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1. 

ABSTRACT 

Thermal properties of nuclear surface are investigated in 
a semi-infinite medium. Explicit analytical expressions are given for the 
temperature dependence of surface thickness, surface energy and surface 
free energy. In this model the temperature effects depend critically on 
the nuclear incompressibility and on the shape of the effective mass at the 
surface. To illustrate the relevance of these effects we made an estimate 
of the temperature dependence of the fission barrier height. 
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Studying physical phenomena where nuclei are highly excited, 
like in high energy deeply inelastic proton or heavy ions collisions, it has 
become usual to introduce the concept of temperature and discuss the results 
in terms of "hot" nuclear matter. Tn a parallel direction, the thermodyna-
mical properties of nuclei have been studied theoretically by several authors 
using Hartree-Fock (HF) [1-6] or E.xtended Thomas-Fermi (ETF) [7-12] methods 
at finite temperature. 

In general, fIF and ETF calculations predict rather small 
variations with temperature of the liquid drop model parameters and of geome
trical properties of nuclei. However some phenomena (fission, abrasion and 
fusion of heavy ions, particle evaporation,...) seem to depend critically on 
the surface properties. Since exact HF or ETF calculations at finite tempera
ture can be carried out only numerically, it is difficult to understand in 
a simple way which are the relevant ingredients of the nuclear hamiltonian 
determining the thermal properties of the nuclear surface. In this context, 
simple analytical relations between thermal surface properties and relevant 
parameters of the nuclear mean field are of great interest. 

In the thermal HF and ETF calculations one minimizes the free 
energy F= U - TS of the system at a finite temperature T [1]. The main effect 
of the temperature is to modify the energy U and the entropy S through the 
occupation probability of the single particle states j of energy £., which 
is supposed to be of the Fermi type 

n} = [exp( E j - ,1) I T + 1J"1 (1) 

This definition of the occupation probability permits to evaluate the one 
body density matrix, which is needed to write the Hartree-Fock equations, as 
well as to derive the extended Thomas-Fermi relation between the kinetic 
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energy density and the diagonal one body density. 
In order to get analytical results, we made here a simplified 

treatment of the problem. We will perform an expansion in T 2 of the thermo
dynamic quantities and follow the methods of ref.[13] to analyze the tempera
ture dependence of the surface properties of nuclei. 

One starts from the following expression for the free energy 
per particle s 

F/A v < p 0

) / P o + 1 / 1 8 - K / A - / < p ( r ) - p 0

) S / Po • p f r 1 S 

+ 1/A .ft' B /2m . f(| V p | ! / p + t 1 2 | V p |* ) dr 

- ,r*/(2A).T7(3/2 T,*)m. f m*< p (r)) p 1 / 3 ( r ) dr (2) 

Eq. (2) has been derived, in the limit of small T, using a density dependent 
energy functional of the Skyrme type. The first two density dependent terms 
approximate the volume parts, K being the incompressibllity. The term with 
the parameter t.- includes the gradient terms coming from the non-local 
parts of the force and m ( p ) is the effective mass. We have also used the 
following expressions for the nuclear density, kinetic energy density and 
entropy density, in terms of the degeneracy parameter r) ! 

p = it*.(2m*T/**) 3 / 2. 3 1 / 2 ( n ) 

T = ir l.(2m*T/fi l) 5 / 2.33 / 2( n ) + 0 | V p | 2/p (3) 

S = ir*.5/3.(2m*T/* 2) 3 / 2 3 3 / 2 ( „ ) - np 

with the Fermi integrals 3 given by 

3 V ( n ) = f xv /(1 * exp(x- n))dx 



We have added a Weizsacker type term in the expression for T to ensure 

a correct behaviour at the surface. The optimal value for the parameter 

was found in ref.[13] to be T - 1/9. 

Assuming now a Woods-Saxon shape for the nuclear density 

p (r) = p 0/(1 + exp(r-R)/a) (4) 

and expanding equation (2) up to terms in 1/R one gets 

F/A a E * v t Ka/12 R +n* p /2m. 3/2 aR.(1 + t 1 2 p J3) 

-J-TT' m*/fi*k* . (1 + 3a y /R) (5) 

NM 
where E is the infinite nuclear matter energy at the saturation density 

(*) p and y is defined by the expansion : 

/ m"( p ) p 1 / 3(r) dr = A m*( p „)/ p * / 3 .(1 + 3 a y /R + ...) 

