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We have implemented multistep compound (MSC) and multistep direct (MSD) preequilibrium
theories of Feshbach, Kerman, and Koonin (FKK) for the calculation of nucleon-induced reactions.
Unlike most previous analyses, which have concentrated on just one of these multistep mechanisms,
we consider both mechanisms as well as subsequent Hauser-Feshbach equilibrium emission, and
describe the complete nucleon emission spectra and angular distributions quantum mechanically.
We compare theoretical calculations of (n,n’) and (n,p) reactions on °*Nb at energies of 14, 20, and
25.7 MeV with experimental data. Our analysis suggests that the FKK theory should be modified to
allow transitions from the MSD to MSC preequilibrium chains, and shows MSC processes to be less
important than previously thought. We find that the MSD mechanism dominates preequilibrium
emission even for incident neutron energies as low as 14 MeV. A model to account for preequilibrium
flux cascading from the MSD to MSC chain is presented, and we check its validity with a least-
squares fit to data which establishes the experimentally observed partitioning between MSD and

MSC.
PACS number(s): 24.60.Gv, 24.60.Dr, 25.40.Fq

I. INTRODUCTION

The quantum-mechanical preequilibrium theory of
Feshbach, Kerman, and Koonin (FKK) [1] has been
applied with considerable success to describe nucleon-
induced reactions up to 200 MeV; see Refs. [2—4] for re-
cent analyses. This theory describes the reaction as pass-
ing through a series of particle-hole excitations, caused
by nucleon-nucleon interactions as the nuclear system
evolves towards equilibrium. Preequilibrium emission oc-
curs when particle decay takes place from simple particle-
hole stages early in the reaction, and is typically of high
energy and forward peaked. According to the FKK the-
ory, two different types of preequilibrium emission can
occur: multistep direct (MSD) and multistep compound
(MSC). The majority of FKK analyses to date have con-
centrated on just one of these mechanisms and have an-
alyzed restricted sets of experimental data with the as-
sumption that only one of these two mechanisms is im-
portant. However, for most energy ranges both mecha-
nisms are present.

In this paper we present FKK calculations which ac-
count for the whole emission spectrum of neutrons and
protons, at all emission energies and angles, for neutron
reactions on niobium. We show that it is necessary to
perform MSD, MSC, and Hauser-Feshbach analyses con-
currently to properly describe the reaction. In particular,
we argue that MSC preequilibrium processes are less im-
portant than previously thought, and that there is con-
siderable crossover from the MSD to MSC preequilibrium
chains, in contradiction to the original FKK description
of the reaction. These effects are difficult to establish
unless one considers the whole emission spectrum for a
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number of incident energies. We have concentrated on
niobium as an illustrative example since there exists a
large amount of experimental data for its interaction with
neutrons (due to interest in it by the fusion program). In
a subsequent paper we shall present our FKK analyses
of a large number of different target nuclei and incident
energies.

Multistep direct reactions occur when at least one of
the particles in the preequilibrium cascade is in the con-
tinuum (P space), whereas multistep compound pro-
cesses occur when the excited particles in preequilib-
rium states are bound (Q space). FKK showed that the
transition matrix elements in these two preequilibrium
chains have very different statistical properties, result-
ing in MSD emissions having a forward-peaked angular
distribution, and MSC emissions being symmetric about
90°. In general, MSD emission is most important for
higher incident energies, and MSC emission for lower in-
cident energies, though in almost all cases both mecha-
nisms must be considered. Figure 1 shows the different
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FIG. 1. Preequilibrium chains of unbound P space and

bound @ space. Short arrows represent possible emission,
and dashed arrows indicate P—@Q transitions.
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preequilibrium chains. The dashed lines indicate tran-
sitions from P to @ stages which we shall show to be
important.

This research was motivated in part by the desire to
use a quantum theory of preequilibrium reactions in nu-
clear data evaluation work, which usually relies on the
semiclassical exciton or hybrid models. In Ref. [5] we
described our code system FKK-GNASH, which enables
the whole emission spectrum in a nucleon-induced reac-
tion to be calculated quantum mechanically. There have
been a number of other applications of quantum pre-
equilibrium theories to describe *3Nb reactions [3,4,6-9].
Our calculations differ from these works (except Ref. [9])
in that we describe the full emission spectrum (including
multiple emission processes), and predict angular distri-
butions for all emission energies. Angular distributions
can be satisfactorily explained only with quantum theo-
ries, since distortion effects of the nucleon wave functions
in the nuclear field are needed to account for backward-
angle emission [10].

