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The nonelastic direct reactions were devided into the incoherent MSD reactions
and the collectivereactions that excite coherently nuclear vibrations. This removes
the inconsistency in the description of the (n,zn) and (p,zn) reactions in the
f ramework of the MSD model of FKK. The influence of the strong nonelastic
direct reactions and of the accompanying gradual absorption on modelling and
calculations of the MSD and MSC preequilibrium reactions is discussed.

1. Introduction

In the first semiclassical models of preequilibrium nuclear reactions they were con-
sidered as a homogenous reaction mechanism. First in 1980 Feshbach, Kerman and
Koonin [1] (FKK) emphasized the distinctly different features of the multistep direct
reactions (MSD) and the preequilibrium compound ones, called multistep compound
reactions (MSC). In this way FKK have introduced the third reaction mechanism. The
remaining two, the direct reactions and the compound nucleus reactions (CN), have
been recognized long ago.

The FKK theory assumed the statistical concept of doorway states as being applica-
ble to multistep compound reactions. This means that absorption of the incoming fux
into the quasibound compound states was considered to be a onestep process that forms
the exclusive 2plh doorway states. Onestep absorption maximizes the preequilibrium
compound emission at the expense of compound nucleus formation and provides MSC
cross sections that overpredict experimental neutron emission spectra at the interme-
diate outgoing energies, following the low energy domain of the compound nucleus as
shown in Fig. 1. The excessive MSC cross sections originate from the large emission
widths H)Mz_ +1)pMA and relatively small damping widths ﬂA«E F1)pM predicted by FKK
for the initial reaction stages M. The way of reducing the MSC emission and bringing
the compound nucleus cross section to fit the data consists in letting less incoming
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sections of these reactions are estimated to be up to 40% of the optical model absorption
cross section for neutrons of 26 MeV energy incident on *3Nb [15]. It is this large cross
section of the multistep direct nonelastic reactions that enables gradual absorption of
the incoming flux via the continuum transitions followed by a transition into the more

complicated quasibound states [3, 4]. Therefore to calculate the MSC and the CN cross
sections the optical model absorption, ge=0,+05™", has to be reduced by the amount
of the direct nonelastic reactions. Let us call the fraction of the optical model absorption

cross section due to these reactions (1-R), so that R is the fraction that feeds the MSC
reaction chain. Gradual absorption splits R into the partial Ry’s that describe feeding
of separate reaction stages M [6]. Thus the absorption cross section to be used in MSC

calculations is [15],
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with i, I, J, j being the spins of
the projectile, the target nucleus,
the composite nucleus and the to-
tal angular momentum of the pro-
jectile, respectively. The partial-
wave transmission coefficients T'j
come from the standard optical
model. The Ru’s are determined
by a recurrence formula given by
Marcinkowski et al. [6},
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with Rg=0. The latter was ob-
tained from a phase-space model
by considering the densities of
the unrestricted states p and of
the bound-particle-hole states pB.
The predictions based on the phase-
[16], who investigated the influence o

Fig. 2. As in Fig. 1, but the calculations account for
gradual absorption from the phase-space model.

space model were supported by Sato and Yoshida
f the imaginary optical potential on the transitions

into the compound states and very recently Arbanas et al. (4] provided a quantum
mechanical justification of gradual absorption by using the non-normal DWBA matrix
elements for the continuum transitions and included it successfully into the calculations

of neutron emission cross sections. Calculations in which the partial Ry’s are used
provide best fits to experimental data [4, 15, 17], shown in Fig. 2, although application
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normal DWBA matrix elements by Feshbach [19].

3. The nonelastic direct reactions

Hm has me: shown recently that the nonelastic direct reactions can not be described
consistenly in the framework of the MSD reaction model of FKK.
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the continuum (see fig. 3) {18, 20]. This means that the direct inelastic scattering reac-
tion can be divided into two different types of reactions, the ones involving incoherent
particle-hole excitations and the other exciting coherently the collective vibrations of
the whole nucleus. The former are to be identified with the MSD reactions of FKK
whereas the latter can be calculated from the macroscopic model by the DWBA [21].

