximation that the nuclear potential shold have a sharp
edge in correspondence of the nuclear radius, one can approximate that to
particles trapped in the pot potential

n’ oy vy

2m v 2m\ ax®  ay’ ¥ J 2) v Volume in

W *X which the
e (zx) = E, X(x)..... Y(r)=Xx)Y(y)Z(z) state densiTy

2m  oOx

/ is calculated
«—» 4 g

a

YZE X + XZE Y + XYE ,Z = EXYZ

2
i ;( W) __x k- %\/ZmE
X

X, =A™ +B,e™ Boundary Conditions:at x=y =7 = % :X=Y=72=0

2 2i T\ TN

X7 =——cosk;x X, =——sink;x k, =—_,A=135.. k;=—,A1=0,2,4...
A a A A a A A T

2 2

EX = h—ki = L(”_)‘h)
2m 2m\ a
2 2
E=L(n—h) (Ai+)@+l§) p’ =2mE=(n—h) ()\i+)\§+)\.§)
2m\ a a

Qz)u3za3p3



We count how many states we have in a spherical volume of radius between p
and p+dp

P =X+ X+ A dQ=4mp°Sp
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Hierarchy of energy eigenstates
of the harmonic oscillator potential

N o 1 2 2 3 3 4 4 4
né Is 1p 1d 25 1f 2p 1lg 2d 3s -
Degeneracy 2 6 10 2 14 6 18 10 2
States with E< FE,, { 2 8 18 20 34 40 58 68 70 --

N = 2(n-1) + |
E = hv(N + 3/2)
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Shell Model Potential

$kin thickness
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Spin Orbit Coupling

It changes the hierarchy of the energy levels:
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The energy levels transform into nj; levels.



Saxon-Wood Potential Shell model

12

. —— — — — —

12 52
13/2
g =
2(21+1) —
SRR 7 S
3s th  —— oSy e,
- s e e b e e b e 1/2
2d 4@ - - - e 2 ‘1;}223/2
@8 ’ 772
19 _1.8_._..\_1/_ ................. _ - -_—._élz_-_-
2p 6-@ _______________________ B S
lf _1_4. ___________________________ @ ._.-_ w S

) _—_— e
. o =l
B —i2_" Spi '
. I o pie——1 2, SP'”’,O'”b'Jr
coupling
s _2, .................................. T{W 2 is Neutrons V2

Single particle level calculated in the
shell model.



Single-Particle-Spectrum of the Wood-Saxon Potential
for a heavy nucleus
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Energy of first excited nuclear level in gg-nuclei
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Excitation Energy

Energy levels of some nuclei
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Nuclear Magnetic Moments in Shell Model
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Wigner-Eckart Theorem: The expectation value of any vector operator of a system
is equal to the projection onto ist angular momentum
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In the case of a single nucleon in addition to the close shell the angular
momentum of the closed shell nuclei couples to 0. The nuclear magnetic
Momentum of is equal o the nuclear magnetic mom. of the valence nucleon.
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Magnetic moments:

Shell model calculations and experimental values

Nucleus  State J* Mo de‘lb [ NExpt
N p-lp, 1/27 —0.264 —0.283
O  n-lpy, 1/27 +0638 +0.719
"0 n-1d,, 5/27 -1.913 -1.804
"B p-ld;, 5/27 +4.722 +4.793




