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We present a summary of activities carried out at E.N.E.A. in Bologna on
the development of the preequilibrium. emission models. We start with the
first application of the Multistep Compound Model in the Heidelberg for-
mulation, which is followed by the Multistep Direct calculations. Next, the
comparison between the exciton and Multistep Compound model by
Feshbach, Kerman, and Koonin is presented. Finally we discuss energy and
isotop dependence of the average single particle level spacing.

1. Precompound reactions in terms of the Heidelberg Multistep-Compbund Theory

(M.Herman, G.Reffo, HA.Weidenmuller)

Modem statistical theories of nuclear reactions1"4* distinguish between the multistep-direct and the
multistep-compound (MSC) mechanisms, the latter describing the composite system on its way
toward formation of an equilibrated compound nucleus. By definition, the MSC mechanism in-
volves only bound configurations embedded in the continuum, yields angular distributions sym-
metric about 90° cm., and is expected to be relevant mostly at relatively low (10-20 MeV) incident
energies. On the contrary, multistep-direct mechanism treats the evolution of the open configura-
tions, yields forward peaked angular distributions, and is supposed to be dominant at higher inci-
dent energies. So far, all MSC calculations5"10' have used the theory of Feshbach, Kerman, and
Koonin1 (FKK). In this paper we present the first results obtained in the framework of an alter-
native approach to MSC processes formulated in Ref.3 to which we refer as NVWY. This theory
is based on a well-defined quantum-statistical input and yields precise definitions of emission and
internal transition widths.

The average cross section connecting channel a and b via the MSC mechanism has the form

mjn

(We have omitted kinematical and angular-momentum dependent factors.) The sums run over all
classes (m or n) of particle-hole excitations. T% is the transmission coefficient coupling channel a and
class m. It is important to realize that T" = YJ"S, is the usual transmission coefficient in channel a,
given by the unitarity deficit of the average'S' -matrix, and thus available from standard optical-
model calculations.

The probability transport matrix nmn is defined via its inverse,

I I ***** 1

^ l )mn = 6mn(2*PmWm + ^m ) ~ ( l ~ Smn)2*Pm Vmn 2*Pn • (3)

Here, V}^ is the mean squared matrix element coupling states in classes m and n, H, = YXp
is the average spreading width of states in class m, and FS" = (2npm)~lY. Ts, is the the averagfe decay
width in class m. "

To calculate PA,, we relate it to the imaginary part of the optical-model potential, parametrized in
Ref.ll as W{t) = ce2 with c — 0.003 MeV-1 , e being the excitation energy of the particle (hole)
above (below) the Fermi energy. In calculating Pi , we average W(z) over the exciton distribution.
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The calculations were performed by means of the statistical model code EMPIRE12' which was
appropriately modified to allow for the MSC mechanism. In summing Eq.l over final channels,
we took rigorously account9* of proper angular-momentum coupling. The calculations were done
for the reaction nNb(n, ri) at a neutron bombarding energy of 14.6 MeV. As input we used binding
energies, target spin and parity, global optical-model parameters13 , and a value g — A112 Mev for
the single-particle level density. Allowing for 12 classes, it was possible to calculate equilibrium
emission of the first neutron within MSC theory and use the Hauser-Feshbach approach only for
the secondary neutrons.

The results of the calculations show a good agreement with the experimental data up to about 8
MeV of the outgoing neutron energy. For higher energies the calculations fell well below the ex-
perimental results showing the importance of the multistep-direct processes. Simultaneously,
our calculations reproduce also proton spectrum emitted in the nNb(nj>) reaction.

We conclude that Heidelberg MSC theory allows for parameter free calculations of the nucleon
spectra, consistent with the experimental results.
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2. Multistep-direct Contribution to the '3Nb(«X) Reaction

(M.Herman, G.Reffo, H.Lenske, H.H.Wolter)

The forward peaked angular distributions and failure of the multistep-compound model to describe
the high energy tail of the spectra, provide a clear evidence that more direct processes contribute
significantly to this energy region, even at such relatively low incident energies as 14 MeV. These
processes may be treated within so called 'multistep-direct' theories, which are an extension of the
DWBA method to the continuum transitions and account for multiple interaction of the projectile
with the target nucleus. In the present note we report on such calculations performed in terms of
the theory formulated by Tamura, Udagawa, and Lenske1).