In Sec. II we describe the MSD theory, and in Sec.
III the MSC and Hauser-Feshbach theories, along with
various refinements to the original FKK formalism for
calculating preequilibrium decay widths. We provide ev-
idence for the existence of P—() transitions beyond the
initial 1p—2plh (with p for particle and h for hole) tran-
sition in Sec. IV and present a model to account for the
partitioning of the reaction flux between the P and Q
chains. Our results are shown in Sec. V, where we com-
pare theoretical calculations of (n,n') and (n, p) reactions
on 98Nb at incident neutron energies of 14, 20 and 25.7
MeV with experimental data. As a further test of our
model for P—(Q transitions, we perform a least-squares
analysis of the experimental data in Sec. VI, using only
the shapes of our calculated MSD and MSC spectra. Our
conclusions are given in Sec. VII.

II. MULTISTEP DIRECT REACTIONS

MSD reactions occur when the P-space chain of states
is populated (see Fig. 1), so that at least one particle is
in the continuum. This particle maintains a “memory”
of the initial direction of the projectile as it creates p-
h states through scatterings with bound nucleons, and
results in forward-peaked emission.

MSD theory represents an extension of distorted-wave-
Born-approximation (DWBA) theory into the contin-
uum, and can be derived from a Lippmann-Shwinger ex-
pansion of the transition amplitude [11]. The FKK the-
|

d2U(E, Q— EO,Q()) m
- Q
dQdE ostep | Am2R2 / d 1/ BB,

It should be noted that our DWBA cross sections are
obtained in a similar way to the calculations of Bonetti et
al. [19] and Marcinkowski et al. [20], but not Koning and
Akkermans [4]. We calculate the form factor for the vari-
ous transitions with DWUCK4 [21] using a Yukawa poten-

d20'(E,Q - El,Ql)
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ory differs from the theories of Tamura, Udagawa, and
Lenske [12] and Nishioka, Weidenmuller, and Yoshida
(NWY) [13] in the quantum-statistical assumptions con-
cerning multiple-scattering processes, as discussed by
Koning and Akkermans [11]. It has the advantage that
random matrix element assumptions are made, allowing
multiple-scattering processes to be expressed in terms of
a convolution of single-step scattering cross sections. For
the incident energies that we consider, only one- and two-
step scattering needs to be included. The one-step cross
section is given by

d20(E,Q — Eo,Qo)
dQYdE

1-step

=Y (2 +1)p(1p, 1h, By — E,1)
: .

S

where [ is the orbital angular momentum transfer, which
equals the composite spin since we follow FKK in assum-
ing spin-zero nucleons and target nucleus. p(1p, 1h, Ey —
E,!) is the density of 1plh states with energy Ep — E and
spin I. In general the density of states for a p-particle, h-
hole system can be partitioned into the energy-dependent
density multiplied by a spin distribution, p(p, h, E,l) =
w(p, h,E) R,(l). We use the Williams [14] equidistant
expression

w(p, h,E) = —2

R =L AT App)™ Y (2)

where n = p + h, and we take the single-particle spacing
as g = A/13 MeV~1. The Pauli-blocking factor is A, =
[p? + h% + p — 3h|/4g, and the pairing energy corrections
(A) of Dilg et al. [15] are used. A Gaussian angular
momentum distribution is assumed,

20+1 ox [_(l+1/2)2]
2v/2m03 207 |

with spin cutoff o2 = 0.24nA%/3 [16].

<[E‘_"L@-%MZ]DWBA> is the average of DWBA

cross sections exciting 1plh states of energy Fy — E con-
sistent with angular momentum and parity conservation.
The 1plh states are obtained from a spherical Nilsson
model [17].

We follow Feshbach [18] in using DWBA matrix ele-
ments for the higher steps and obtain the two-step cross
section as a convolution of one-step cross sections,

Rn(l) = 3)

dzd(El, Ql «— E(), Qo)

dQYdE d0dE, ()

1-step 1-step

[
tial of range 1 fm, and strength Vg, for 1plh excitations.
Koning and Akkermans, however, follow the prescription
of Tamura, Udagawa, and Lenske [12] of replacing the
average of many microscopic DWBA cross sections with
just one fictitious collective state of deformation §;, which
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FIG. 2. One- and two-step MSD angular distributions for

93Nb(n,n’), for an incident energy of 25.7 MeV and an emis-
sion energy of 12 MeV.

