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Coordinator: A. V. Ignatyuk

Level densities represent one of key ingredients of nuclear reaction cross section calcula-
tions. Present Chapter, dealing with practical formalisms of nuclear level densities and their
parameterization, is subdivided into three parts. First, the statistical model, notoriously used to
calculate low energy nuclear reactions, needs detailed knowledge of total level densities and these
are described in Section 5.1. Second, fission represents very specific reaction channel within the
statistical model, and the corresponding fission level densities together with fission barriers are
described separately in Section 5.2. Finally, extremely useful preequilibrium models of nuclear
reactions require partial (particle-hole) level densities and these are described in Section 5.3.

5.1 Total Level Densities

Coordinator: A.V. Ignatyuk

Summary

For any applications of the statistical theory of nuclear reactions it is very important to
obtain the parameters of the level density description from the reliable experimental data. The
cumulative numbers of low-lying levels and the average spacings between neutron resonances
are usually used as such data. The level density parameters fitted to such data are compiled in
the RIPL Starter File for the tree models most frequently used in practical calculations:

i) For the Gilbert-Cameron model the parameters of the Beijing group, based on a rather
recent compilations of the neutron resonance and low-lying level densities and included into
the beijing_gc.dat file, are chosen as recommended. As alternative versions the parameters
provided by other groups are given into the files: jaerLgc.dat, bombay.gc.dat, obninsk.gc.dat.
Additionally the iljinov-gc.dat and mengoni-gc.dat files include sets of the level density param-
eters that take into account the damping of shell effects at high energies.

ii) For the backed-shifted Fermi gas model the beijing_bs.dat file is selected as the recom-
mended one. Alternative parameters of the Obninsk group are given in the obninsk.bs.dat file
and those of Bombay in bombay-bs.dat.

iii) For the generalized supernuid model the Obninsk group parameters included into the
obninsk_bcs.dat file are chosen as recommended ones and the beijing.bcs.dat file is included
as an alternative set of parameters.

iv) For the microscopic approach to the level densities the files are: obninsk.micro.for —
FORTRAN 77 source for the microscopical statistical level density code developed in Obninsk
by Ignatyuk and coworkers, mollerJevels.gz — Moller single-particle level and ground state
deformation data base, moller-levels, foi retrieval code for Moller single-particle level scheme.
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5.1.1 Introduction

The statistical properties of excited nuclear levels have been a matter of concern and study for
over fifty years. One of the basic statistical properties of levels is their density. For the description
of the level densities the Fermi-gas and constant temperature models are used frequently with
parameters obtained from fitting some experimental data. But the physical assumptions upon
which both these models are based are not sophisticated enough to allow them to account
properly for variations of level densities over wide energy interval from the ground state to
energies much higher than the neutron separation energy. This is not surprising, as the models
discussed were initiated more than fifty years ago, when nuclear physics was in its infancy.

Some of the most important concepts, upon which current understanding of the structure of
low-lying nuclear levels is based, include shell effects, pairing correlations and collective phenom-
ena. All these concepts have been incorporated into the Generalized Superfluid Model (GSM)
developed by many authors over the last 20 years. The phenomenological versions of the model
convenient for an analysis of experimental data were developed intensively during the last years.

For practical applications of the statistical models it is very important to obtain parameters
of the level density description from reliable experimental data. The cumulative numbers of low-
lying levels and the average distances between neutron resonances are usually used as such data.
The main problems of the corresponding parameter systematics are discussed briefly in this
report. The systematics of the level density parameters developed during given RIPL project
are considered below.

5.1.2 Composite Gilbert-Cameron Formula

Simple analytical expression expressions for the state density p(U) of a nucleus with a given
excitation energy U and the level density p(U, J) of a nucleus with a given angular momentum
J have been obtained by Bethe on the basis of the Fermi gas model [5.1]:

lJ+W (5.1)

Here a — 7r2<?/6 is the level density parameter, which is proportional to the single-particle state
density g near the Fermi energy, and o2 is the spin cutoff parameter.

For the Fermi gas model the state equations determining the dependence of the excitation
energy U, the entropy S and other thermodynamic functions of a nucleus on its temperature i
have a simple form:

U = at2, S = 2at, a2 =< m2 > gt, (5.2)

where < ra2 > is the mean square value of the angular momentum projections for the single-
particle states around the Fermi energy, which may also be associated with the moment of inertia
of a heated nucleus X = g < m2 >. The connection of thermodynamic functions (5.2) with the
state and level densities (5.1) is obvious.