We consider 93Nb(n,n') reaction at 14.6 MeV, for which also multistep-compound calculations have
been performed (see contribution to this meeting). We allow for 2 reaction steps each of which is
assumed to creat6 1-particle 1-hole configuration in the target nucleus. To calculate transition
densities we use single-particle wave functions calculated in Wood-Saxon potential and schematic
RPA approach. Strength parameters of the multipole field were chosen to reproduce experimental
energies of the first 0+, 2+, 3~, and 4+ states in MZn which was considered to play the role of a core.
For multipolarity X = 1 transitions the field strength was fitted to the GDR energy.

The results of the calculations describe very nicely high energy tail of the experimental spectra at
various angles. We note, that also the structure in the spectra is approximately reproduced. The
first step dominates at the very end of the spectrum, peaking at outgoing energy of about 12.5 MeV.
At energies below 10 MeV the second step becomes overwhelming. It should be stressed, that such
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an agreement is only possible if collective effects are taken into account in the transition densities.
Neglecting collective correlations yields not only different energy structure of the spectra but results
in cross sections which are by an order of magnitude smaller.

We conclude that multistep-direct calculations combined incoherently with the multistep-
compound ones provide with a very good description of the neutron induced reactions at low in-
cident energies.
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3. Comparison of exciton and multistep compound models

(M.Herman, G.Reffo)

During the last two decades, various preequilibrium models proved to describe processes, that lay
between fast direct reactions and slow compound nucleus decay. These essentially classical models,
considerably contributed to our understanding of the equilibration process, as well as of the reaction
mechanism itself. These models turn out to predict the high energy portion of nucleon spectra
surprisingly well, and became an indispensable tool for many basic studies and applications.

The explanation of the preequilibrium model success is, in our opinion, twofold. First of all, we
trace it to the fruitful idea describing equilibration of the composite nucleus. On the other hand,
experimental data, interpreted with preequilibrium models, do not offer enough information for
testing commonly used approaches unambiguously. In fact, all what is available, are parts of
spectra and inherent angular distributions, laying between two regions dominated by direct and
compound reactions respectively. Both these observables are rather of simple, structureless form,
which does not impose sufficient constraints on the theoretical models, used for their interpretation.
It seems, that most data may be equally well reproduced in terms of different models by 'allowed*
adjustment of parameters, that are always involved even in the so called "parameter free" models.

The most popular semiclassical models are the exciton model (EM) /I-10/ and the hybrid model
(HM) /11-14/. A detailed analysis of the different physical assumptions underlaying EM and HM
has been performed recently /15/ and will not be considered here.

To improve classical preequilibrium models better founded quantum mechanical approaches
/16-23/ have been introduced.

Here, we attempt to compare the widely used exciton model with the multistep compound (MSC)
/17/, the quantum mechanical formulation of preequilibrium decay that has been most frequently
applied 124-29j. We will concentrate on the physical ideas underlying both models, and discuss in
details the cross section expressions, paying not much attention to the obviously different derivation
of. both expressions. We shall try to relate the assumptions, that are physically equivalent but dif-
ferently formulated in the two models. We shall also point out similarities and/or differences in
practical calculations using both models.