(6) 
Deriving eq.(5) we have neglected terms coming from the variation 6p 

due to the temperature. Performing the variation 3 (F/A)/3 a one gets 

a = a» (1 • a V) (7) 

where 

a = 9 TT2.m*y/ti* k* K (m* = m*( P ( >)) (8) 

and a 0 is the surface thickness at zero temperature 

a° = [ 9 fr (3.(1 + t 1 2 p0/3)/Km ] 1 / 2 (9) 

From the previous equations we can also write 

(*) * 
If m ( p ) is approximated by a polynomial in p , y can be determined 
analytically. See ref.[14] for the corresponding integrals. 
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E s = Es ° + a V ) 

(10) 
F s = F° (1 - a T 1) 

for the temperature dependence of the sutT.ioo energy and surface free energy. 
At T = 0 we have E° = F° = a°K/6r (see rof'.l 13'J). Relations similar to our s s o 
eqs.(IO) were already demonstrated by Treliwr in ref.[11]. 

As follows from equations (7-10) in this simplified model 
the relevant parameters for the thermodynamic properties of the surface 
are the effective mass and the nuclear incoinpressibility (the Fermi momentum 
kr- being well determined by experiment). Tlit- presently accepted value for 
the incompressibility is K = 220 ± 20 MeV. However some of the "standard" 
thermal HF calculations have been performed with the Skyrme-III forcef for 
which K = 360 MeV. This implies an underestimate of a of about 50 %• More 
crucial are the uncertainties on the effective mass, because of the critical 
dependence of the parameter a on its radial shape at the nuclear surface 
(eq.(6)). Furthermore it is well known that the shape m /m = 1/(1 + b p ) , 
that corresponds to the Skyrme forces, is unable to reproduce the correct 
single particle density of states around the Fermi level, while keeping a 
reasonable value m /m = 0.8 +0.1 in the interior of the nucleus. On the 
other hand, It has been suggested that the effective mass should depend on 
ener y, being larger than the bare mass near the Fermi surface [15-17, 23]. 

# This behaviour can be partly simulated by an effective mass m (r)/m > 1 
near the nuclear surface. For this purpose, we have considered the following 
radial dependence 

m*/m = 1/(1 + b p + c p 2 ) (11) 
which can be generated by adding a density and momentum dependent term to 
the Skyrme forces. Using the values b = - 6.7 and c = 53.0 eq.(H) gives 
m /m a 0.8 for p = p and m (p)/i: 1.2 at the nuclear surface. In table 1 
we have reported the values of the temperature dependence calculated according 
to formula (8) for various standard forces [13,18,19,20] as well as for 
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this new force (SX). One remarks a wide dispersion in the values of « , 
and specially a much larger value for the force SX. 

To illustrate the relevance of thermal effects on surface 
quantities, we briefly consider the effects of temperature on the height E f 

of the fission barrier. A semi-quantitative estimate of Ef can be given 
using the formalism of the liquid drop model [22]. The key quantity is the 
fissillty parameter x = E ,/2F for which, neglecting the temperature 
dependence of the Coulomb energy E c o u l which can be shown to be small [*,21], 
we get the following expression 

x = x (1 + a T') • (12) 
o 

where x is the fissility parameter at J = 0. When x s 1 [22], the relative 
variation of the fission barrier height with temperature is given by 

E f(T)/E f(T = 0) = [1 - x o a T'/O - x Q)]' (13) 
According to this formula the fission barrier disappears at a temperature 

T - [ (1 - x 0) / x 0 a ] 1 / 2 ' (1*) 

The figure shows the behaviour of eq.(13). One observes a critical dependence 
of the reduction of the barrier height on the nuclear forces. 

In conclusion, we have shown in the framework of a simple 
model a relation between the temperature dependence of surface properties 
(energy, free energy and thickness) and the nuclear incompressibility and 
the effective mass at the surface of the nucleus. We believe that the model, 
although very schematic, contains the main physics associated with a mean 
field description of the nucleus. The main result is that the thermal proper-
tins of the surface depend critically on the parametrization of the Interaction. 
This result has to be kept In mind when conclusions based on the results of 
much more elaborated selfconsistent calculation are drawn. 
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Effective 
Interaction 

Réf. 
(fm n) 

K 
(MeV) 

m /m Y a 
(MeV"2) 

S-III 
SkM 
BL 
SX 

[19] 
[20] 

[12,18] 
see 
Text 

1.29 
1.33 
1.36 
1.30 

360. 
217. 
250. 
235. 

0.76 
0.79 
1.0 
0.Ç0 

3.4 
3.3 
2.5 
5.6 

0.009 
0.01* 
0.012 
0.0 A 
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TABLE CAPTION 

FIGURE CAPTION 

Temperature dependence parameter a calculated according to 
eq. (8) for various effective interactions. We have also 
indicated the corresponding values of the Fermi momentum 
k F, incompressibility K, effective mass in infinite nuclear 
matter m /m and the parameter y defined by eq.(6). 

Relative variations of the fission barrier height as a 
function of temperature according to eqs.(8) and (13). 
The effective interactions are the same as in the table. 
We have used x = 0.77, which corresponds to a nucleus 
A = 2W. 



2 ,3. 
T(MeV) 


