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The region of abrupt changes in the nuclear structure are also often visible in a graph of
E against I. Figure 5.26 illustrates the case of '$Yb. The ground state band has the lowest
energy up to I = 10. Starting from there the yrast line follows the excited band that begins
in 12+, At 30" we have a new turn, with the beginning of a new band. The first turn is
visible as a change in the inclination of the yrast line, but it appears in a much clearer way
in the plot r against w? inserted in the figure. The second turn is visible only in this last
graph.

An even-even nucleus at the ground state has all the nucleon pairs coupled with angular
momentum zero and, in this situation, it is equivalent to a superfluid. The pairing broken
by the centrifugal force corresponds to a transition of the superfluid phase to that of a
normal fluid. In this aspect there is an analogy with a superconductor, where a magnetic
field provokes the change to normal conduction phase (Meissner effect).

For very high rotation speeds the new forces that govern the nuclear balance can make
the surface of the nucleus assume forms very different from the ground state form. In
particular, rotational bands where the nucleus has a very large deformation have been
discovered since 1985, Today we know more than 160 superdeformed bands distributed in
four regions, of A = 80, 130, 150, and 190. In these bands the nucleus has a prolonged
ellipsoidal form with a ratio between the axes of 2:1, 1.5:1, 2:1, and 1.7:1, respectively. Only
a few superdeformed bands can have a well established connection with the yrast line,

5.10 Microscopic Theories

Microscopic theories for the nuclei start with a fundamental NN interaction and build the
properties of the nuclei in a self-consistent way. There are numerous theories which have
been developed for different purposes. We will describe only two of these theories whose
goal is to describe the static properties of the nuclei, for example, their density profiles,
binding energies, etc.

5.10.1 Hartree-Fock theory

Let us consider a system of particles with a central (mean-field) potential, Uy, and a two-
body (particle-particle) potential, v, for instance, the atomic electron system

A
H=> [T+ Usr)] + % > v, (5.117)

i F
where the factor % prevents double-counting the two-body interaction energy (see figure
5.27a). The interaction v in (5.117) is the residual interaction of (5.37).

Neglecting v(r;, rj) , we have

]’Ll
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Figure 5.27 (a) Particles, i and j, interacting with a mean field Up(r) and among themselves
with an interaction v(r;, 1;). (b) Labeling of states used in Hartree-Fock calculations.

If antisymmetrization is neglected, the total wavefunction is given by (5.40) and the average
interaction felt by particle i due to all other particles is

A,
Ui(r) = Z] di?g-\l/f,(rj)\zv(rf,rj). (5.119)

#i

Now we add this potential to (5.118) and obtain a new wave equation:

{—% V2 4 Uplr) + Ul(r)} Y1) = ey(r). (5.120)

The Hartree method is now clear: one begins with the shell model Hamiltonian (5.118)
and constructs the total wavefunction (5.40). From this wavefunction one calculates the
average two-body interaction (5.119). One then solves the new wave equation (5.120). This
sequence (5.40) — (5.119) — (5.120) is repeated (a process called iteration) until a stable
solution is found. In general, only a few iterations are needed if | Up(r)| > |Us(r)]-

The Hartree-Fock method is easily derived from a variational method. The total wave-
function is now antisymmetrized as

L2, A) =AY ()2(2)...Ya(A), (5.121)

where Ay (1)y2(2) ... Yra(A) is the Slater determinant of 5.42.
For a small variation 8¢, the energy expectation should be stationary. Thus,

8(p|HIg) = (5¢|HIp) = 0. (5.122)

The variation of 8¢ should preserve normalization of the wavefunctions:

fh[/i(r)\zdjr =1 (5.123)
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Now we solve the many-body Hamiltonian with two-body forces only, that is, with the
Hamiltonian of (5.35). The expectation value with the wavefunction (5.121) is

hz A
GIHIP) = —5— Z[w(,)vzwr)day

il A .

+ 25T v (e ) g d
L5 [f o
1 A

g f f Y (e, ) e )y rd’ (5.124)

i

The last term is a consequence of antisymmetrization. Applying the variation on ;(r) we
obtain
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where ¢; is seen ag a Lagrange multiplier that enforces the constraint (5.123). It has the
significance of a single particle energy.
We can rewrite (5.125) as
W2

= EV;)Wi(r) + / @ U U )g(r) = evr), (5.126)

where U(r,r’) is the self-consistent field

A A

Ufr,ry =8t — 1) Z/ &r v(r,r’)x{/j(r’)ijzj"(r') - Zv(r, r’)gffj(r)p/@*(r'). (5.127)
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The first term is the direct term (Hartree field). The second is called the exchange inter-
action and is nonlocal. This nonlocality is closely related to the range of the two-body
interaction. If we use a 8-force, then the Fock (or exchange) term is also local.

In constructing the HF (Hartree-Fock) determinant one naturally selects the A lowest
energy wavefunctions. Thus the HF state corresponds to a Fermi sea of particles with a
sharp Fermi surface.

Asin the Hartree method, one guesses aninitial U, solves (5.126), finds ; , calculates
(5.127), finds new s, and so on, until the desired accuracy is achieved.

s5.10.2 The Skyrme interaction

The most popular effective interaction used in Hartree-Fock calculations is the Skprme
interaction. Tt is based on the fact that a finite range interaction can be simulated by a
momentum dependence. This can be shown by transforming an interaction V(r), where