The basic concept, common to EM and MSC, assumes that the composite nucleus is formed in a
relatively simple state and proceeds toward equilibrium through a chain of stages with increasing
complexity. Even though, complexity is not specified explicitly in the MSC, it is understood as
number of available degrees of freedom, and exciton number is adopted in practical calculations.
In both models transitions are mediated by the two-body interaction. This leads to the chaining
hypotheses in MSC, or equivalently to the condition regarding the change in exciton number AN2
in EM. There is, however, a well known difference between model space as used in EM and in
MSC. While EM makes no restriction regarding model space, the MSC involves only closed con-
figurations (i.e. those built up only with the nucleons placed in the bound shell-model orbitals).
This difference has an essential influence on the angular distributions. In the EM /8-10/ the linear
momentum in the incoming channel is gradually distributed among excitons, leading eventually to
the loss of the direction memory in the compound stage. In the initial stages, however, the projectile
direction is still favored, which results in the prediction of forward peaked angular distributions. In
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this respect, EM is a classical equivalent of the quantum mechanical models known as multistep
direct (MSD) /17.19-23/. .The important difference is that the latter consider only open.configura-
tions (i.e. those with at least one unbound particle), while EM treats close and open configura-
tions indifferently. As a consequence, one faces a conceptual difficulty in the EM. It is possible
to ascribe certain direction to the wave function in the open space. In this case, we deal with a
scattering-like wave function containing excited nucleus plus nucleon in the continuum. Such a
function extends outside the nucleus and may reveal asymmetry in the configuration space related
to the direction of the nucleon in the continuum. Using such a function in the MSD results in
asymmetric angular distribution. On the other hand, it is unclear how the same result may be ob-
tained in the case of closed configurations, in which all nucleons occupy bound orbitals, with the
wave function vanishing outside the nucleus. Accordingly, MSC process assumes complete loss
of the initial direction memory (except of the angular momentum conservation), that results in
angular distribution symmetric around 90°. On the contrary, the EM follows the MSD treatment
of the linear momentum in the entire model space, including the closed subspace. This should lead
to an underestimation of the backward part of the angular distribution, which is in fact usually
observed.

In the following discussion, we shall neglect angular distributions and splitting of the model space
in closed and open subspaces.

The second important assumption in the EM is the uniform population probability of all accessible
nuclear states in the equilibration process. This implies, that particular structure of the initial and
final states can be, on the average, neglected so that the decay is governed by the density of states.

A very similar assumption is also found in the MSC model. To assure equal population of the states
in the next reaction stage, the average spacings between states in a decaying stage is assumed to be
small compared to the width of the states in the next stage. This condition is referred to as "self
averaging*, and is given in terms of physical quantities, so that its validity may be tested. Alterna-
tively, one could say, that both models are working in a strong coupling limit, so that configurations
are expected to be well mixed (see ref. 15 in the case of EM).

In addition to the "self averaging*, MSC assumes also random distribution of the matrix element
phases, that implies vanishing of the interference terms. Such an assumption is not corisidered in
the frame of the EM, because no explicit averaging is performed. It does not mean, however, that
this assumption is not implicitly included in the EM.

Formal development of both models is obviously very different. The exciton model employs Pauli
master equation to describe the flux flow through different stages. The approach is semiclassical,
time dependent, and makes use of the detailed balance to estimate internal transition and escape
rates. Derivation of the MSC, instead, consists in the calculation of the averaged value of the
squared element of the fluctuating part of the transition matrix. The transition matrix is expressed
in terms of the nuclear Hamiltonian and optical model Hamiltonian, which formally account for
all the characteristics of the system. In the course of the derivation several averaging procedures
are involved. These have been subject to criticisms, as beeing performed not over matrix elements,
for which statistical distributions are well established. The way the averages are performed in MSC
is, however, intuitively convincing; at least to the same extent as EM derivation.

Conservation of the flux in MSC is not trivially fulfilled due to the coupling to the open subspace.
To ensure the flux conservation, one has to assume weak coupling between closed and open sub-
spaces. Naturally, this problem does not arise in the EM, since entire model space is considered.

Our final remark, concerning general formulation of the two models, regards the "never come back"
hypothesis. This assumption is not necessary (but optional) in the EM, because the master
equation takes all possible intranuclear transitions into account. Therefore, the EM provides us
with a unified model for the description of preequilibrium and equilibrium mechanisms. The
multistep compound model makes use of a time independent theory and the "never come back"
hypothesis is never invoked. In fact, transition matrix elements contain propagators, which describe
the transitions to the compound stage and backwards. However, the MSC cross section formula
reveals typical "never come back* structure, that prevents the unified description including equilib-
rium contribution. The latter is included in the MSC formalism somewhat artificially by setting to
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zero spreading width for a sufficiently complicated reaction stage. In order to keep both models
as close as possible, we will use the "never come back* version of the EM for our further discussion.

