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Analysis of inclusive nonelastic nucleon emission use inconsistently grad-
ual absorption into the quasibound particle-hole states of multistep com-
pound reaction chain together with the predominantly onestep direct re-
actions to describe experiments [1-3]. A sum rule analysis of the onestep
direct reactions cross section calculated in the framework of the multistep
direct reaction theory of Feshbach, Kerman and Koonin (FKK) [4] has
revealed that these cross sections are misinterpreted.

PACS numbers: 25.40.Fq, 25.40.Kv, 24.60.Gv, 24.60.Dr

1. Introduction

The Compound Nucleus (CN) reactions or more generally the MultiStep
Compound (MSC) reactions are calculated in terms of the optical model
for elastic scattering with the cross section for absorption of the incoming
flux determined by imaginary optical potential. The latter accounts for all
the flux removed from the elastic channel. However, the removed flux feeds
not only the quasibound, compound states of the MSC reaction chain but
also the direct nonelastic processes, which do not contribute immediately
to formation of compound nucleus states, i.e. to absorption. Therefore to
calculate the MSC and the related CN cross sections the optical model ab-
sorption has to be reduced by the amount of the direct nonelastic reactions
(1 — R)o., so that Ro, is the fraction that feeds the MSC reactions.

With increasing bombarding energy an ever increasing fraction of nonelas-
tic direct reactions will be due to several rather than onestep direct pro-
cesses, which may be followed by transitions into the quasibound particle—
hole states giving rise to gradual absorption after consecutive stages of the
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MultiStep Direct (MSD) reaction [5]. Gradual absorption splits R into par-
tial Rjs’s that describe absorption at successive reaction stages M. Thus
the influence of the strong nonelastic direct reactions on the formation of
the compound nucleus manifests itself in a reduced and gradual absorption
of the incoming flux [6],

00 =3 Ruor. 1)
M

On the other hand the MSC reactions affect the MSD process by modifying
the matrix elements for the individual onestep transitions that appear in the
expression for the cross section of a MSD reaction.The modified matrix ele-
ments can be obtained from DWBA by inserting an inverse elastic S-matrix
factor. An immediate consequence is that the modified matrix elements are
larger than the DWBA ones by the amount of absorptions on subsequent
stages of the MSD reaction. This means that the modified matrix elements
include encoded gradual absorption.

Since gradual absorption is justified by strong multistep direct transi-
tions, which require the modified DWBA matrix elements in the MSD cal-
culations, it questions the argumentation in favour of the normal DWBA
matrix elements by Feshbach [7,8]. The normal DWBA matrix elements
used currently in the FKK calculations result in MSD reaction cross sec-
tions which are practically onestep (1SD) cross sections. The calculated
twostep (2SD) contributions comprise no more than 5 to 25 % of the 1SD
cross sections at bombarding energies lower than 50 MeV [9-11]. The pre-
dominantly 1SD cross sections are inconsistent with the simultaneous use
of gradual absorption in the MSC calculations, a procedure which has be-
come a routine in analyses of low-energy experimental data. In the sequel
we are going to corroborate our observation that the commonly calculated
1SD cross sections do not observe the energy-weighted sum rules (EWSR's)
and therefore cannot be due to onestep reactions only [12], although quan-
titatively they well complete the cross sections for direct excitation of the
onephonon, low-energy collective states and the giant resonances in fitting
measured nucleon emission spectra and angular distributions [13,14].

2. The model calculations and analyses

The double-differential 1SD reaction cross sections (d%c/dUd$2)isp of
FKK can be divided according to the contributions of different transferred
orbital angular momenta / , and expressed by the microscopic DWBA angu-
lar distributions (da/d())PWBA_mlcr averaged over several final 1plh shell
model states compatible with angular momentum selection rules and energy
conservation. This allows one to calculate the cross section associated with



Sum Rule Analysis of Low-Energy Onestep Direct Reactions 1473

2!-pole spatial motion and attach to it a formal effective §; parameter in ac-
cord with the usual macroscopic DWBA model for collective excitations [12],

U+AU

dQU ) ) do DWBA—macr

LoV et ()T
U/ <dUd~Q 1SD—1 ds? LU+3AU

The 1SD cross sections are binned into AU = 1 MeV bins. The term 44
arises from an isospin conserving Clebsch-Gordon coefficient ( ez r =€, =
1 for inelastic scattering and er, = €, » = 2 for charge-exchange reactions).
Since the multipolarity of the 1SD cross section in Eq. (2) is a priori known
it is sufficient to compare the angle-integrated cross section with that for a
fictitious collective state located in the middle of the energy bin considered.
The DWBA cross sections (do/ dQ)PWBA_mlcr are calculated with micro-
scopic two-quasi-particle form factor with real effective interaction of Yukawa
form and strengths V;  =V,, = 12.7 MeV and V., = 43.1 MeV [15], and
the macroscopic cross sections of the collective model (da/dQ)PWBA*macr
use form factors given by deforming the phenomenological complex optical
potential foo(r) = —R(OUyo/OR). Both form factors were calculated with
use of the DWUCK-4 code [16] corrected for omission of the (2j; + 1)'/2
term in the microscopic 1plh form factor option [17].

