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Self-consistent calculations for excited nuclei are performed in the framework of the relativistic mean-field
theory at temperatures between 0 and 4 MeV for 193 spherical even-even nuclei. The temperature dependent
macroscopic part of the thermal energy was approximated by a liquid-drop type formula. The average depen-
dence of the single particle level-density parameten mass and isospin of the nucleus is established.
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The temperature dependence of the internal energy of a We give in the following a short overview of our ap-
nucleus is of special importance for the description of decayproach and present the numerical results obtained in the
modes of compound nuclei formed in heavy-ion collisionsRMFT for 193 spherical even-even nuclei. Investigating the
[1] and for all kinds of transport theories. Similarly to mod- temperature dependence of #neerageRMFT nuclear ener-
els based on the extended Thomas-Fe(fiiF) approxima-  gies we are able to determine the dependence of the level-
tion [2,3] of the nuclear many-body problem in connection density parametesi on mass and isospin.
with Skyrme interactions we observe in the relativistic mean- The calculations were performed for spherical symmetry
field theory(RMFT) [4] the nearly exactly quadratic depen- Within the RMFT with the NL3 set of Lagrangian parameters
dence on temperature of the macroscopic part of the nuc|e£ﬁ]. The self-consistent procedure includes the resolution of
energy. the Dirac equations for the fermiomsp and of the Klein-

Using the Strutinsky shell-correction methfs] we can ~ Gordon equations for the mesopsw,o. These equations
subtract the shell effects from the RMFT self-consistent enare solved iteratively until a self-consistent solution is
ergy in a similar way as this was done in R@] for nuclear-  reached.
structure calculations with the Gogny effective interaction. The self-consistent mean-fields result in single-particle
Estimates obtained in this way for the macroscopic bindindevel densitiesgq(e),q={n,p} which show a significant
energies at zero temperature were used as reference pointssteell structure at low nuclear excitation energies. At higher
observe the change of the average internal energies with teriemperatures T~3 MeV) the shell effects disappear. The
perature. The Strutinsky shell-correction method can also bghell structure in the level density can be removed by the
formulated at finite temperatufd]. We did not attempt to  Strutinsky prescriptior{5]. One obtains the average level
use this prescription here, but rather establish an approximatgensityg(e) by a folding procedure
way to describe the fact that shell effects are washed out
when the nuclear temperature increases, so that for ,
T=3 MeV they have essentially disappeared and the nucleus = _ L I (8_8

. . . - . gq(s) fn
has become a semiclassical object. Similarly as done in Ref. 7\/; — v
[3] in the case of Skyrme forces we approximate the change

of the RMFT internal energies with temperature by a liquid- _ hi idi | il of
drop—like formula. Here y is a smoothing parameter arfig is a polynomial o

The temperature dependence of the thermal energy giv&rder X correspo_nding to the so-called curvature correctiqn.
some information about the single-particle level-density in'he shell-correction energy can be obtained by subtracting
the considered nucleus. In our analysis we do not include théhe Strutinsky smoothed enerdy from the sum of single-
effects of the pairing interaction because for nuclear temparticle energiegs , . At zero temperature we have
peratures larger than 1-1.5 MeV the pairing correlations in
nuclei are negligibly small, as was shown in Ref] on the
basis of shell-model Monte-Carlo calculations. Also the ef-
fect of the projection on a given particle number is neglected X
in our calculations. We conserve only the average number of => 285,q)—2f Yegq(e)de. 2
protons and neutrons in the nucleus when the temperature v o
increases. It was shown, e.g., in Rg®] that the energy
obtained in such an approximation for higher temperatureshe position of the average Fermi energﬁ%sis fixed by the
differs only slightly from the projected one. We would like condition
also to stress that in our model we obtain only estimates for
the single-particle level-density as contributions from the -
coIIectlye degrees of freedom are, .by the very nature of the quzﬁqéq(s)ds, Ny={N,Z} &)
mean-field approach, not included in our calculations. —w

)e‘(T)qu(s’)ds’. 1)

SE{L(0)=E® (0)—E@(0)
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for the particle number. To obtain the shell-correction energy s 19 [~ " "]
SE¢he(T) at finite temperature we have taken advantage of i 0r /\V /\ VA
the fact that the shell structure is washed out as the nuclear 3-10 1
tempe_rature increases. It was shown in Ré¢i€),1]] th_at i 201 O oo g Snsm Pb 1141
magnitude of the shell-correction energy decreases with tem- -30 - : ] ] : :
perature by a factor 0 50 oo ZO 200 250 300

