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Self consistent calculations of excitation energies and entropies of highly excited nuclei have been performed 
using the temperature-dependent constrained Hartree-Fock (HF)method with the Skyrme interaction. The selfcon- 
sistent variations of the level spectra as functions of the temperature (at a fixed deformation) are shown to be small 
and practically do not affect the results for the entropy versus excitation energy. The disappearance of the shell 
fluctuations in the potential energy surface of a rare earth nucleus around T ~ 3 MeV is demonstrated. 

Several groups [1 ] have recently calculated level 
densities of  highly excited nuclei. These calculations 
are done within the statistical model using the single 
particle spectrum of  a deformed average nuclear po- 
tential. Starting from a deformation energy surface 
obtained with the Strutinsky method [2],  the level 
density is evaluated as a function o f  deformation and 
of  excitation energy. Ground-state or saddle point de- 
formations have to be determined at each tempera- 
ture, since the shell effects are known to disappear 
at high excitations [2, 3] .  However, the question re- 
mains to what extent the parameters o f  the average 
potential and of  the liquid-drop model (LDM) should 
depend on the temperature. A possible way o f  answer- 
hag this question is to use a selfconsistent approach 
which allows us to derive simultaneously the average 
potential, the single-particle states and the occupation 
probabilities at each temperature. 

We present here some results o f  Har t ree-Fock  (HF) 
calculations at finite temperatures using the effective 
interaction o f  Skyrme which has been very successful 
in describing nuclear properties such as binding ener- 
gies, radii and deformations [4].  This phenomenolog- 
ical interaction can be viewed [5] as an approximate 
effective interaction derived from G-matrix calcula. 
tions [6].  Although the Goldstone-Bruckner ap- 
proach has been generalized to the case of  finite tem- 
peratures [e.g., 7] ,  no numerical calculations of  this 
kind have been undertaken so far. We have therefore 
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to assume that the temperature dependence o f  the 
effective interaction can be neglected. 

The derivation of  the HF-approximation at finite 
temperature can be found in different textbooks [e.g., 
8] and we quote here only those formulae which are 
relevant for our purpose. For simplicity we present 
the formalism without inclusion of  pairing correla- 
tions. Since these are only important at low tempera- 
tures (T ~ 1 MeV) which we are not especially inter- 
ested in here, we have chosen temperatures for which 
the BCS gap is zero (T~> 1 MeV) in all our calcula- 
tions. For T = 0, however, we include the BCS pairing 
in a selfconsistent way as described in ref. [4] (see 
the case o f  168yb below). 

Starting from a many-body Hamiltonian H =fir+c)5 
with a nuclear interaction o~= 0(2) + v(3) + ..., where 
u(P) acts between p particles, one has to solve the 
coupled system of equations 

H(p) %(r) = evcPv(r), ( la)  

Trp=~fv= ~ [I +exp{p(%-u)] -1 =N, (Ib) 
P p 

where N is the number o f  particles, f v are the Fermi 
occupation numbers,/~ is the inverse temperature 
(fl = 1 [kT) and/a the chemical potential. The one- 
body Hamiltonian H(p) is defined as in usual HF- 
theory, but it depends now on the temperature through 
the density matrix p which has the form 

p,.# = Z)f.<,~l,,> <,,Its> (2) 
P 
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in terms of an arbitrary basis lax The HF equations 
(1 a, b) are obtained by minimizing the thermodynam- 
ical potential ~2 = E - T S  - t A V  with respect to ~%(r) 
and f~. The total energy E of the system is 

E = (Sr+c);) = ~ f ~ , e  v - ~ (p- l ) {u(P)) ,  (3) 
p 

and the entropy S is 

S = - ~ V v l n S  v + (1 -Sv)ln(1 -Sv)}. (4) 

The excitation energy E*(T) of  the nucleus is defined 
at each temperature by E*(T) = E(T) - E(0). 