is treated as an adjustable parameter. Thus their defor-
mation parameter §; is analogous to our Vj in affecting
the overall magnitude of the MSD spectrum (which goes
as Vi for one step and Vg for two step). With a CRAY
computer we have no difficulty in averaging a large sam-
ple of microscopic 1p1h DWUCK4 cross sections (typically,
for each 1 MeV energy bin, we average about five micro-
scopic cross sections for each [ transfer), and we believe
this procedure is more in keeping with the FKK theory,
which uses a particle-hole representation. We have found
it important to include at least 12 values of [ transfer in
Eq. (1) to ensure that all possible 1plh excitations are
accounted for, and in (n,n’) reactions we include mi-
croscopic form factors leading to both neutron p-h and
proton p-h excitations. When calculating the form fac-
tors, unbound-state wave functions were obtained from
optical-potential scattering states, and bound states from
a real Woods-Saxon potential well with radius parame-
ter 1.2 fm and diffuseness 0.6 fm. We apply a Gaussian
smoothing to our calculated MSD cross sections of width
2 MeV, to remove artificial fluctuations which would not
arise if we used deformed Nilsson single-particle states.

As an example of MSD cross sections, we show in Fig. 2
the one-step and two-step angular distributions for inci-
dent and emission energies of 25.7 MeV and 12 MeV,
respectively, in the 93Nb(n,n’) reaction. The two-step
contribution is much smaller than the one-step contribu-
tion, and less forward peaked, since the “memory” of the
incident projectile direction is increasingly lost through
successive nucleon-nucleon interactions. In addition to
the forward peaking, the calculations show interference
effects, leading to an increased cross section at the high-
est backward angles in one-step scattering. As seen in
Sec. V of this paper, this effect is often observed in the
data.

III. MULTISTEP COMPOUND REACTIONS

These occur when a chain of p-h states is populated in
which all the particles are bound (the Q space of Fig. 1).
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The MSC contribution is greatest for low incident en-
ergies, becoming insignificant at high incident energies
(above about 50 MeV), due to the decreasing probability
of forming bound preequilibrium states with increasing
energy. Matrix elements for MSC emission involving dif-
ferent total angular momenta, parity, and other quantum
numbers are assumed to be random so that no interfer-
ence terms remain on averaging, yielding angular distri-
butions that are symmetric about 90°. Since our calcula-
tions show a negligible MSC deviation from isotropy [20],
we obtain double-differential cross sections by evaluating
the simpler differential cross section expression and di-
viding by 47. We determine the amount of reaction flux
into the MSC chain from a conventional optical model
(reduced for MSD emission), and we allow this flux to
enter the MSC chain at various stages along the chain,
rather than all at the 2plh stage [1]. The differential
MSC cross section is given by

do

5= w2y (27 +1) [R*°TY)
J

. i
ESEP IR e

where R™*° T is the transmission coefficient for produc-
ing bound 2plh states of spin J, multiplied by a reduc-
tion factor R™*° (discussed below) since only a fraction
of the reaction flux enters this initial state. IV labels each
preequilibrium class, e.g., N=1 denotes 2plh, and n the
number of excitons, n = p+ h = 2N + 1. We include
MSC emission from two preequilibrium stages before the
equilibrium “r stage,” since the ratio of emission to to-
tal MSC widths decreases strongly with increasing N. v
labels the three different emission modes corresponding
to An = 0,—2, and +2 [1]. J and ! denote the com-
posite system spin and orbital angular momentum of the
emitted particle, respectively. Following FKK, all nu-
cleon spins are assumed to be zero, as are the spins of
the target and residual nuclei. We showed in Refs. [3,

22] that this is a reasonable approximation. (FL'}’(U )) is
the differential emission width for MSC preequilibrium
decay of a nucleon with energy F, leaving a residual nu-
cleus with energy U, described below. (I', ;) is the total
width of the MSC stage N, J, given by the sum of the
damping width and the emission widths for neutron and
proton emission. Hf,’;ll Fi 7/Tns is the depletion factor
(again, n = 2M + 1), accounting for the loss of MSC flux
through emission from earlier preequilibrium stages.
Because the MSC preequilibrium stages have bound
single-particle states, a two-body scattering process is
needed for particle emission to occur. The emission and
damping widths for a given preequilibrium state are cal-
culated microscopically with a zero-range potential,

V(r1,r2) = Vo(5775)8(r1 — r2), (6)

where V, is the potential strength, and have the general
form

(T (U)) and (T},)~XY, (7)



2258

where X contains all the angular momentum coupling
and the overlap integrals, and Y is the accessible phase
space for the transition. We show below the expressions
used for these functions.