The main parameters of the Fermi-gas model may be estimated rather simply using the
semi-classical approximation:
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where mo is the nucleon mass, ro is the nuclear radius parameter, A is the mass number and (3S

defines the surface component of the single-particle level density. Differences between various
semi-classical determinations of the parameters (5.3) and (5.4) are mainly connected with large
uncertainties of evaluation of/3S [5.2-5.5].

The most direct information on the level density of highly-excited nuclei is obtained from the
average parameters of neutron resonances which were analyzed by many authors [5.6-5.15]. For
the majority of nuclei the observed resonances correspond to s-neutrons, therefore the value of
the average spacings Do is related to the level density of the compound nucleus by the relations:

n _ / 5 M#n + AE/2, Jo + 1/2) + p(Bn + AE/2, Io - 1/2)] for Io ± 0,
U ° - \ \p{Bn + AE/2,1/2) for Io = 0, ^ 0 J

were Bn is the neutron binding energy, AE is the energy interval for which the resonances
are being examined, Jo is the target nucleus spin, and the coefficient 1/2 before the sum takes
into account the fact that s-neutrons form resonances only of a particular parity. If necessary,
resonances for p-neutrons can be taken into consideration analogously.

The experimental values of Do are normally used as source data, from which the magnitude
of the level density parameter can be derived by means of Eqs. (5.1) and (5.5). Many authors
have carried out such an analysis [5.8, 5.10, 5.11]. The regular differences of the level densities for
even-even, odd and odd-odd nuclei analogous to the even-odd differences of the nuclear masses
have been already noted on the first systematics of experimental data. To take this effect into
account it is usual to introduce the so-called effective excitation energy, defined as:

U* = U -

$z + &N for even — even
Sz for even Z

(5-6)for even N
0 for odd — odd,

where Sj is the corresponding phenomenological correction for even-odd differences of the nuclear
binding energies.

Data on the cumulative numbers of low-lying nuclear levels are also very important for the
level density analysis. Many years ago it has been noted [5.8, 5.16] that the observed energy
dependence of the cumulative number of levels is described rather well by the function

N(U) = exp[(U-U0)/T], (5.7)

where Uo and T are free parameters determined by the fitting to corresponding data. The
quantity N(U) is related to the level density by the relation

Piev(U) = ^ | = i exp [(U - U0)/T], (5.8)

and it is obvious that the parameter T corresponds simply to a nuclear temperature. Since the
value of this parameter is assumed to be constant over the energy range considered, Eq. (5.8)
is called the constant temperature model.

In order to obtain a description of the level density for the whole range of excitation energies
the low-energy dependence Eq. (5.8) should be combined with the high-energy dependence
predicted by the Fermi-gas model. The link between both models' parameters can be found
from the condition of continuity for the level density and its first derivative at some matching
energy

Ux = Uo + T In Pfg(Ux). (5.9)
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Figure 5.1: Level density parameters of the Fermi gas model (upper part) and pairing corrections
to the nuclear binding energies (lower part).

The analysis of experimental data within the framework of this phenomenological approach has
been carried out initially by Gilbert and Cameron [5.8], and the obtained parameters are shown
in Figs. 5.1 and 5.2. The values of Ux determine the energies below which the level density
description in terms of the Fermi-gas model becomes unsatisfactory, and one can see that for
the majority of nuclei this energy is rather high.
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Figure 5.2: Level density parameters for the constant temperature model.

Gilbert and Cameron [5.8] developed the systematics of the even-odd corrections to excitation
energies and suggested to approximate the shell changes of the level density parameters by the
relation

- = 0.00917 (S(Z) + S(N)) + Q{Z, N), (5.10)

where S(I) are the shell corrections for protons and neutrons, respectively, and Q(Z, N) = 0.142
for 54 < Z < 78, 86 < TV < 122, and Q(Z, N) = 0.120 for 86 < Z < 122, 130 < N < 182. Such
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a definition of the level density parameters was combined with the analysis of experimental data
on the cumulative numbers of low-lying levels, performed by the Bombay and JAERI groups,
and the parameters obtained are shown in Figs. 5.1 and 5.2. Tables of parameters are included
in the corresponding contribution files of the present CRP.