We have performed calculations for the nuclei 
2°gPb and 1 6 8 y b  at temperatures up to T = 6 MeV. 
For the parameters of  the Skyrme interaction we use 
the set Sill which was used in recent extensive calcu- 
lations [e.g., 9] .  For nuclei at spherical symmetry we 
solve eq. ( la)  in coordinate space. (We are grateful 
to M. Beiner and H. Flocard for providing us with an 
improved version of the spherical HF code by Vauthe- 
rin and Brink [4] ). For axially symmetric deforma- 
tions, we diagonalize the HF-Hamiltonian in a trun- 
cated harmonic oscillator basis [4]. 

At high temperatures (T ~> 2 .5-3  MeV), one has 
to pay attention to the effects of unbound states in 
the continuum region, which we included in both 
codes. Moreover in de deformed code, the size of the 
basis and the optimization of its parameters become 
more and more crucial for T > 3 MeV. In order to 
chegk the importance of these effects, it is sufficient 
to compare the results obtained with the two differ- 
ent codes in a spherical case. We found that for 2°gPb 
both the excitation energies E* and the entropies S 
agree within "~ 1% up to T = 2.5 MeV (E* = 110 MeV). 
(13 oscillator shells were included in the basis of the 
"deformed" code.) At larger temperatures, the re- 
suits start slowly deviating, but in a way which does 
not affect the conclusions drawn in this paper. The 
numerical problems will be discussed in more detail 
in a forthcoming publication [10]. 

Physically, the process of nucleon evaporation be- 
comes important at temperatures for which the oc- 
cupation probabilities of unbound states are suffi- 
ciently large. Then the system starts dissociating and 
can no longer be described by equilibirum statistics. 
Our results at very high temperatures (T ~ 5 - 6  MeV) 
do not take this effect into account and are therefore 
of academic interest. 
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Fig. 1. Proton levels e v of  2°spb as functions of  the tempera- 
tute T. The dashed curve is the chemical potential p. 

In fig. 1 we present the proton single-particle spec- 
trum of 2°gPb as a function of temperature. The levels 
e v appear to be remarkably constant. This can be un- 
derstood qualitatively by looking at the behaviour of 
the potentials and the effective masses of the Skyrme- 
HF Hamiltonian (see ref. [4]). We find that the depths 
of the potentials remain essentially constant, whereas 
their r.m.s, radii in 208pb increase by only ~ 1% from 
T = 0 to T = 2.5 MeV and by "-- 3 - 3.5% from T = 0 
to T = 6 MeV. On the other hand, the effective masses 
at the center increase respectively by ~ 1.4 - 2% and 

3%. Both effects are due to the contributions from 
states of higher shells at larger temperatures. The ef- 
fects are, however, not very large and tend to shift the 
position of the levels eu in opposite ways, thus partial- 
ly cancelling each other. 

It is interesting to see how these changes of  the 
selfconsistent solutions affect the excitation energies 
and entropies. To do so, we compare the selfconsis- 
tent values E* (and S) with the approximate values 
E *(0) (and S (0)) obtained by using the [ i x e d  ground- 
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Fig. 2. Entropy S versus excitation energy E* of 2°spb, cal- 
culated at the temperatures indicated (in MeV) along the 
curve. Circles show the selfconsistent values, crosses the ap- 
proximations E*(°),  S(°) derived from the fixed ground-state 
spectrum (see eq. (5)). 

state spectrum e~ 0) (T = 0) and varying only the oc- 
cupations.fv with temperature. This approximation 
corresponds to the approach quoted above [I ]. We 
define thus 

N 
e*<o) = e o)fo)   _ 2 3  °),  (s) 

v v=l 

40)  (7") and S (0) are given by eqs. (4) and ( lb)  in 
(0) terms of the e . The result of  this comparison is 

shown in fig. ~ for 208pb. We see that the errors made 
in approximation (5) are negligible up to T = 2 MeV. 
What is even more remarkable is the fact that the ap- 
proximated values E *(0), S(0) lie on the same curve 
E*(b 0 as the self consistent values, even up to T = 5 
MeV. Thus the quantity of physical interest, namely 
the entropy as a function of excitation energy, is not 
affected at all by the change of the HF solutions with 
temperature. We conclude therefore that it is com- 
pletely sufficient to use the fixed ground-state spec- 
trum e (0) (at T = 0) for calculating E* and S. Some 
preliminary calculations for other spherical nuclei 
lead us to the same conclusion (see also ref. [10] ). 
Calculations of the level density p (E*), which depends 
in a more complicated way on the levels ev, are in 
progress. 

