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CONSISTENT SYSTEMATICS OF LEVEL DENSITY FOR MEDIUM AND HEAVY NUCLET
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Abstract: The systematics of experimental data on the density of
fieutron resonanses and low-lying levels is considered taking into
account the vibrational enhancement of level density and also the
shell and superfluid effects. The energy dependence of level density
predicted by the generalized superfluid model is in good agreement
with the date derived from the evaporation spectra enalysis of dif-

ferent reactions. -

Introduction

The density of the excited levels
is one of the most important characte-
ristics in the statistical description
of different processes related to the
decay of a compound nucleus, The widely
used PFermi-gas model /1,2/ fails to give
en adequate consistent description of
various types of experimental data on
the statistical properties of nuclei,
gince it does not take into account the
shell inhomogeneities in the single-
particle level spectrum, the correlation
effects of the superconductive type and
coherent effects of the collective na-
ture. The microscopic methods of analy-
sig of these effects /3,4/ appear rather
time-consuming, which duly restricts
their applicebility., It is, therefore,
important to find a description of the
level density which would teke into con-
gideration the mein ideas of the theory
of highly excited nuclei while remaining
sufficiently simple and convenient for
practical epplications, The consistent
phenomenological level density systema-
tics for heavy nuclei with A > 150, where
rotational effects are significant, was
discussed in /5/, In the present paper
we should like to extend this systema-
tics to lighter nuclei, where the collec
tive level density increase is determi-
ned by the vibrational excitations,

1. Relations of Generalised
Superfiuid Model

Let us discuss briefly the main
components of a congsistent description
of the nuclear level density., The in-
fluence of the pairing effects of the
superconductive type on the nuclear pro-
perties can be characterised by the cor-
relation function Ao, , which determines
the even-odd nuclear mass differences
and the gap value 2A, in the quasi-
particle excitation spectrum of the
even-even nuclei. Related to the corre-
lation function in excited nucleus are
the critical temperature tcr=0,567Ao of

the phase transition from the supercon-
ducting state to the normal one and the
‘critical excitation energy

: 2
U .= 0'472%er -nA_ , (1)

vhere n = 0,1 and 2 for the even-even,
odd and odd-~odd nuclei respectively.
Above the critical energy the excited
state level density and other statisti-
cal characteristics of nucleus can be
described in terms of Fermi-gas model
relations, in which we only need to in-
troduce the effective excitation energy

(2)

Below the phase transition point the re-
lations for the thermodynamical functi-
ons are more complicated. These functi-
ons in a form convenient for practical
calculations are presented in /5,6/.

The shell inhomogeneities in the
single-particle spectrum lead to a cer-
tain dependence of the level density pa-
rameter a(U) on the excitation energy.
However the shell effects become wesker
with the increase of the excitation
energy and at high energies the level
density parameter cen be defined by the
agymptotic value

8 =olA +fA2/3 (3)

* 2
U'=U - 0,528 Ag + nAo

The following relation was used /5/ for
a phenomenologiceal description of the
energy dependence of this parameter:

g{1 + 3€ _(z,m)e(u™)/u*}, WU
a(U,Z,A)’-‘-{a.{ + (o] .} C:
Lo (U ,.2,4) , UU,, (4)

where JZ; is the shell correction in the
nuclear binding energies /7/, £(U) = 1 -
exp(- XU) is a "miversal® function des-
cribing the shell effects damping in
highly excited nuclei, We kept this des-
cription for level density systematics
in lighter nuclei ugin the value

¥ =0.4/ Ay MevT' /8/.

To take into account the collective
effects the density predicted by the su-
perfluid model have to be multiplied by
the coefficient of the vibrational en-
hancement of the level density

K,ip(U) = exp( ds - du/t),  (5)
where d\,S' and é\U are entropy and exci-

tation energy changes resulting from the
Bose branch of collective excitations,
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These changes are described by the rela-
tions:

s = 5T (2X+1) [(148,)1n(147; )-5; 1n(F.)] ,
U =;(2)~L+1)w‘ ﬁ‘; ’ (6)

where ) are the energies, /l" are the
degrees of degeneracy and n. are the oc-
cupation numbers of vibratidnal excita-
tions at a given temperature t., If the
ideal Bose-gas relations are used for
the occupation numbers, then the expres-
sion (5) will be equivalent to adiabatic
addition of vibrational excitation spec-
trum to all possible quasi-particle ex-
citations of the nucleus /9/.