2772'[' 4 510

3-10 +

where 7w represents the average spacing between two & oq |
mayor shells which is parametrized in the usual way as ®© g L N=50, N-=82  N=126 -
ho=41 MeV/AY3. We then have 0 50 100 150 200 250 300

A

oE T)=06E 0)p(T 5
shei( T) shei 0) #(T) © FIG. 1. Strutinsky shell corrections evaluated within the RMFT
and this shell-correction energy at finite temperature shouldr some isotopigtop) and isotonic chaingbottom.

be subtracted from the corresponding self-consistent energy _ _ _
to obtain the RMFT estimates of the liquid-drop type energy The proper estimate of the level-density parameteits

at finite temperature mass and isospin as well as its deformation dependence is
crucial whenever the free energy has to be used, as, e.g.,
E(T)=Eruer(T)— SESL(T)— SELL(T). (6)  when evaluating fission barriers at finite temperature. Usu-

ally, in a rough estimate, this quantity is assumed to be pro-
It is known that for medium-heavy nuclei the nuclear shellportional to the mass number
effects disappear at~2.5—-3 MeV [12] and we expect that
the RMFT results for temperatures above this value are of
purely semiclassical nature.
The temperature enters into the calculation of the self-
consistent energy via the levels occupation in the form of and as a crude but quite practical rule one can take 0.

A
a=— Mev 1! (12

Fermi function[12]: To study the magnitude of the level-density parameter
. throughout the periodic table we attempt to give an expres-

Ne(e)= 1+exp{8_)\q” ) sion ofa as function of the mass numbéarand the reduced

T T ' isospin parametet=(N—Z)/A. To this aim we have ex-

. . _ tracted its values for a very large sample of nuclei ranging
where the Fermi energy, is found from the particle- from 260 to the region of super-heavy elements by fitting the

number-conservation condition average energy at finite temperat®#€T) to Eq. (9).
The macroscopic part of the self-consistent energy can be
22 nr(e,)=Nj. (8) nicely approximated by the liquid-drop type formy&13].

The same should be true for the macroscopic part of the

The average energy of a nucleus obtained self€Xcitation energyE(T) of a hot nucleug3]. So the most

consistently by solving the RMFT equations with the tem—COhSi$tent way to appr(_)ximqte _the ene(gy would be_ ex-
perature dependent occupation numbesés) and by the pressing the parametarin a liquid-drop—like formula:
shell-correction procedure described above can be approxi- -
mated by a para%ola PP a=ayo(1— Kyl )A+asun(1 Ksurf )A2/3+a IZZA (lf3)

Ermer(T)=E(T) + 6Egnei( T)~E(0) +aT?+ SEghe( T), Our calculations were performed for 193 spherical even-
even nuclei ranging frod =8 to Z= 114 with several series
of isotopic and isotonic chains placed between the neutron
and proton drip lines. We have chosen the nuclei having
quadrupole moments egagilcall)z/esesgoual toszzero 3gcg6rd|ng to
S(T)=2aT. (10 Rsefsogf] szTgoeSSre 9%r?403n Oso 84SmNe162 22Aogb Isotor?(las
We have neglected pairing correlations when evaluatinghe isotonesN=50 with Z=36—42, N=82 with Z=40
the RMFT self-consistent energy so that there is no need te- 80, andN=126 with Z=54—98 plus 60 other spherical
include the pairing correction energy in E§). nuclei along theB stability line.
From Egs.(9) and (10) we can conclude that, except for ~ The Strutinsky shell correctionSEg,, evaluated at zero
shell effects, the Helmholtz free energy takes the form temperature are presented on the upper and lower part of Fig.
5 5 5 1 for the considered isotopic and isotonic chains, respec-
F(T)=E(T)-TST)=E(0)—aT> (1)  tively. One notices that the amplitude 6Eg,. exceeds 10

wherea is the average level-density parameter which is re-
lated to the entropys by
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FIG. 2. Temperature dependence of the smooth part of the 0 50 100 150 200 250 300 0 50 100 150 200 250 300
RMFT energy of 1'85n (starg and its quadratic approximation A A
(solid line). FIG. 3. The average level-density paramedenbtained in the

RMFT model (starg for seven chains of isotopdsipper lef}, for
three chains of isotongsipper righj, and for a series oB-stable
nuclei (lower left) is compared with the estimates of REE5] for a

MeV for some nuclei. The tgmperature dependence of thes’(‘f‘h‘fuse Fermi gagdotg and with the results obtained 8] within
shell corrections are approximated according to (Gy.

