The Shell Model

1. Similarities and differences between modeling the
atomic electrons and the nucleons

* Both electrons and nucleons are fermions

* Electrons are negatively charged, while nucleons can
be positively charged or neutral

* Occupancy of electrons and nucleons is governed by
the Pauli Exclusion principle

* Interactions are electromagnetic and strong (in the
nucleus)

2. Simple — complex atoms
hydrogen-like — many electrons

Screening of the nuclear charge — more complicated
QM problem to solve.



Atomic Energy Levels forn=1to 4 in (a) a Hydrogen -Like

F- -
igure 5.1 Atom and (b) a Many-Electron Atom

| Note that the energy axis is not to scale.
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Occupancy of Atomic Energy Levels in Order

Table 5.2 of Increasing Energy
Degeneracy Accumulated
Shell n ) Notation 2(21+1) Occupancy
K 1 0 1s 2
L 2 0 2s 2
L 2 1 2p 6 10
M 3 0 3s 2 12
M 3 1 3p 6 18
N 4 0 4s 2 20
N 3 2 3d 10 30
N 4 1 4p 6 36
0] 5 0 Ss 2 38
o 4 2 4d - 10 . 48
(0] 5 1 5p 6 54
P 6 0 6s 2 56
P 4 3 4f 14 70
P N 2 5d 10 80
P 6 1 6p 6 86




Magic Numbers for the electrons

Figure 5.2 Electron lonization Energies as a Function of Z
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What is the evidence for Nuclear Shell Structure?

We studied binding energies in the previous chapter when we
constructed the semiemperical mass formula. Is it possible to see
unusual binding energies as a function of N or Z in the nucleus, similar
to the deviations of binding energies observed in complex atoms?

Differences Between the Measured Binding Energy per

Figure 5.3 Nucleon and the Value Predicted by the Liquid Drop
Model as a Function of A
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Further Evidence for a Nuclear Shell Model

Change in the Measured Nuclear Radius for a Change in

Figure 5.5 Neutron Number AN =2 Normalized to the Change
Predicted by Equation (3.23) ‘
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Further Evidence for a Nuclear Shell Model

Flgure 5.6 | Number of Stable Isotones as a Function of N (Even)
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Figure 5.7 Absorption Cross Sections for 1 MeV Neutrons
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Further Evidence for a Nuclear Shell Model

Energies of the First Excited 2+ States of Even-Even

Figure 5.8 Nuclei as a Function of A and Z
The relevance of the first excited 2* state is discussed in Chapter 6.
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Table 5.3 Example of Spherical Harmonics for Small Values of /

l m ' Yim (0, 9)

0 0 (1/4m)v2

1 0 (3/4m)Y2 cos 6

1 *1 F(3/87) 2 sin G ¥

2 0 (5/16m)12 (3cos? 6-1)

2 +1 F(15/87m) 2 sin O cos O ¥
2 2 (15/327)2 sin? @ e*%¢

Table 5.4 Some Examples of Spherical Bessel Functions
l filkr) _
0 sin kr/(kr) »
[sin kr/(kr)?] — [cos kr/(kr)] -
2 ~ [3sin kr/(kr)*] - [3cos krl(kr)?] — [sin kr/(kr)]

Figure 5.10 Spherical ‘Bessel Functions for / = 0,'1, and 2
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The First Four Zeros of the Spherical Bessel Functions

Table 5.5 as a Function of /

I ' Zu(l)

3.1416, 6.2832, 9.4248, 12.5664, ...
4.4934,7.7253, 10.9041, 14.0662, ...
5.7635, 9.0950, 12.3229, 15.5148, ...
6.9879, 10.4171, 13.6980, 16.9236, ...
8.1826, 11.7049, 15.0397, 18.3013, ...
9.3558, 12.9665, 16.3547, 19.6532, ...
10.5128, 14.2074, 17.6480, 20.9835, ...
11.6570, 15.4313, 18.9230, 22.2953, ...
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Energies and Occupancy of Nucleon States for the Infinite —
16 Table 8.6 I Square Well Potential
17 Accumulated
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Nuclear Energy Levels for an Infinite Square Well, a
Finite Square Well, a Square Well with Rounded Edges,
and a Square Well with Rounded Edges Including Spin
Orbit Coupling

Figure 5.11

. The numbers on the right hand side of the figure show the cumulative occupancy for the
final case. The harmonic oscillator energy levels are shown for comparison.
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Comparison of Nuclear Energy Levels for (a) Neutrons

Figure 5.14 and (b) Protons
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