The rigorous approach to determi-
ning occupation numbers would have requ-
ired solving a complicated many-particle
problem of interacting Bose and Fermi
excitations, We did not aim at solving
such a problem, but only took the sim-
plest approximation for the occupation
numbers

B = exp(- /2w [exp(-wy/)-1]"", (7)

where Y. is the width damping of Bose
excitations, As 82= O this approximation
gives the ideal gas relations, but it
provides a reduction of Kvibr as X? in-

creases, One should expect the collecti-
ve excitation damping in nuclei to be
gimilar to a certain extent to the zero-
sound damping in Permi liquid /10/ which
is described by

¥= c(W;2 + 45%2?) (8)

An estimation for C = 0,05 A1/3 MeV can
be obtained from the observed widths of
the giant quadrupole isoscalar resonan-
ces,

, In calculating level densities we
have used experimental values for ener-

gies of the first 2 * levels of the even-
even nuclei /11/ and extrapolations of
these values for the neighbouring odd
and odd-odd nuclei, The average value of

the observed energies W;- = 50 A~2/ yey~
was used for octupole excitations whose
influence is much wesker than that of
quadrupole ones,

The experimental values for shell
corrections dé, were taken from /7/ and

the values for ob= 0,073 Mev™' and JS =

= 0,115 MeV™! obtained in /5/ were used
for the asymptotic level density para-
meters (3)., The nuclear correlation fun-

ctions were assumed to be A= 12/A'1/2.

The coefficient C = 0,0075 A1/3 MeV™ ]
characterizing the effective decrease
of vibrational enhancement of level den-
sity for highly excited nuclei was de-
termined from an optimal description of
all experimental data on neutron reso-
nance densgities /12/,

These optimal parameters do not ne-
cesserily guarantee an exact agreement
with the experimental date for individu-
al nucleus, Such an agreement, however,
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Fig.1

is often required for calculating neu-
tron evaporation spectra and excitation
functions of different reactions for
particular nuclei, Using the above men-
tioned approach we found the set of pa-
rameters a and dJdeff, which describe the
neutron resonance densities /12/ and the
cumulative number of the observed low-
lying levels /11/ for each individual
nucleus, The parameters obtained are
shown in Fig,1, Individual parameters
fluctuate and such fluctuations reflects
foremost the simplifications based on the
replacement of correlation functions for
neutrons and protons by an average cor-
relation function A,, Correlation func-
tions values for nuclei with the magic
number of protons or neutrons should be
considerably lower then average ones and
these differences are left in individual
parameters.

3. Testing Systematics of
Tevel %ensi%y

To test the existing systematics it
is necessary to extend the collection of
experiments from which one could obtain
information on nuclear level density,

The methods for deriving the level den-
sity from nonresonance date are discribed
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in /13/. The paper discussed the main
problems in analysing experimental spec-
tra of particles emission and short-co-
ming of most the publication dealing
with such analysis. The author shows
that it is expedient to derive from ex-
perimental spectra directly absolute va-
lues rather than the model parameters
for the level density., To check the re-
sults obtained one could use the dis-
cription of the hard part of the spectra
in the range of well-identified residual

nucleus levels., It stands to reason that

one has to make sure that the spectral
range involved is not distorted by any
nonstatistical processes. The (p,n),
(e€,n) and (o, p) reaction spectra with
incident particles under 15 MeV appear
to be the best in that respect. It is
analysing these spectra that our testing
was based focused on,

Let us take the results of a neu-
tron gspectrum analysis for the reaction

65Cu(p,n)65Zn as a typical example. The
energy dependence of the level density
obtained from the experiment by the me-
thod suggested in /13/ is shown in
fig.2a., When excitation energy is low
the level density obtained is in good
egreement with the discrete low-lying
level data observed directly. Fig.Z2a
also shows two phenomenological descrip-
tions of level density: in the back
shift Fermi~gas model and in the genera-
lized superfluid model. The parameters
in both of the models have been determi-
ned by conditions of describing the ex-
rerimental date on low-lying levels and
neutron resonance density. That is why
e more or less significant disagreement
between the models can be found in the
intermediate range only. It can be seen
that the neutron spectrum data agree
with the superfluid model's prediction
better than with that of the Fermi-gas
model,