After this general discussion, let us consider the cross section expressions in both models. We take
the simplest version of EM neglecting angular distributions., In the case of the MSC we adopt
a simplified version, which makes use of the exciton concept to classify stage complexity. It is in
fact, the only version of the MSC, that has been applied in practical calculations. To keep our
discussion as simple as possible, we also assume that target, projectile, and ejectile have no spin.
Accordingly, cross section for the emission of the particle with angular momentum 1 from the n-th
stage of the composite nuqleus with spin J, leaving residual nucleus at excitation energy U and spin
s, is formally written in the same way in both models

H L
I I3 I I F

nJ Z i mJ

where, F&, FJLr, and F ^ are the averaged emission, spreading, and total widths respectively, and uu
stands for the formation cross section of a composite nucleus in the stage n = 1 with specified spin
J. Note, that the EM is usually formulated in terms of transition rates X, which are related to widths
by F = hX. In the Eq.l one may distinguish three factors, with transparent physical meaning. The
first one (from the right) is the, above mentioned, formation cross section. The second one is the
probability of finding the composite nucleus in the n-th stage, after having survived emissions from
the preceding stages (depletion factor). Finally, the third factor is an emission probability from the
n-th stage. Eq. I shows, that EM and MSC, in their versions discussed here, are equivalent to the
extent that widths and formation cross sections can be related to each other in both approaches.

Let us consider the formation cross section first. In EM the optical model reaction cross section
is usually taken. This can be corrected for the loss of flux due to the direct reactions, cither by in-
troducing a multiplicative factor or, more consistently, by using transmission coefficients calculated
in the DWBA or coupled channel approaches. In MSC the formation cross section is expressed
in terms of the strength function for the formation of the doorway states and is given by

<xu = nX(2J+l)2n-~-t (2)

where Ffr is the average entrance width for the configurations in the first stage, and Dy is the av-
erage spacing of such configurations having spin J. These quantities, essentially, may be calculated
directly from the known nuclear Hamiltonian, this being, however, very impractical. Alternatively,
the strength function may be obtained using a technique similar to the one employed for the de-
termination of the escape width (see the discussion below). The latter involves, however, lunknown
strength of the interaction (V,), and depends strongly on the spacing of the doorway states. It is
our feeling, that such a procedure does not meet accuracy required in applications. The third pos-
sibility is based on the observation that strength function under discussion is,approximately equal
to the suitably averaged strength function for the formation of the compound nucleus /30.31/.
Accordingly, predictions of the optical model may be used, and analogy with the EM is recovered.
The only difference is, that the reduction has to take into account also multistep direct processes,
in addition to the direct ones. Such an approach has been followed in Ref.28.

The remaining difference between EM and MSC may only be contained in the emission and
spreading widths, because depletion factor and total width are identically expressed in terms of F£,/
and F& in both models.

Assuming factorization of the spin dependence in the state densities, and using explicit form for the
matrix element of the delta-function interaction, the spreading width in the MSC model is written

mi
(3)

where Xju describes angular momentum coupling, and Yk carries all energy dependence. Note that,

227



as compared to Ref.17, we have separated factor \M\2 from Xju. In the case of the ^-interaction,
M factor is proportional to the interaction strength Ve, and to the overlap integral of the radial parts
of the wave functions for the nucleons taking part in a transition. Clearly, this factor corresponds
to the averaged matrix element in the EM. In Ref.32 it was shown, using identity relation for the
Heaviside function, that the factor Yk corresponds exactly to the accessible density of final states,
as used in the EM. Therefore, both quantities are equal when the same state densities are used.
The energy dependent part of the spreading widths are, thus, completely equivalent, if the same
model space is considered in both cases. The difference is found in the angular momentum struc-
ture. The MSC performs the detailed spin coupling of all excitons followed by averaging over initial
configurations and by summation over final ones, that results in a complicated Xki factor. Most
of the EM formulations disregard angular momentum conservation at all. Only some of them
take it into account j'33/, but treat it in a much simpler way, including simply spin distributions in
the state densities. This may be considered the main difference between MSC and EM as Tar as the
spreading width is concerned. It should be mentioned, however, that the J dependence of the X
factor, as calculated in the frame of the MSC, is rather weak /28,34/, therefore is expected not to
affect nucleon spectra to a great deal.