A. X functions

For a given preequilibrium stage there are three emis-
sion X functions describing processes in which the num-
ber of excitons changes by 0, —2, and +2, and one damp-
J
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ing X function. They are obtained by averaging the
transition matrix element over initial states and sum-
ming over final states for a zero-range nucleon-nucleon
interaction, and together they account for the angular
momentum coupling in all possible decay channels. For
simplicity we follow FKK in assuming spin-zero particles,
since we showed in Ref. [3] that this is a good approxima-
tion. The emission X functions (where we have summed
over the residual nucleus spin S), using the notation of
Fig. 3, are [1]

20+1 )
xnt= 27r(R (J)) I} Z F(Q)(243 + 1) R1(j3)Rn—2(ja) ( T3 609) A(QJjs), (8)
m Qjaja
) 2
Tm+2 1 _ (2l+1) 2 . . . l]sQ .
X" = 27r———Rn(J) I Z R1(Q)(2js + 1) F(js)Rn-10da) { 55 o ) AQJ74), 9)
Qjsja
1isQ 2
Xy =om g ( 7 2 Fn-s($)AUST) 4 2 (2Q + DFQ)(2 +1) Falia) (0”5' 0) : (10)
Qijs
and the damping X function is
l”l+2 12 . . . l j3 Q 2 .
X =25 > @+1) Ri(R(Q)(275 + 1) F(j3)Rn-1(3s) { g9 ¢ ) A(QTa), (11)
Qjzja l
where the triangular function A(abc) is defined as unity S
if |a —b] < ¢ < a + b and zero otherwise. We use the I ~=
same Gaussian spin distribution function R, (J) and spin 3
cutoff for MSC and MSD processes [see Eq. (3)]. The 0 -
angular momentum density of a pair of states is given by An=
. 2 .i1 j2 .
F(Q) = Y (251 + 1)R1(51) (252 + 1)Ri(j2) (]01 v %2) -,
J1j2 Q. )
(12) J
The bound-continuum and bound-bound overlap inte- S
grals are obtained using the FKK assumption of constant j
wave functions [1], ,...3,
o 1 4V@r3kmT, 13 I ‘1\11/24
I =5:37 73 4
2m 3 h A An=2 .
V¢ Q |
J
where £ is the emitted momentum, 7} the transmission I
coefficient, A the nuclear mass, and r¢ the radius param-
eter, which we take to be 1.2 fm. It should be noted that An=-2
I 12 contains the free phase space of the emitted particle. A / :
In previous works we determined overlap integrals using )4 12, I3
more realistic nuclear and scattering wave functions [3]. Q S
Such an approach runs into difficulties since it is often ot
artificially sensitive to the choice of interacting states, J
and also the basis set of states needed for a realistic de- FIG. 3. Three X functions for An = 0,2, and —2 pro-
scription is often larger than practically calculable. Thus, cesses. The angular momenta of individual components of

for application purposes, the original approach of FKK

the system are indicated in the diagrams.
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is preferable. The MSC emission spectrum is indepen-
dent of Vi, which cancels in the ratio of emission to total
widths.

Neutron-proton distinguishability is accounted for in
N=1 MSC emission by reducing a two-component for-
malism to a one-component formalism with correction
factors applied to the escape widths. We find factors of
1.037 and 1.111 for An=0, 2, respectively, in (n,n’) or
(p,p’) reactions, and 0.593, 0.888 for An=0, 2 in (n,p)
or (p,n) reactions, obtained from Ref. [23] when the flux
J
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into the Q-chain 2plh stage is set equal for one- and two-
component approaches.

B. Y functions

It is essential that Y functions using only bound pre-
equilibrium states are used when determining the accessi-
ble phase space for transitions. Such Y functions results
in MSC emission spectra which differ considerably from
those originally obtained by FKK. The three emission Y
functions are given by [24]

3 B n—1
Y,"(U) wB(p, h, E) !: 2(n — 2) (U—-E+2B)w”(p—2,hU )+ | n—1
B _ n—1 B _ _ n—2
n—1 n—2
3 B n
Tm+2 — g w (pah‘_lyU ) 16
Yo 2wB(p, h, E) n(n —1) ’ (16)
B
Tn—2 _w p-2,h-1,U) g B
Y Im"*(U) 5(p. h.E) w”(2,1,E -T), a1
for a residual nucleus energy of U. The damping Y function is given by
Y_L _ g4 wB(pah'_laEn+1) _—wB(pvh_lv[E_B]n+1)
™" 2wB(p,h, E) (n—=1)n(n+1)
+wB(p - 1,h E"*Y) —wB(p—1,h,[E - B]™) BwB(p —1,h,[E - B")
(n—1n(n+1) (n—1)n
B n—1
_pow’(p—1,h,[E - B]"Y)
B 3n—1) . (18)