Practically this division is approximate since the strengths of the giant resonances
are taken from the EWSR’s which contains an unseparated contribution due to incoher-
ent excitations and vice versa the MSD cross section includes some of the coherent ones.
The total nonelastic MSD cross section and the total collective cross section determine
the reduction factor R=(o. — omsp — ocorr)/0c in (1). For the (n,zn) reaction on
9IND, at incident energies 14 MeV, 20 MeV and 26 MeV, the factors R amount to 0.82,
0.72 and 0.59, respectively [20]. The increasing contribution of the direct reactions is
entirely due to the rise of the MSD cross sections since the fraction of the collective
cross sections changes from 0.12 to 0.15 only, mainly due to the fall of the optical model
absorption cross section, in the incident energy range considered.
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Fig. 4. As in Fig. 3, but for proton emission from **Mo bombarded with 18 McV protons
[23]. Best fits correspond to the artificial V=42.2 MeV when the optical potential of Perey
[30] is nsed and V=63 McV when the potential of Becchetti and Greenlees [31] is used. The
realistic V=28 McV results in MSD cross section that underestimates the experimental proton
cmission spectrum.

The consistent description of the (n,zn) and (p,zn) reactions, including gradual
absorption and the collective reactions, is a partial success only since the very recent.
analyses of Demetriou et al. [22] and of Watanabe et al. [23] show that this ap-
proach fails to fit the proton emission channels. In particular the MSD cross sections
for the (p,2p) reaction are too low when the parameters V=28 MeV, g=A/13 and
o} = 0.56A%/* that have proved successful in describing the neutron emission channels
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Fig. 5. Comparison of the angular distribution of protons of outgoing energy from 6 MeV to 8
MeV, emitted from **Nb bombarded with 14.1 MeV neutrons [26], with calculations including
gradual absorption from the sphase-space model.

are used. Several possible reasons for this were investigated including neutron-proton
distinguishability, sensitivity to optical potentials and nonlocality effects but the cross
sections for proton emission remain low at the intermediate outgoing energies, as shown
in Fig. 4.

The (n, zp) reaction was studied by Kielan et al. [24, 25], who investigated the ex-
citation functions at incident energies from 13 MeV to 16.6 MeV and analysed also the
proton spectra from the %%*Cu and **Nb targets bombarded with neutrons of energy
close to 14 MeV. These authors found that fitting the proton emission cross sections
at such low incident energy is rather inconclusive. Although satisfactory agreement
between the calculated MSD emission spectra and the measured data can be obtained
when the parameters given above were used, there are some questions concerning agree-
ment with the forward peaked angular distributions observed in experiments also at the
low outgoing proton energies [26]. The MSD cross section, which is in case of the (n, zp)
reaction the only one that shows forward peaked angular distribution, contributes little
at low proton energies (see Fig. 5). The calculated cross section of the (n,zp) reaction
is also less sensitive to the presence of gradual absorption [25].

4. Conclusions

Gradual absorption is an effect of strong MSD transitions which can be explained
only when the non-normal DWBA matrix elements are used. Best fits are obtained by
calculating the gradual absorption at successive reaction stages from the phase-space
model. However, according to Feshbach the calculations of the MSD cross sections are
commonly based on the normal DWBA matrix elements. Since gradual absorption is
needed to fit experimental data there is a contradiction inherent in using simultaneously
gradual absorption and these MSD cross sections. On the other hand, recent calcula-
tions of the MSD cross sections including the non-normal DWBA matrix elements have

Gradual Absorption 731

proved true at incident energies below 30 MeV [4] but encountered difficulty in de-
scribing the *Zr(p, zn) reaction at incident proton energy of 80 MeV. In this case the
multistep contributions at low outgoing energies are too large and result in an incorrect
neutron spectrum shape [27]. Thus the question: “Is gradual absorption a significant,
physical phenomenon?” remains still open.

The absorption cross section as defined in the optical model is inadequate for MSC
and CN calculations since up to 40% of it is due to direct nonelastic reactions even at
relatively low incident energies. These direct reactions do not involve formation of the
quasibound particle-hole states and therefore do not feed the MSC and CN reactions.
At energies lower than 30 MeV much of the inelastic scattering cross section comes
from a direct excitation of the isoscalar collective vibrations of different multipolarity.
These collective direct reactions contribute throughout the entire spectrum of scattered
nucleons and show angular distributions that differ from the angular distributions of
the MSD reactions. They can be extended to include two-phonon excitations {10] and
viewed as a separate preequilibrium reaction mechanism [18, 20]. This is the fourth type
of reactions beside the incoherent MSD, the MSC and the CN reactions that contribute
appreciably to nucleon scattering cross sections.

The (n,zn), (p,zn) and (n, zp) reaction data are fitted with the physically justified
Vo=28 MeV, 03 = 0.56A%/% and g=A/13 [17], whereas describing of the (p, p) reaction
requires an adjustable parameter in the MSD reaction model of FKK. This inconsistency
needs further studies.
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