An essential conceptual difference concerns treatment of the escape widths in both approaches. The
EM assumes that the emission from a given stage occurs with a certain rate, which is proportional
to the inverse reaction cross section and to the probability of having the particle with the appro-
priate channel energy. The latter probability is given as a ratio of the state densities. No intrinsic
interaction is involved in the emission process, that reminds similar treatment of the emission in the
compound nucleus theory. On the contrary, in the MSC the emission is always mediated by the
nucleon-nucleon scattering. This scattering may lead to particle-hole annihilation or creation or it
may leave the number of excitons unchanged, thus giving rise to the three so called "exit modes".
These resemble the three possible internal transitions in the EM without "never come back" as-
sumption. This way MSC accounts for the A n = + 1,0,-1 transitions in the emission. In the result
of scattering, one of the nucleons is lifted to the open subspace and is considered to escape the
composite nucleus. Due to the scattering, that precedes emission, whole process can be described
similarly to the damping transition (Eq.3), using explicit expression for the matrix element of the
<5-interaction and accessible state density. Calculating radial overlap integral, we have to keep in
mind, that one of the excitons in the final state is described by the wave function belonging to the
open subspace. This brings the transmission coefficient into the expression avoiding, however, the
danger of using the detailed balance principle. Accessible state densities are calculated in the same
way as for the corresponding intemal(!) transitions in the exciton model, but having one exciton less
in the final configuration. As far as angular momentum is concerned, the appropriate discussion
for the spreading width should be here repeated.

In the MSC the escape and spreading widths are both proportional to the interaction strength,
which cancels in the cross section expression (Eq.l). It follows, that the MSC can be made inde-
pendent of the unknown interaction strength, if the formation cross section oXj is calculated in the
frame of the optical model. This is due to the assumption, that nucleon-nucleon scattering is in-
volved in each emission. On the contrary, all classical preequilibrium models need some estimate
for the interaction strength to calculate the ratio between the escape and damping widths.

We have shown that, basic ideas, underlaying the EM and MSC, are very similar. Closest corre-
spondence is found between the never come back version of the EM and exciton formulation of the
MSC, when neglecting angular and linear momenta considerations. In this case, the main difference
concerns treatment of the emission process.

In addition, EM attempts to describe MSC and MSD processes simultaneously. In this respect, the
angular distributions, resulting from both models, are very different, since EM is closer to MSD in
the treatment of the linear momentum. Disagreement is also found in the way the angular mo-
mentum coupling is performed in both models. The approach applied in the MSC is more micro-
scopic, and much more involved.

In the present comparison, we have left apart the most recent approach to the preequilibrium
mechanism by the Heidelberg group /18.19/. We mention only, that the latter reveals that "effective
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state densities", are involved in place of the ones presently used. So far, the extent of their impact,
on the practical calculations, has not yet been clarified. The complete, systematic intercomparison,
including Heidelberg model, would be highly desired.
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4. Systematics in Exciton State Densities

(G.Giardina, M.Herman, A.Italiano, G.Reffo, and M.Rosetti)

In most applications the average spacing of the shell-model hatniltonian

eigenvalues is taken to be energy independent and its inverse (density of

eigenvalues or density of single particle levels), denoted by g, is taken

usually to be proportional to the nuclear mass number A:

g - "- with c *=» 13, but such an approach lacks any microscopic

foundation and may introduce large errors when used for the determination

of dynamical quantities. This has motivated the present investigation of

the average dependence of the unperturbed shell-model hamiltonian spacings

on the energy, the neutron and the proton numbers. We have analyzed the

extensive set of single particle levels, as determined by Nix and Moller.