The levels density parameter a in
the Fermi-gas model shown on Fig.2a is

a = 7,07 Mev™! and the excitation energy
shift is d'= -1,01 MeV /2/. On the other
hand the spectrum analysis within the

Fermi-gas model in /14/ gave a=10,7 MeV™

and d= -0,4 MeV., The reason why the pa-
rameters differ so much will become cle-
ar 1f we consider the level density pre-
dicted by the generalized superfluid mo-
del. The energy dependence of the level
density proves to be different above and
below the critical energy of the phase
trangsition from the superconductive sta-
te to the normal state. Below the criti-
cal energy the energy changes of the le-
vel density are determined to a conside-
rable extend by the correlation function
value A, rather than by the level densi-
ty parameter a. If the greater portion
of the data from evaporation spectra
falls below the critical energy then any
attempt at describing the observed ener-
gy dependence of the level density in
terms of the Fermi-gas model will ine-
vitably result to the considerabl overe-
stimation of the level density parame-

*y <:)

Fig.2 The energy dependence of the le-
vel densities derived from the
low-lying levels (histograms),
the neutron regonance densities
($ ) and the evaporation spectra
analysis (the rest signs), The
80lid curves shows the level den-
sity description in the generali-
zed superfluid model and the das-
hed curves corresponds to the
back-shift Fermi-gas model.
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ters, However, when a substantial porti-
on of the spectrum anelysis results is
above the criticael energy, then the
inaccuracy of simple Fermi-gas level
density parametrization proves to be
less significant and the data obtained
from the evaporation spectra will be
close to the parameter values based on
the neutron resonance density descripti-
on, The results of experimental data
analysis are also affected by superfluid
properties being weakened for nearmagic
nuclei, which makes the difference bet-
ween the Fermi-gas model's predictions
and those of the generalized superfluid
model less significant, A get of date

for the ?'Co nucleus shown in Fig.2b de-
monstrates it, The energy dependence of
level density for both of the models
proves to be very similer, but there are
differences in absolute value predicti-
ons for level densities because of the
lack of data on neutron resonance den-
sity.

The great interest for the study of
nuclear level density are examinations
of particle spectra from different reac-
tions leading to the same residusl nu-
cleus, The analysis of those data gives
additional criteria for checking the hy-
pothesis of a statistical reaction mecha-
nism and the correctness of the trans-
mission coefficient chosen for the dif-
ferent decay channels of the compound
nucleus, Fig.,2c shows the level density

data for 59Co, obtained by analysing

the 56Fe(o€',p), 5900@1,43 and 2Ni(p,oﬂ)
reection spectra /15/. The results of
spectrum analysis for different parti-
cles are fairly closely matched, A cer-
tain spread of the (of,£) and (p,«) data
is accounted for by fluctuations of ex-
perimentel points in the corresponding
ol~-particle spectra /15/. The energy de-
pendence of the level density, obtained
from the spectrum analysis is in good
agreement with the predictions of the
gystematics based on the data for low-
lying nuclear levels and neutron reso-
nance density, It should be noted that
there are also neutron and proton ine-

lastic spectra for 5900 target in addi-
tion to the above mentioned data, Analy-
sing those spectra, however, does not
help much in the study .of the level den-
sity because of the direct and preequi-
librium nucleon emission mechanisms'
contributing to the experimental spec-
tra considerably.

The analysis of evaporation spectra
of different reactions has shown that
parameters of the generalized superfluid
model, based on the experimental infor-
mation on neutron resonance density and
low~1lying nuclear levels are supported
also by the data derived from the obser-
ved spectra, The discussion in the pre-
sent paper is restricted to the analysis
of the spectra for nuclei from the Fe
region, An expansion of the method deve-
loped to cover a wider range of nuclei
may be of interest both for getting a
better knowledge of the level density

for excited nuclei and for an increased

reliebility of the description of energy
dependence of the level density in cur-

rently used theoretical models,

The necessity of using more rigoro-
us, but inevitably more complicated, mo-
dels than that of the Fermi-gas for the
level density description and systema-
tics now appears to be almost evident,
The complications of the analysis are
justified by the consistency parameters
characterising the diverse experimental
information on the statistical properti-
es of nuclei, We hope that the approach
suggested in present paper may prove
helpful for practical calculations of
the level densities in a wide range of
excitation energies and mass numbers,
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