We shortly present some results for the rare-earth 
nucleus 1 6 8 y b  which has a prolate ground-state de- 
formation with a mass quadrupole moment Q2 of  
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Fig. 3. Potential (free) energy of  168yb versus mass quadru- 
pole moment at different temperatures (T = 0, 1,2, 3 MeV). 
The curves with T > 0 are shifted upwards by the amount in- 
dicated in parentheses. Pairing included. 

18.1 barns. We included 11 oscillator shells in the de- 
formed basis. The convergence of  the results was 
checked by calculating some cases with 13 shells. Fig. 
3 shows the deformation energy curves of 168yb at 
different temperatures. The quantity plotted is the 
free energy F = E -  TS  versus the mass quadrupole 
moment Q2. The local minima of the curves, indicated 
by circles, were obtained without constraint. For the 
other points a quadratic constraint on the quadrupole 
moment was used (see Flocard et al. [4] ). At T = 0 
the pairing effects were included selfconsistently in 
the BCS-approximation [4] using constant pairing 
strengths. We checked that the critical temperature 
T O at which the gaps disappear is less than 1 MeV for 
all deformations considered. 

For a fixed value of the quadrupole moment, the 
approximation (5) for E *(0) and S(0) was found to 
be just as good for 168yb as for 2°8pb. We can con- 
clude that the temperature dependence of the HF 
spectra e v can be neglected for a fixed deformation 
of the nucleus. This result justifies a posteriori  the 
non-selfconsistent approach [I ] in which the spectra 
e v are held constant. 

Thus the disappearance of the shell structure with 
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increasing temperature,  which manifests itself in fig. 3, 
is in agreement wi th  earlier results [1 ] .  The equilibri- 
um deformations are almost not affected up to ~ I 
MeV. At  larger temperature they decrease and at T 
3 MeV, where the energy surface is close to a LDM 
surface, the minimum is at a spherical shape. Of 
course our approach is a purely static one. Due to 
the increasing softness of  the spherical barrier,  an in- 
clusion of  dynamics which would allow collective 
vibrations o f  the nucleus could easily lead to an aver- 
age spherical shape already at T ~ 2 MeV. The shape 
of  the curves F(Q) at T ~> 3 MeV can be used to ex- 
tract information about the temperature dependence 
of  tile LDM parameters inherent in the interaction 
used. Such an investigation is in progress. 

More detailed results for the two nuclei considered 
here, as well as for the superheavy nucleus with Z = 
114,A = 298, are presented in ref. [10].  

We are grateful to Professor B. Mottelson and Drs. 
S. Bj#rnholm, A.S. Jensen and P. Siemens for enlight- 
ening discussions. We are especially indebted to Profes- 
sors M. Vdndroni and A.D. Jackson for valuable criti- 
cism of  the manuscript.  The hospital i ty extended to 
us at the Niels Bohr Insti tute together with the sup- 
port  from the Japan World Exposit ion Commemora- 
tive Fund is gratefully acknowledged. 

While this paper was being prepared, our at tention 
was drawn to a preprint by Mosel, Zint and Passler 
(Giessen University), who did similar calculations for 
lighter nuclei. Their results for 40 Ca, showing a strong 
variation o f  the levels e v with temperature and a clear 
discrepancy between the curves S(E*) and S(0) (E *(0)) 
above T ~ 2 MeV, are in contradict ion with  our fred- 

ings. We have therefore done a calculation for 40 Ca 
with the spherical code. The result entirely confirms 
the conclusions drawn above from the 208 Pb case. 
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