; . the extended Thomas-Fermi approximation to the Sk®&kyrme
For all nuclei the self-consistent RMFT enerBywver(T)  interaction(dashed lines The corresponding factorsof Eq. (12)

grows with temperature, but its slope depends strongly oRye given on the lower right part of the figure. Solid lines corre-
the proton and neutron numbezsandN of the isotope. This  gpond to the fit made with the LD-like expressici8).

dependence is almost parabolic for temperatures
T<3 MeV when the shell-correction energy is removed
from the energieEgyer(T) by the Strutinsky procedure
[Egs. (1)—(6)]. A typical example of such a dependence is
plotted in Fig. 2 for the nucleus®Sn. The stiffness of the
parabola is just the average level-density paraneeterEqgs. " ; . !
(9), (10). As the variation of the nuclear energy as functionSkNI S"y.”“‘? mteracu_or[le] (dashed liness . )
of the temperature is considerably larger than the shell: The S.Olld lines on Fig. 3_cqrrespond to the fit made with
: T the LD-like formula(13). A similar plot but for theB-stable
correction energysEse this difference between the full o7 presented in the lower lhs of Fig. 3. It is seen that
RMFT energies and their semiclassical counterpart would bge R\FT estimates are smaller than the data obtained for
hardly visible on the figure. _ o the diffuse Fermi gas and slightly larger than those evaluated
One also notices that the quality of the quadratic fit of theith the Skyrme force. The averagedependence of tha
level-density parametea through Eq.(9) deteriorates con- parameter is similar in the two self-consistent models. The
siderably when the energies obtainedTat4 MeV are in-  corresponding factors of Eq. (12) are presented in the
cluded, as opposed to the one where energies only up t@wer rhs of the figure.
T=3 MeV are taken into account thus indicating the limits |t might seem astonishing that the level-density parameter
of vaIidity of the Iow-temperature expansion which is behindg decreasesvith increasing partic|e number for tHe=126
Eq. (9). isotonic chain(see upper right corner of Fig),3since one
Using the values of the level-density parametebtained  rather expects that adding to a system more degrees of free-
through this fit truncated at=3 MeV as an input to Eq. dom (more particles should in general increase the number
(13) for the 193 nuclei of our sample one obtains following of levels of that system. It is, however, exactly the point we
set of coefficients: would like to make here, that a quantity such as the the
level-density parametea can have a strong isospin depen-
2,0=0.0126 MeV' %, kyq=6.275 dence[see Eq.(12)] which works against this general ten-
_ 1 _ dency. A similar behavior is observed when studying the
Bsur=0.3804 MeV',  rqr=1.101 (14) isospin dependence of charge rms rddiée Ref[17)).
aco,=0.00014 MeV L. The following conclusions can be drawn from our results:
(i) The temperature dependence of the RMFT internal en-
One notices that the volume and Coulomb terms obtainedrgies is very closely parabolical far<3 MeV.
here are considerably smaller than the corresponding values (ii) The single-particle level density parametewvaries
in Ref.[3]. But the average behavior afas extracted from strongly with the mass and isospin of the nucleus.
our RMFT results is very nicely reproduced by our fit to Eq.  (iii) The liquid-drop like formula13) describes the varia-
(13) as can be seen on Fig. 3 which shows the average levefion of a with A and| quite accurately.
density parametes obtained in the RMFT modedktarg for (iv) The factorn in Eq. (12) is not constant as often as-
seven isotopidupper Ihg and three isotonic chain@ipper sumed in a rough estimate but varies between 8 and 16 and

rhs) and compares it with the estimates made in RE5] for
a diffuse Fermi gagdot9 and with the results df3] obtained
within the extended Thomas-Fermi approximation for the
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depends on mass and isospin of the nucleus. Two of us (B.N.P. and K.B. are very grateful for the

Our LD-like formula for the average level-density param-nice hospitality extended to us by the Nuclear Theory
eter could be quite useful in calculations of the light-particleGroups of the TU Munich and of the IReS in Strasbourg. The
emission probabilities from hot compound nuclei, where itwork was partially sponsored by the State Committee for
enters via the Bethe-Wheeler formuth. Our results could Scientific Research under Contract No. 2P03B 11519 and
be also used to estimate the variation of fission-barriethe IN2P3-Polish Laboratories Convention, Project No.
heights with temperature. 99-95.
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