The formal (; parameters obtained from (2) were used to deplete the
EWSR’s for El electric transitions of [ = 1, 2, 3 and 4 [18]. In this way we
analysed the 1SD cross sections calculated for orbital angular momentum
transfer [ = 0 through 9 that contribute to the neutron emission spectra
from the %Nb(n,zn) reaction at incident energies 14.1 MeV, 20 MeV and
25.7 MeV [13,14]. It was found that the 1SD cross sections exceed the
EWSR’s strengths the more the higher the projectile energy. In Table 1 we
present the factors Fex = > A (U 4+ 1/2AU) x 82 /EWSRLIM((), by which
the sum rules limits (EWSRLIM(])) [18] for multipolarities | were exceeded.
When reading Table 1 one has to bear in mind that the incoherent 1SD
cross sections of FKK supplement the cross sections of the direct reactions
(DCR) that excite coherently the low-energy collective states and the giant
resonances in the continuum thus providing a good fit to the experimental
data [13,14]. The DCR’s cross sections are summed over multipolarities [ = 1
through 4 and exhaust the full strengths of the corresponding EWRS’s (i.e.
a factor equal 1 has to be added to each Fuy for the “*Nb(n, zn) reaction
in Table I). Treating the EWSR’s limits strictly all incoherent 1SD cross
sections for the Y3 Nb(n, zn) reaction of orbital angular momentum transfer
[ = 1 through 4 are in excess. However, we know [19] that the sum rules
are fulfilled only approximately and this leaves room for some incoherent
contribution due to onestep reactions beside the onephonon collective cross
section. Still the figures in Table I indicate that even when we assume that
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the EWSR’s may be inadequate within a factor of 1.5 most of the 1SD cross
sections at projectile energies 26 MeV and 20 MeV presented in Table I
cannot be explained by onestep reactions only. These have to be instead
mainly twostep (2SD) cross sections [11]. Quantitatively we found from
Table T that 70% to 80% of the FKK cross sections calculated as 1SD are at
least 25D cross sections.

TABLE 1

Excess of the 1SD cross sections [13,20] over the EWSR limits (Fex) for different
multipolarities A = [ and projectile energies.

93Nb(n,xn)
projectile energy 14 MeV 20 MeV 26 MeV

AT J1SD Fox J1SD Fox J1SD Fox
1~ 20mb 1.5 24mb 59 25mb 5.5
2t 11mb 0.1 48mb 6.6 75mb 6.2
3- 3mb 03 41mb 07 87mb 49
4+ 22mb 03 58mb 09 83mb 14
o 103 mb 221 mb 377 mb

In Table IT we compare the onephonon DCR cross sections of the macro-
scopic DWBA model and the complementary incoherent 1SD cross sections
of FKK from Refs [13,20] with the MSD cross sections that include the col-
lective properties of nuclei by using the RPA basis of states [21]. The DCR
cross sections (in the first column of Table II) determine the phenomeno-
logical decrease of the integral phonon contribution with incident energy
(see also conclusions of Ref. [22]). On the other hand the direct incoherent
particle-hole excitations rise with incident energy as A%/ 3Fine when 1SD or
as A?3E? _when 2SD [22]. The 1SD-1plh cross sections of FKK in the
second column increase faster than linearly but slower than with the third
power of the incident energy. This behaviour supports the above conclu-
sion that the cross sections of FKK calculated as 1SD are to a large extent
rather 2SD. The RPA cross sections (third column in Table IT) are realistic.
However the 1SD component of the RPA does not follow the decrease of
the integral collective onephonon cross sections of the DCR’s although we
have shown that the two give rise to similar nucleon emission spectra [12].
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TABLE II

Calculated angle-integrated cross sections (in mb) of the *3*Nb(n, zn) reaction ac-
cording to different theoretical models.

projectile
energy 14 MeV
DCR[13,20] FKKJ13,20] RPAJ21]
1SD 224 103 202
2SD 57
projectile
energy 20 MeV
1SD 216 221 370
25D 217
projectile
energy 26 MeV
1SD 199 377 408
25D 260

Quite to the contrary the RPA contributions increase with energy in a way
characteristic of the incoherent particle-hole excitations in the noninteract-
ing quasi-particle models [4,22,23]. This means that the 1SD cross section
of the RPA contains beside the coherent collective component also a strong
incoherent contribution. The RPA cross sections were obtained by folding
a M-step DWBA cross section with M strength functions for transitions
of multipolarities A = 0 through 4, at 14 MeV, and A = 0 through 6, at
20 MeV and 26 MeV. Comparing the third column with the first one we
find that the incoherent 1SD component of the RPA cross section matches
approximately the coherent component as well as the phenomenological col-
lective DCR cross section of ~ 200 mb only at incident energy of 26 MeV.
Bearing in mind that the DCR cross sections exhaust the full strength of the
EWSR’s for I = 1, 2, 3 and 4 we have to assume that the excess of ~ 200 mb
in the 1SD cross sections of the RPA [20] at 26 MeV comes entirely from the
transition strength functions corresponding to multipolarities A = 0, 5 and
6, not accounted for in the DCR calculations [13], although from Table I we
see that the latter multipolarities are expected to contribute to about 100
mb only. Anyway the monotonic rise of the 1SD cross sections of the RPA
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with incident energy reported in Ref. [21] may not be kept within the limits
of the multipole EWSR’s.

It is an evident drawback of the RPA approach that it does not describe
the cross sections in terms of the phenomenological reaction mechanisms
but instead provides an overall response due to both the coherent and the
incoherent particle-hole excitations which renders this discussion qualitative.

3. Conclusions

We have shown that the onestep direct reactions calculated in framework
of the noninteracting particle-hole model of FKK exceed the EWSR’s limits
for multipole transitions [ = 1, 2, 3 and 4 and therefore can not be explained
by onestep processes only. Quantitatively we conclude that 70 to 80% of
these cross sections have to be due to at least twostep direct processes.
This finding removes the inconsistency between gradual absorption of the
incoming flux and the predominantly onestep direct reactions of FKK.
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