It should be pointed out that the values of the a- parameters obtained depend to some
extent on the determination of the spin cutoff parameter. The primary systematics [5.8, 5.10]
used the value of < m2 >— 0.146A2//3, which corresponds to mean-square averaging of the
proton and neutron angular momentum projections over all single-particle levels occupied in
the ground state of a nucleus. More correct values of < m2 >= 0.24^42/3 or directly the rigid
body values of the moment of inertia were mostly used in following analyses. The differences in
the choice of the spin cutoff parameters as well as some variations in the even-odd corrections
of excitation energies should be borne in mind while comparing the a- parameters obtained by
different authors.

Some adjusted versions of the tables for the shell and pairing corrections were proposed in
Refs. [5.17, 5.18]. The systematics of the a-parameters differ from Eq. (5.10) only by the values
of the numerical coefficients and a slightly different definition of the functions Q(Z,N). The
parameters of the Beijing group [5.18] are based on a rather recent compilations of the neutron
resonance densities and numbers of low-lying levels, and after some corrections of contradictive
data they are recommended as the most reliable for the including into the Starter File of the
level density parameters.

One of the serious defects of all systematics considered so far is energy independence of the
a-parameters. The results of all consistent microscopic calculations of the nuclear level densities
display the damping of the shell effect at high excitation energies [5.19-5.21]. To include the
shell effect damping into consideration the level density parameters should be energy dependent.
This dependence may be approximated by the formula

a(U, Z,A) = ~a(A) {l + ^ [1 - exp( - 7 [ / ) ] | , (5.11)

where a is the asymptotic level density parameter to which a(U) tends for high excitation
energies, 5EQ = S(N) + S(Z) is the shell correction energy3 and 7 is the damping parameter
[5.22]. The shell corrections are determined

SE0 = Mexp(Z,A) - Mld(Z,A,f3), (5.12)

where Mexp is the experimental value of the mass defect and My is the liquid drop component
of the mass formula calculated for the equilibrium nuclear deformations /? [5.23]. The analysis
of the neutron resonance densities on the basis of Eqs. (5.11) and (5.12) was performed recently
by Iljinov et al. [5.15] and Mengoni and Nakajima [5.24]. The parameters obtained are shown in
the upper part of Fig. 5.3 in the form of the ratio a/A. The shell corrections used are displayed
in the lower part of Fig. 5.3. These level density parameters are included into the Starter File as
other versions of parameters of the Gilbert-Cameron formula and are recommended at excitation
energies higher than 10 MeV.

Other systematics of the shell corrections must be studied to obtain more consistent descrip-
tion of the level density parameters at broad energy region.

3 Microscopic energies defined in Chapter 1 represent the difference compared to the spherical macroscopic
energy, and not the macroscopic energy at equilibrium nuclear deformation; their use for the shell corrections
needed in the level density formulations is not fully appropriate.
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Figure 5.3: Ratio of the level density parameter a to the mass number A (upper part) and the
shell corrections to the nuclear binding energies (lower part).

5.1.3 Back Shifted Fermi Gas Model

Another approach to the problem of simultaneous description of neutron resonance densities and
low-lying levels was proposed in Ref. [5.12]. It has been assumed that both sets of experimental
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data can be described on the basis of the Fermi-gas relations if the level density parameter a
and the excitation energy shift 6eff are considered as free parameters for each nucleus. Since
for odd-odd nuclei the displacement thus found is negative, the above approach has been called
as the back-shifted Fermi-gas model. As the Fermi gas formulas are applied in this approach to
a rather low excitation energies a more accurate estimation of a temperature is used

U - Seff = at2 - t.

U in denominator in the first line of Eq. (5.1) is to be replaced by (U +1) [5.12].

(5.13)
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Results of the corresponding analysis of the neutron resonance densities and low-lying nuclear
levels are shown in Fig. 5.4. Due to another determination of effective excitation energies the
values obtained for the a-parameter are naturally somewhat lower then those shown in Fig. 5.1.
However, the shell effects in the mass dependence of a-parameters remain essentially invariable.
The results of the recent analysis of more complete set of data performed by the Beijing group
[5.25] are shown in Fig. 5.4 too. Difference between parameters obtained reflects improvements
of experimental data achieved over recent years.

The spin cutoff parameters are determined in the model on the basis of the evaluation
of the moment of inertia as the rigid body value or a half of this value. For many nuclei the
available experimental data on the spins of low- lying levels can be used to analyze the statistical
distribution of angular momentum. The distributions obtained agree rather with a half the rigid
body values, but uncertainties of the spin-cutoff parameter estimations are still large for the final
selection of the spin cutoff parameters.