This set contains results for more than 4000 isotopes in the mass range

from A=12 up to A~269 and also covers nuclei far from the stability line,

allowing for an investigation of the isotopic effects. We have analyzed a

cumulative number of eigenvalues (for particle and hole excitation) as a

function of energy above and below the Fermi level.

Observing Fig.l is evident that above the Fermi level the cumulative

number of eigenvalues increases faster than in the case of equidistant

distribution (linear energy dependence). A quadratic energy dependence

(1) X(E) « a E 2 + b E + c

gives a resonable description (see Fig. 1). In the case of the eigenvalues

lying below the Fermi level, the energy increase of the cumulative plot is

slower than the one for equidistant levels and may be approximated by

(2) E - a CN" - 2)2+ b CN* - 2)

(the constant 2 appears to ensure two possible hole states at zero energy).

The average density of eigenvalues which appears to be energy dependent:
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(3) g(E) - d 4 ? P - 2 a E + b (above the Fermi level)

(4) g(E) - ^£P - ( b2 + 4 a E )*l/- (below the Fermi level).

For each isotope, cumulative plots for neutrons and protons were

separately fitted with Eqs. 1 and 2 providing values for a, b, c, a and b

paremeters.

In Figs. 2 and 3, the parameters a and b are plotted versus the neutron or

the proton numbers. The a* and ax determine energy dependence of the

average spacing of neutron and proton single particle levels (s.p.L) above

the Fermi energy:

- a,, (Fig. 2) has a rather well determined dependence on the neutron

number N. Some spread of the points in Fig. 2 may be related to the

influence of the proton number Z. This effect is explained in Fig. 4.

- a* (Fig. 3) shows slightly different systematics. It increases linearly for

small Z, peaks at Z=55 and eventually decreeses. For Z>40 one observes a

pronounced isotopic effect, which is manifested by a large spread of the

points. This effect is pointed out in Fig. 5.

a* and a* do not show pronounced shell effects.

This is qualitatively understood, since these parameters account for the

decrease of spacings between high lying single particle levels, being

therefore rather insensitive to the region close to the Fermi level.

Now we consider the constant term in Eq. 4.

bj,(for neutrons) appears to be, on the average, an increasing function

of N (Fig. 2). Close to the Fermi level this parameter mainly determines

eigenvalue spacing. It is, therefore, expected that it should carry on the

effects of the shell closure (discontinuities at N-50, N-82 and at N-126

confirm that this is actually the case).

For light nuclei, usually far from the stability line, one occasionally finds

negative values of b» (see Fig. 2). In terms of Eq. 3 it means that g

acquires a physical (positive) value only above certain energies, at which

the energy dependent term becomes greater than hu . Such cases are related

to the large gap between the Fermi level and a first s.p.L above it. A very

wide spread of bv around the mean value (see Fig. 2) indicates a strong
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FIG. I. Cumulative number of eigenvalues above (p) and
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ed with respect to the Fermi level.
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FIG. 3. Parameters a r and b r determining average spacing of
proton eigenvalues aboue the Fermi level in function of proton
number. Heavy points refer to stable or stable-neighboring nu-
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isotonic effect, that is pointed out in Fig. 4, where the \>u values are

plotted versus Z for several fixed values of N. Clearly b^ is a smooth and

strongly decreasing function of Z. If only stable, or nearly stable, nuclei

(heavy points in Fig. 2) are taken into account, the spread is considerably

reduced.

bT (for protons) is remarkably constant (usually negative) for Z-20-r-50

and increases linearly for higher Z. In this case, the shell closures

manifest themselves as discontinuities. Strong isotopic effects are only

observed for light nuclei, and are strongly suppressed for nuclei with

Z>40. Neutron number dependence of b* for several fixed Z is presented

in Fig. 5.