In the above expressions the density of p-particle h-hole states is taken from an equidistant single-particle model,
with the particles restricted to energies below the binding energy B,

wB(p,h, E) = ——-’;Ll_—m i(—ni (p) (B — A — Ay, —iB)""1O(E — A — Ay, — iB), (19)
T i=0

p!hY( i

where g, A and A, have the same meaning as in Eq. (2), and the theta function is unity if its argument is positive,
and zero otherwise. In the above equations we also use the notation

B n+HY _ 9"
wip, b BTTT) = Srtn =11 Z
which should be used when the exponent n+H # p+h—1.
This notation simplifies the analytic expressions for the
Y functions which involve integrations of Eq. (19).

In Fig. 4 we show the emission Y functions for the first
preequilibrium stage of the %3Nb(n, n’) reaction. For this
N=1 stage, An = —2 processes are omitted since they
correspond to elastic scattering. This Y-function depen-
dence on emission energy carries over into the emission
widths, resulting in An =2 processes being most impor-
tant except for the highest emission energies, where An
=0 dominates. The spin dependences of the N=1 and
N=2 emission and damping preequilibrium widths are
shown in Fig. 5. It is clear that the ratio of emission to
damping width decreases strongly with increasing N, al-
lowing us to consider only two preequilibrium stages and

(1) (f) (E— A — Apy — iB)" " HO(E — A — A, — iB), (20)
0

[
treat subsequent emission as being compound nucleus.

When computing MSC emission cross sections the Vg
factors in the emission and damping widths cancel out.

C. “r-stage” or Hauser-Feshbach decay

Nuclei which do not undergo preequilibrium emission
eventually become equilibrated and decay via compound
nucleus emission. After calculating the primary MSD
and MSC preequilibrium emission, we use the Hauser-
Feshbach code GNASH [25] to describe the primary decay
of compound nuclei that have survived preequilibrium
decay, as well as the subsequent compound nucleus de-
cay of residual nuclei remaining after preequilibrium and
equilibrium particle emission.
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FIG. 4. Emission Y functions for N=1 neutron preequi-
librium emission, for a 25.7 MeV induced **Nb(n, n’) reaction.

The original FKK formulation calculated equilibrium
emission using the “r-stage” formalism, which extended
techniques used for calculating preequilibrium decay into
the equilibrium regime, and FKK point out that formally
it is very similar to Hauser-Feshbach theory. The rela-
tionship of r-stage decay and Hauser-Feshbach decay was
considered in Ref. [24], and the differences shown to be
small. Since Hauser-Feshbach theory has been so suc-
cessful in describing compound nucleus decay, we use it,
rather than the r-stage approach. This allows us to use
the GNASH code system, which readily calculates all pos-
sible emission channels of all residual nuclei and includes
photon competition in decay sequences. The contribu-
tion from multiparticle reactions to neutron and proton
emission spectra can be substantial at lower emission en-
ergies.
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FIG.5. Spin dependence of the N=1 and N=2 MSC emis-

sion and damping widths for a 26 MeV induced **Nb(n,n’)
reaction.
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IV. MODIFICATION TO FKK:
P —Q TRANSITIONS

Here we present a modification to the FKK theory
which must be made in order to obtain a satisfactory de-
scription of data. Our modification leads to an increased
stress on MSD processes, to diminishing importance of
MSC processes, and to the feature of P—@Q transitions,
which were discounted by FKK. The need for P—Q tran-
sitions (beyond the initial 1p—2plh) in the FKK theory
was first pointed out in Ref. [22], and has since been
discussed in a number of works, e.g., Refs. [9,26]. Her-
man has also stated the need for this phenomena when
applying the NWY multistep theory [27]. While a the-
oretical formalism describing P—(Q transitions has been
suggested [28], we show how a detailed understanding of
such mechanism is unnecessary in practical calculations,
and that a requirement of unitarity is sufficient to de-
scribe these processes.