Hence, both values for the moment of inertia are used in evaluation of the level density
parameters. The parameters of Ref. [5.25] may be recommended as the Starter File for the back-
shifted Fermi gas model. Again, as for the Gilbert-Cameron approach, it should be recommended
to use Eq. (5.11) matched to these parameters to describe energy changes of the a-parameters
above the neutron binding energies.

Up to now there is no a consistent systematics of parameters of the back-shifted Fermi
gas model that could be used for parameter determination of nuclei for which there are no
experimental data on the density of excited levels. Eq. (5.11) combined with the recent results
of the low-lying nuclear level analysis [5.26] allow us to construct such a systematics, and this
task can be recommended as the future stage of the RIPL development.

5.1.4 Generalized Superfluid Model

On the whole, all the results considered above let us to conclude that the Fermi-gas and constant
temperature models provide us with comparatively simple and convenient formulas for param-
eterizing experimental data on nuclear level densities. However, these models do not give any
explanation for the shifts of excitation energies and shell changes of the level density parameters.
An interpretation of these effects must be obtained on the basis of more rigorous models that
take into consideration shell inhomogenities of single-particle level spectra, on the one hand,
and the superfluid and collective effects produced by the residual interaction of nucleons, on
the other. A detailed discussion of such models can be found in the monograph [5.27]. How-
ever, rigorous microscopic methods of level density calculations are extremely laborious and this
severely limits their application to experimental data analysis. For this reason there is a need
for level density description, which takes into account the basic ideas of microscopic approaches
concerning the structure of highly excited nuclear levels, while being sufficiently simple and
convenient for broad application.

The influence of pairing correlations of super-conductive type on nuclear properties can be
characterized by the value of the correlation functions AoT, which directly determine the even-
odd differences in the nuclear binding energies and the energy gap 2AoT in the spectrum of quasi-
particle excitations of even-even nuclei. The critical temperature tc of the phase transition from
a super-conductive (superfluid) state to normal one is also related to the correlation function:

tc = 0.567A0. (5.14)

The excitation energy corresponding to the critical temperature may be written as:

^ (5.15)
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where n = 0, 1 and 2 for even-even, odd and odd-odd nuclei, respectively.

Above the critical energy the level density and other nuclear thermodynamic functions can
be described by the Fermi gas relations in which the effective excitation energy is defined as

U* = U-Econd. (5.16)

Here Econd is the condensation energy that determines a reduction of the nuclear ground state
energy due to the pairing correlations:

= ^$A§ - nA0- (5.17)

Below the phase transition point (5.14) the expressions for thermodynamic functions of a
nucleus are rather complex, and they will not be considered here. Complete expressions can be
found in Refs. [5.27-5.29].

If coherent collective effects are included into consideration of excited level structure, the
nuclear level density may be expressed as

p(U) = pqp(U)Kvibr(U)KTOt(U), (5.18)

where pqp is the level density due to quasi-particle excitations only, and Kvn^ and Krot are the
corresponding enhancement coefficients due to vibration-al and rotational excitations, respec-
tively.

In adiabatic approximation the rotational enhancement of the level density depends on the
nuclear shape symmetry and can be written as [5.30]:

_ J 1 for spherical nuclei, , ,
Krot ~ \ l±t for deformed nuclei, { '

where Zj_ is the moment of inertia relatively to the perpendicular axis. This formula is obtained
if the mirror and axial symmetry of deformed nuclei is assumed. The most stable nuclei of the
rare- earth elements (150 < A < 190) and the actinide A > 230 have this shape. For non-axial
forms the rotational enhancement of the level density becomes greater [5.30].

The vibrational enhancement coefficient is determined in the microscopic approach by the
relation

(5.20)

where u>i is the energy of vibrational excitations, w° is the energy of corresponding quasi-particle
excitation and gi is the degeneracy of such excitations. The presence of quasi-particle energies
in Eq. (5.20) reflects some account of non-adiabatic effects in excited nuclei. Due to symmetry
conditions imposed on the nuclear Hamiltonian the rotational and vibrational excitations be-
come connected in consistent microscopic approach [5.27]. As a result the calculated collective
enhancement coefficients turn out always reduced in comparison to the adiabatic estimation.