The treatment of the s.p.l. spacings below the Fermi level appears to be

difficult. Figs. 6 and 7 show that the a and b parameters of Eq. 4 for

neutrons (or protons) decrease rapidly with increasing N (or Z), varying by

two orders of magnitude between very light and heavy nuclei. One can

observe extremely strong shell effects, which show up not only at main

shell closures, but also when certain more pronounced sub-shells are filled.

Therefore, we can only predict the very general behaviour of the a and b

parameters.

In Fig. 8 densities of single particle levels for neutrons and protons are

shown as a function of energy above (or below) the Fermi level. These

densities were calculated from the values of a, b, a and b parameters for
138Au and 78Rb obtained in the fit. In the case of 198Au, the density for

holes appears, at very low energies, much higher than the density of states

available for particles. At higher excitation energies, however, the density

of particle states becomes much larger, thus particle contribution to p-h

state density is overwhelming. From Fig. 8 one may conclude that an

assumption of equal single particle state densities and holes is a crude

approximation at low excitation energies, and does not hold at all when

single particle levels far from the Fermi level are involved.

The g parameter plays an important role in the determination of the state

densities within the independent particle model. If the spectrum of s.p.l. is

assumed to be equidistant the expressions for partial (n-exciton in Ericson's

and Williams's formulae) and total (formula type Bethe) state densities are
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FIG. 9. State density for 3h (upper part) and 3/? (lower part)
neutron configurations in 5*Ni. Solid line represents result of
the microscopic calculation. Dashed line stands for the predic-
tion of Eq. (8) with G"=N/13 and dash-dotted line represents
the same Eq. (8) in which effective G, given by formula 12 or 13
respectively, is used.

derived. Our previous analysis proves that this assumption does not hold.

Therefore we attempt to work out the method of calculating state density

when the equidistant restriction is relaxed. One of these methods consists

of the convolution of an n-1 exciton state density with an 1-exciten state

density, to obtain the n-exciton state density:

(5) w(n,E) - i I w(n-l.E-e) w(i,e) denf Jo

with eigenvalue spacing given by Eqs.3 and 4.

Considering pure p-particle configurations and noting that

(6) w(l,e) = g(e) = 2 a e + b,

the following recursive expression for w(p,E) is obtained:

(7) 2a)p-"xf (2a)

The same approach is unpractical in the case of hole configurations,

because the analytical form of g(e) does not provide a reasonably simple

expression after several convolutions have been performed, therefore we

propose an approximate solution of the problem. Instead of deriving an

exact p-h state density formula, taking energy dependence of g explicitly
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into account, we propose to retain the standard form given by

in which G stands for the effective density of eigenvalues defined as the

average over excitation energy, weighted with the probability of finding an

exciton at a given energy ( exciton distribution):

(9) G(n,E) " p P(n,e) g(«) de - ( ^ P (E-e)""2 g(«) de

where P(n,€)' is defined by:

- ( ^ P

(10) P(n,e)d€ - k ^ " T 1 ' ! : 0 d€
a>(n,E)

and k is a normalization factor.

Using Eq. 3 and considering the case of neutron particle levels, we get

(11) Gi,(n,E) = b , + ^ E

and the corresponding expression for protons is obtained by exchanging y

with TT.

The same procedure applied to neutron holes yields a more complicated

recursive relation:

(12) G,(n,E) = o , ( " ' 1 ) - , p [(4 a, E + hi) G,(n-1,E) - b j

in which 6,(1 ,E) - g^(E) .

The analogous expression for protons is obtained by the exchange of

subscripts. We note that the effective density G becomes energy and

exciton number dependent. In Fig. 9 predictions of Eq. 8 for 3-exciton state

densities in S3Ni are compared with the exact counting of states.

A closed formula (Eq. 8) was evaluated using common choice G-N/13 and

using effective G determined from Eqs. 12 and 13, with a* , bv , a* , and b»

parameters obtained from the fit of the cumulative number of levels. It is
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evident that the Williams formula with G-N/13 greatly underestimates the

exact density of particle configurations and overestimates the density of

the hole ones. Use of the effective G in Eq. 8 results, in both cases, in a

net improvement regarding the magnitude and slope of the state density.
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