In the original FKK picture of the reaction, the inci-
dent flux splits immediately at the first interaction into
the P and Q chains. Since, for example, 14 MeV re-
actions typically exhibit about 10% of primary emis-
sion which is forward peaked, it was assumed that 90%
of the reaction flux entered the @ chain at the initial
2plh stage. However, improvements to MSC calculations
(specifically, the improved Y functions) lead to much
more MSC emission for a given population of @ states
than FKK originally calculated. The consequence is that
if one allows 90% of the reaction flux to enter the Q chain
at the initial 2plh stage, far too much MSC preequilib-
rium emission occurs, overpredicting the data.

Historically, the omission of P—@Q transitions also has
some other origins. First, it is only recently that we
have developed the capability to calculate MSD as well
as MSC emission, and unless one attempts to describe the
whole emission spectrum (and angular distributions), it
is easy to miss this effect. Most earlier analyses isolated
one part of the spectrum, and assumed that only MSC,
or only MSD, emission is important. As an example, it
has been frequently assumed that MSD emission is in-
significant at backward angles, allowing a comparison of
MSC calculations with backward-angle data [1, 3,8]. Our
results show this to be in error, because MSD emission,
while forward peaked, still contributes relatively strongly
at back angles. Second, we think that FKK overstated
the case in claiming that “the experimental angular dis-
tributions are symmetric about 90°” when referring to
Grimes’ (p,n) data. At the higher emission energies this
is not so, and consequently the role of MSC emission was
probably overemphasized.

If the fraction of reaction flux entering the @ chain
at the 2plh stage, R, is reduced, and flux is allowed
to cascade from P—() states at later stages in the reac-
tion (see dashed arrows in Fig. 1), then the amount of
MSC emission is reduced, but the fraction of symmetric
primary emission can still be maintained at the required
(usually large) level. This is so because preequilibrium
emission from stages more complex than 2plh is rela-
tively insignificant. In accordance with statistical ideas
usually used in the exciton model, we can estimate the
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fraction of flux into the initial 2p1h @ stage (at an energy
E) as

RMSC _ UJB(QI’, 1h1E)
" w(2p,1h,E)’

i.e., the ratio of bound to total 2plh phase space, calcu-
lated with the restricted and unrestricted Williams ex-
pressions, Eqs. (19) and (2). For the energies considered
here, this becomes

R™C = 2(%)2. (22)

This statistical division is consistent with the FKK pic-
ture of a partitioning of bound and unbound states, and
is expected to yield reasonable results since the Kalbach
systematics [29] make a similar assumption about the
MSD/MSC division, and yield very reasonable angular
distributions. Also, theoretical calculations [22] of the
entrance strength function to the bound 2plh stage indi-
cate a small R¥*° compatible with Eq. (21). As shown
in Fig. 1, we expect the P—(@Q transitions to occur pre-
dominantly via An = +2 processes due to the higher
accessible phase-space, and also phase-space arguments
indicate that P—@ transitions should be very likely. It
would be possible to apply the same kind of reasoning as
in Eq. (21), extended to more complex stages, to deter-
mine the P—@Q flux for different preequilibrium stages.
But since the probability of MSC emission is so insignif-
icant for stages beyond the 2plh, in practice the exact
details of this mechanism are not important, and it can
be assumed that all the P—Q flux eventually decays by
Hauser-Feshbach emission.

Our calculational procedure is therefore entirely well
defined: (1) Calculate MSC emission, using Eq. (21).
There are no free parameters. (2) To determine the
MSD spectrum, consider angle-integrated data at a high
emission energy where Hauser-Feshbach decay is insignif-
icant, but below the energies where collective effects
appear. Vp, and hence the MSD spectrum, is deter-
mined by equating MSD emission with the difference
between data and MSC emission. (3) Calculate col-
lective effects using the approach of Kalka, Torjman,
and Seeliger [30] or coupled channels. {(4) Calcu-
late Hauser-Feshbach emission with GNASH. Unitar-
ity requires that the flux available for primary Hauser-
Feshbach decay be ouyr = or — oMsD — oMsc, Or be-
ing the reaction flux. This implicitly accounts for P—Q
transitions and assumes (reasonably) that preequilibrium
decay following such transitions is negligible. Calcu-
late subsequent equilibrium decay of all residual nuclei.
(5) We take the residual nucleus spin distribution after
preequilibrium emission from the Hauser-Feshbach spin
distribution calculation, and we assume that MSC and
Hauser-Feshbach emissions are isotropic.