It can readily be seen that adiabatic estimation of Krot increases the nuclear level densities by
a factor of 50-100 compared with the calculations based on quasi-particle excitations alone. The
increase of the level density due to vibrational excitations will be appreciable only for low-energy
excitations with u>i < 1-2 MeV.

During the last twenty years some microscopic models have been developed in order to
consider collective effects in highly excited nuclei. The results of all these models demonstrate
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damping of level density enhancement factors with the increase of excitation energy. On the
basis of the level density calculations within the SU-3 model (the oscillator mean field with the
quadrupole-quadrupole interaction of particles) Hansen and Jensen [5.31] obtained the empirical
function

that describes damping of the rotational enhancement factors. The parameters of this formula
were estimated as

Ur = 120A^3f32MeV, dr = 1400A-2/3/32MeV, (5.22)

where /? is the quadrupole deformation parameter. Some other phenomenological descriptions
for the enhancement factor damping were discussed in Refs. [5.32-5.34]. All such descriptions
include at least one or two parameters that can fluctuate from one nucleus to another. Up
to now rather big uncertainty exists in estimation of the collective enhancement damping and
unfortunately we have no reliable experimental data that could be used for a crucial test of
available model predictions.

The vibrational enhancement of the level density was approximated by the relation

= exp[<55 - (SU/t)}, (5.23)

where 6S and 6U are changes in the entropy and excitation energy, respectively, resulting from
the vibrational modes. These changes are described by the relations of the Bose gas:

SS =
i

su = 5^(2Ai + iH^ i . (5-24)
i

where w; are the energies, Aj the multi-polarities and n4- the occupation numbers for vibrational
excitations at a given temperature. To account for the disappearance of collective enhancement
of the level density at high temperatures, the occupation numbers were approximated by the
relation

_ exp(-7i/2a; i)n
expfo/t) - 1

where 7,- are the spreading widths of the vibrational excitations. The spreading of collective
excitations in nuclei should be similar to the zero-sound damping in a Fermi liquid and the
corresponding width can be written as

li = C{Ji
i+^H2). (5.26)

The value of C = 0.0075A1/3 MeV"1 was obtained from the systematics of the neutron resonance
densities of medium-weight nuclei [5.35]. In that analysis, the experimental values were employed
for the energies of the first 2+ excitation and u> = 5(L4~2/3 MeV for the octupole excitations,
whose influence, however, is much weaker than of the quadrupole ones.

The shell inhomogenities of the single-particle level spectra result in a particular energy
dependence of the level density parameter a(U). The shell effects on the level density become
weaker with an increase of excitation energy, and at sufficiently high energies the dependence
of parameter a on the mass number tends to the semi-classical value (5.3). These important
features of the behavior of the level density parameters can be explained in the framework
of the shell correction method [5.27]. The strong correlation of sjiell corrections (5.12) with
the observed values of the ratios a/A (Fig. 5.3) can be used to construct a phenomenological
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systematics of the level density parameters [5.28]. The basis of the systematics is the relation,
similar to (5.11),

( ^ MP] U>UC
ac(Uc,Z,A) for U < Uc

c,
where the function f(U) = 1 — exp(—-yU) determines the energy changes of the level density
parameter at lower energies. The shell damping parameter 7 = 0.40A"1/3 MeV"1 was estimated
on the basis of both the theoretical calculations and the analysis of experimental data [5.13, 5.28].

Applying Eqs. (5.14) to (5.17) to the description of pairing correlation effects the values
of level density enhancement coefficients were estimated from the experimental data on the
densities of neutron resonances. In such analysis the asymptotic values of the level density
parameters were defined as a = 0.073A + 0.115A2/3 MeV, the shell corrections were taken
from Ref. [5.36] and the correlation functions were approximated by Ao = 12/A1/2 MeV. The
coefficients obtained are shown in the upper part of Fig. 5.5. In the lower part the values of
similar coefficients calculated in the adiabatic approximation are given. A correlation of both
coefficients is very strong but as a rule the adiabatic evaluations give higher values of coefficients
than the ones extracted from the observed density of neutron resonances. The difference of these
two definitions of the level density enhancement factors demonstrates that the damping of the
enhancement coefficients for highly excited nuclei should be taken into account. For the global
description of the nuclear level densities this damping may be taken into account by means of
the empirical functions similar to (5.21) and (5.25).

