Effects of Finite Size on
Thermodynamic Properties of Nuclei

Eileen Maeve Manion-Fischer
Kent State University
Graduate Student Mentor: David Carson Fuls
Faculty Mentor: Dr. Shalom Shlomo
Cyclotron Institute REU



Introduction

An important ingredient of the theory of
nuclear structure and nuclear reactions is the
single-particle (SP) level density, g(¢),
associated with the nucleus mean field. This
summer, | investigated the calculation of this
quantity for various nuclei using the Thomas
Fermi approximation and compared my
results with the Fermi gas model. | also used
the single particle level density to calculate
thermodynamic properties of the nucleus,
including entropy and excitation energy.



Quantum Mechanics

o find the wave function of a system, (such
as the nucleus), you have to solve the many
body Schrodinger equation

Hy,=Ey, — W(rl’ 0, ... rA)’ E
Nucleons in the nucleus can be described
by the many body Hamlltonlan
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Mean Field Approximation
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Slater Determinant

The wave function for the whole nucleus will
be a product of the wave functions for the
individual nucleons. Due to the Pauli
exclusion principle, we have:

A(h) ,(0) .. ¢,(1)
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Level Density

Let N(E,) be the number of excited states of
the many body system up to E,.

The level density of a system gives the
number of states within an interval of

energy. dN
p(E)=—
dE

H(E)=Trls(E-H)

p(E)= ;5(5 -E,




Nuclear Level Density

In the independent particle model the
nuclear level density is given by

p(E,)= Eiexp[Zﬁ |

where E, is the excitation energy an a is the
so called level density parameter.

_ 12
d = 67 gs (gF )
d.(€¢) is the value of the smoothed single
particle level density at the Fermi energy, &¢.



Single Particle Level Density

The single particle level density is
calculated using the energies from the
single particle states.

Ng = &9,

9(5)225(‘9_5i) ) //

N(e)=[ ole)de
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Thomas-Fermi Approximation

In a semi-classical calculation of g(g), we
have the Thomas-Fermi Approximation

()= [dr dp e - (22-+v (1))

(2 h)
Integrating over p, we have

0rr () = % (22)** [d°F (e -V)?O (e V).




Fermi Gas Model

The Thomas-Fermi approximation,
evaluated with a square well potential of
depth V, gives the Fermi Gas model result
for the level density

Ji =5 (2_?)3/2\/5_\/0

For finite V, we must subtract the
contribution of the free gas states above =0

g, = 12Q(2—m)3/2 e >0
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Thermodynamic Properties

Using the single-particle level density, we
can calculate various thermodynamic
properties of the system within the IPM.

S(T) :—jg(g)[f In f +(1— f)In(L— f)]de
E(T) =jgg(g) f(e, 1, T)de
A:jg(g)f(g, 1, T)de.

fe, 1, T)= 15#
l+e ™




Zero Temperature Limit

In the zero temperature limit, the entropy is
S =2al,

And the excitation energy is

E" = E(T)-E(0) =aT?,

a:%ﬂ-zgs(‘gF)'



Harmonic Oscillator Potential

The HO potential is of the form
VI (r)=imae?r

Using the Thomas-Fermi approximation, we
obtain for the single-particle level density

gTF (&) =¢" l(hw)’



Trapezoid Potential
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Level Density in TR Potential

In the trapezoid potential, the single particle
level density is

gTF(g)— (hzj 47T(R D)’ JE-V, [1+2x+8x2+16x]

2D(e-V,)
(R B D)Vo |

with X=-



Subtracting the Free Gas States

Since the SP potential is finite, the level
density must be corrected above £€=0 by
subtracting the contribution of the free gas
states:

1 (2m 3/2472- R—D3
272'2(752) ( 3 ) \/;[1+2u+%u2+%u3]’

with U =— 2Dé¢ - for e >0.

(R+D)V,
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Conclusion

We have calculated the smooth single-
particle level density, entropy and excitation
energy for several nuclei, using a realistic
potential well and properly accounting for
the continuum. We demonstrated that the
commonly adopted Fermi gas model, g(€) =
Cg, is not appropriate for finite nuclei. The
effect of finite size of the nucleus leads to an
Increase Iin the entropy and excitation
energy by more than 50%.
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