(21)

V. RESULTS

We have analyzed experimental data for neutron-
induced reactions on %3Nb at 14, 20, and 25.7 MeV. All
these sets of data exhibit clear signs of preequilibrium

2261

emission, and it represents a strong test of theory to be
able to describe experiment for a range of incident en-
ergies and emission channels. The input parameters for
our Hauser-Feshbach calculation were the standard ones
used by GNASH in Ref. [31], with the exception that the
level-density parameter for 93Zr was reduced to a = 10.75
MeV~1. The Wilmore-Hodgson optical potential [32] was
used for neutrons, and the Becchetti-Greenlees potential
[33] for protons. Direct collective effects were calculated
using the approach of Kalka, Torjman, and Seeliger, with
a real potential depth of 48 MeV and a radius parameter
of 1.4 fm [30].

Figures 6 and 7 show our 14 MeV angle-integrated
spectra compared with Vonach’s evaluated %3Nb(n,n’)
and (n,p) data. The same MSD residual interaction
strength Vp=39.3 MeV was used for both the (n,n’) and
(n,p) channels, and it is evident that we obtain a very
reasonable description of data. Perhaps even more im-
portantly, the angular distributions for these two reac-
tions, shown in Figs. 8 and 9, are accounted for rea-
sonably well by our calculations. Our approach has sig-
nificantly less MSC emission than the FKK analyses of
Refs. [3, 6] or the NWY analysis of [8] [which did not
include MSD and concentrated only on (n,n') backward-
angle data]. This is because our MSD contribution, while
forward peaked, still contributes significantly at back an-
gles (see Figs. 8 and 9). If the amount of MSC emission
we obtain were too small, this deficiency would be man-
ifested in theoretical angular distributions which would
be too forward peaked. But this is not the case, and
our angular distributions have about the correct forward
peaking. This is the first time that the FKK MSD theory
has been applied at 14 MeV, and we find much more MSD
emission than has previously been thought [3,6]. As men-
tioned earlier, this is a consequence of the fact that much
of the observed backward-angle emission, which was pre-
viously assumed to arise solely from MSC emission, can
be accounted for by MSD emission.

In Figs. 10 and 11 we compare our calculations
with the 20 and 25.7 MeV induced °3Nb(n,n’) data of
Marcinkowski et al [9]. The 25.7 MeV reaction was the

3
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FIG. 6. FKK-GNASH calculated spectrum compared with

data [34] for 14 MeV °3*Nb(n,n’).
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FIG. 7. FKK-GNASH calculated spectrum compared with

data [35] for 14 MeV **Nb(n, p).

focus of an intercomparison of semiclassical codes [31],
and the 20 and 25.7 MeV reactions have been analyzed by
Marcinkowski et al. [9] and Koning and Akkermans [4],
respectively. We use MSD residual interaction strengths
of V,=33.6 and 27.3 MeV, respectively, for the 20 and
25.7 MeV reactions, and again the description of the
data is quite good, though it appears that our MSD
strength falls off too rapidly at the highest energies re-
sulting in an underprediction of data at energies just be-
low the region of collective enhancement. Preliminary
calculations indicate that this deficiency is removed if we
use a deformed Nilsson single-particle scheme. Also, the
collective-excitation peak at high neutron emission ener-
gies is seen to be described well by the theory of Kalka,
Torjman, and Seeliger [30] for the 14 MeV reaction, but is
underpredicted for the 20 and 25.7 MeV reactions. This
reflects the fact that this component of the data does
not follow the usual inverse proportionality to the inci-
dent energy. Figures 12 and 13 compare our predicted
angular distributions with data for the 20, and 25.7 MeV
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. -
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FIG. 8. FKK-GNASH angular distributions compared with

data [36] for 14 MeV °3Nb(n,n’). The dashed line is solely
MSD emission, and the solid line includes MSC and Hauser-

Feshbach emission.
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FIG. 9. FKK-GNASH angular distributions compared with

data [35] for 14 MeV 9®Nb(n,p). The dashed line is solely
MSD emission, and the solid line includes MSC and Hauser-
Feshbach emission.
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FIG. 12. FKK-GNASH angular distributions compared with

data [9] for 20 MeV °3Nb(n,n’). The dashed line is solely
MSD emission, and the solid line includes MSC and Hauser-
Feshbach emission.

reactions. Unlike semiclassical approaches, which under-
predict backward-angle emission, we are able to describe
the angular distributions well.