To take into account possible shortcomings of the global systematics of the pairing correlation
functions and collective enhancement damping an additional shift of the excitation energies

Ueff = U*+ 6shift (5.28)

was introduced into Eq. (5.27) [5.35, 5.34]. Within the framework of such approach the set of
parameters a and Sshi/t was obtained from the simultaneous fitting of the cumulative numbers of
low-lying levels and observed neutron resonance densities recommended by this CRP [5.37]. The
similar analysis was performed by the Beijing group at their compilation of the low-lying levels
and neutron resonance densities [5.38]. The parameters obtained are shown in Fig. 5.6. The
Obninsk group parameters are obtained on the basis of more recent compilation of the neutron
resonance densities, and therefore these parameters are included as recommended in the RIPL
Starter File.

For any practical application the individual parameters are preferable of course. Uncertain-
ties of parameters are not very important for a prediction of the level densities in an intermediate
energy region if experimental data for the neutron resonances and low-lying levels were chosen
correctly. For the study of the nuclear level densities the analysis of evaporation spectra of dif-
ferent particles is of great interest. The energy dependencies of the level densities obtained from
the spectrum analysis of various threshold reactions are in good agreement with the calculations
based on the individual parameters of GSM [5.35].

On the other hand, for many tasks we need level density parameters for nuclei for which no
experimental data is available. For such goals the global parameters may be used effectively.
Also some local systematics of parameters may be proposed based on extrapolations of the
isotopic or isotonic changes of the individual parameters. In many cases experimental data on
the cumulative number of low-lying levels might be very useful because such data permit to fit
one of the individual parameters keeping the global systematics for others.

At first glance it might seem that the systematics of the level density parameters in terms
of the Fermi gas and the generalized superfluid model are equally justified, since they give
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Figure 5.5: Collective enhancement factors calculated in the adiabatic approximation (a), and
obtained as a ratio the observed density of neutron resonances to the calculated density of
quasi-particle excitations (b).

approximately identical description of the level densities at excitation energies close to the
neutron binding energy. However, these descriptions correspond to different absolute values of
the level density parameters, because the inclusion of collective effects decreases the a-parameters
obtained. These reduced values agree well enough with both the experimental data derived
from the spectra of inelastically scattered neutrons with energies of up to 7 MeV and the
theoretical calculations of the a-parameters for the single-particle level schemes of a Woods-
Saxon potential [5.28]. This agreement of the data is very important, because the evaporation
spectra are sensitive precisely to the value of the level density parameter. It is impossible to
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Figure 5.6: Level density parameters of the generalized superfluid model.
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explain the differences between the values of o-parameter obtained from resonance data and
from evaporation spectra in terms of the Fermi gas model without account of collective effects.
Proper consideration of the level density collective enhancement is also very important for a
consistent description of the observed fissilities of highly-excited nuclei [5.39].

Nowadays it seems almost obvious that in description of the level densities of excited nuclei
we should use models which are more consistent than the Fermi-gas, but inevitably more com-
plex. The success of the generalized superfluid model is attributed to the inclusion of the main
well-known component of nuclear theory: the pairing correlations, shell effects and collective
excitations. Some complexity of the model seems to be justified by the mutual consistency of
the parameters obtained from the various experimental data and also by the close relation of the
theoretical concepts used to describe the structure of low-lying nuclear levels and the statistical
properties of highly excited nuclei.
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5.1.5 Microscopic Generalized Superfluid Model

A more rigorous description of the level densities and other statistical characteristics of excited
nuclei can be obtained in the framework of calculations performed with the realistic schemes of
single-particle levels. The methods of such calculations are considered in details in the mono-
graph [5.27]. The state equations for the thermodynamic functions of a excited nucleus, similar
to Eq. (5.2) of the Fermi gas model, may be written in the form of

U = \Y,9i[j{ti ~ A)2 + A§ - Ek{\ - 2fk)] + ^ ~ - , (5.29)
i

Here /? = 1/t is the inverse temperature, Ei is the energy of quasiparticle nuclear excitations,
n,- = [1 + exp(—/3Ei)]~l is the occupation numbers for the corresponding single-particle levels,
gi is the degeneracy of these levels and the sums over i include all single-particle levels for both
protons and neutrons. The quasiparticle energies Ei — [(e* — AT)2 4- A2.]1/2 are connected with
the single-particle energies and the correlation function AT by the equations:

where NT is the number of protons or neutrons in a nucleus, Ar is the corresponding chemical
potential and Gr is the pairing force constant. For t = 0 Eqs. (5.30) determine the proton and
neutron correlation functions for the ground state of a nucleus.