In our analysis the MSD effective interaction strength
Vo is the only free parameter. Our extracted values
shown above follow approximately a VO2 x 1/Eipc vari-
ation, which was also found by Koning [38] (for his
B parameter), and which is reminiscent of the usual
matrix-element parametrization of the semiclassical exci-
ton model [39]. Our value of Vp = 27.3 MeV at Ej,=25.7
MeV is in good agreement with values extracted from
other MSD analyses [26], though for lower incident ener-
gies our extracted values exceed the parametrization in
Ref. [26]. However, our calculation is the first MSD anal-
ysis at an energy as low as 14 MeV. An important area
of future work is to compare our calculations with data
for a wide range of target nuclei and incident energies to
establish the systematics of Vj.
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FIG. 13. FKK-GNASH angular distributions compared with

data [37] for 25.7 MeV %3Nb(n,n’). The dashed line is solely
MSD emission, and the solid line includes MSC and Hauser-
Feshbach emission.
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VI. STATISTICAL ANALYSIS — CHECK OF
P —-Q MODEL

Experimental double-differential cross sections can be
analyzed to determine relative contributions of MSC and
MSD emissions, facilitating a quantitative check of our
approach. The relative contributions of MSC and MSD
emissions affect the extent of forward peaking in our
calculated angular distributions. While the calculated
shapes appear to have about the correct shape when com-
pared “by eye” with the angular distribution data, a more
rigorous check is useful. This is possible since we have
calculated the shape of the MSD angular distribution,
and the MSC shape is known to be essentially isotropic.
The double-differential emission cross can be expressed
as

d%c d?c d?c d%c

dEde  “dE dfmsp de dbfwmsc + dE dfur’ (23)

where a and b describe the relative amounts of MSD
and MSC emissions. The Hauser-Feshbach cross sec-
tion d?0 /dE dfyy is insensitive to the partitioning of the
preequilibrium flux between MSD and MSC emissions,
and hence we subtract our calculated Hauser-Feshbach
cross section from the experimental data, and then per-
form a least-squares analysis on the “corrected” data
(which now accounts for only preequilibrium processes)
to establish a and b. This approach enables us to estimate
from the data what RMSC should be (i.e., what fraction
of the reaction flux enters the initial 2plh Q state), with
the only assumption being that we trust the shapes of
our calculated MSD and MSC cross sections.

We have performed such an analysis for the above re-
actions for the data sets shown in Figs. 8, 12, and 13,
obtaining results for RMSC as shown in Fig. 14. We
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FIG. 14. Experimentally extracted values of RM5€ from
a least-squares analysis of data, compared with our present
model [solid line; see Eq. (21)], and the results that follow if
P—(Q transitions are ignored beyond 1p—2p1h (dashed line).
The latter are not unity since flux is lost to MSD emission.
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also show the values of RMSC used in this analysis calcu-
lated theoretically from Eq. (21), and those that result
when P—(Q transitions are not included. Our theoretical
model for RMSC is seen to account for the data rather
well, though there are some differences. However, the
error bars on the experimentally extracted RMSC val-
ues are probably too small since they assume that the
Hauser-Feshbach cross sections and the MSD and MSC
shapes are known exactly. It is clear, though, that if
P—(Q transitions are not included, the values obtained
for RMSC are completely inconsistent with experimental
data. This provides strong evidence for the existence of
these processes (which make up about 60% of the reac-
tion cross section at 14 MeV), and shows that our model
for obtaining RMSC [Eq. (21)] is fairly accurate.

Since Feshbach, Kerman, and Koonin [1] presented
their theory of MSC reactions, a number of papers aimed
to show the presence of MSC effects in nucleon-induced
reactions below 20 MeV [3, 6, 40]. We have argued
here that MSC emission is less important than these
papers suggested, and that these misinterpretations [in-
cluding those of one of the present authors (M.B.C.)]
resulted from the lack of MSD calculations. However,
it should be emphasized that our least-squares analy-
sis provides strong evidence for the existence of MSC
reactions: The high-energy preequilibrium angular dis-
tribution data clearly show a symmetric component in
addition to the forward-peaked MSD emission.
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VII. CONCLUSIONS

We have shown that the FKK theory gives a very satis-
factory description of preequilibrium reactions, provided
it is modified to allow P—@Q transitions. The impor-
tance of such crossover transitions can be most clearly
seen when FKK analyses are compared with data for the
whole emission spectrum and angular distributions. We
suggested a model to account for these transitions based
on phase-space arguments, and used a least-squares anal-
ysis to show that it describes experiment fairly well for
incident neutron energies between 14 and 25.7 MeV on
98Nb. Our analyses indicate that the MSD mechanism
dominates preequilibrium emission even for energies as
low as 14 MeV. The commonly made assumption that
MSD emission can be ignored at backward angles (for
10-20 MeV reactions) is incorrect. This assumption, of
course, was made in the past in the absence of any MSD
calculations.
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