For given schemes of single-particle levels Eqs. (5.29) and (5.30) allow us to calculate the
thermodynamic functions and the nuclear level densities without any additional parameter. To
trace the difference between the behavior of the thermodynamic functions (5.29) and the Fermi
gas ones (5.2), it is useful to determine the following functions:

a' = S2/4U, S =

•2

™i), Z | |= /^ 2 , (5-31)

which are equivalent to the Fermi gas model parameters. For low excitation energies the calcu-
lated values of the level density parameters (5.31) reproduce rather well the shell changes of the
Fermi gas model parameters observed in experimental data (Figs. 5.1 and 5.4) [5.27]. At high
excitation energies ( > 50 MeV ) the mass number dependence of calculated parameters is very
close to the semiclassical (5.3).

The codes for microscopic calculations of the nuclear level densities are also given in the
RIPL Starter File. The collective effects are included into the codes on the basis of the same
approximations as for the phenomenological generalized superfiuid model. As recommended ones
for such calculations the single-particle level schemes of Moller et al. [5.40] are chosen. These
schemes were used for calculations of the recommended nuclear binding energies, shell corrections
and deformations (see Chapter 1). So their application to the level density calculations provides
the consistency of the ground state and excited nucleus descriptions.
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The single-particle level schemes and ground state deformations obtained in Ref. [5.40]
are tabulated in the database moIlerJevels.gz. This set of single-particle level schemes was
in ;luded in the RIPL in order to provide reliable and consistent single-particle level data set
for microscopic nuclear level density calculations. The retrieval code mollerJevels.for for the
Moller data base is also provided. This is a modified version of the original code written by Nix
[5.41]. It allows to extract interactively single particle level schemes for an given list of nuclides.
The format of the output files is compatible with the microscopic nuclear level density codes
capote-micro.for (Chapter 5.3) and obninskjmicro.for included in the RIPL Starter File.

5.1.6 Conclusions and Recommendations

Three level density models, the Gilbert-Cameron approach, the back-shifted Fermi gas model
and the generalized superfluid model, are widely used in practical calculations of nuclear level
densities. Therefore, recommended parameters for each level density model are presented in the
RIPL Starter File.

The files of the level density parameters provided by the Beijing, Bologna, Bombay, JAERI
and Obninsk groups were included into the Starter File as complete compilations of the level
density parameters in computer readable format. Differencies among parameters obtained by
different groups reflect different choices of input data on the neutron resonance spacings and on
cumulative numbers of low-lying levels.

The following sets of parameters are included into the Starter File as recommended for each
model:
i) For the Gilbert-Cameron model the parameters of the Beijing group [5.38], based on a recent
compilation of the neutron resonance densities and numbers of low-lying levels, seem to be the
best ones. The energy changes of these parameters at high excitation energies should be taken
into account on the basis of formulae similar to Eq. (5.11). Such changes are particularly impor-
tant for near magic nuclei. As an alternative version that includes more consistent description
of shell effects at high energies, the parameters by Iljinov et al. [5.34] and Mengoni-Nakajima
[5.24] could be used.
ii) For the back-shifted Fermi gas model, the parameters of Ref. [5.25] are included with two
versions used for the moment of inertia. Again, as in the case of the Gilbert-Cameron approach,
it is recommended to use Eq. (5.11) to describe energy changes of the a-parameter above neu-
tron binding energy.
in) For the generalized superfluid model, the Obninsk group parameters, obtained on the basis
of more recent compilation of neutron resonance densities, are recommended.

A new analysis of available data on cumulative numbers of low-lying levels was performed
within the frame of this CRP [5.26]. The nuclear temperatures and even-odd energy shifts are
estimated now for a much larger number of nuclei than considered in previous analyses. Some
more accurate evaluations of the neutron resonance densities are also obtained, and only a part
of them taken into account by current systematics of the level density parameters. Re-evaluation
of the level density parameters on the basis the new data obtained for the low-lying levels and
neutron resonances is recommended for the next stage of the Starter File development. Other
systematics of the shell corrections should be studied to obtain more consistent description of
the level density parameters in broad energy region.

The use of microscopic methods is an alternative to semiempirical formulae for nuclear level
density calculations. Combining microscopic and semimicroscopic methods, and using consistent
set of single-particle levels, a deeper understanding of nuclear level densities can be achieved.
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