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Double-differential proton emission cross sections have been measured for proton-induced reac-
tions on Mo and !°°Pd at incident energies around 26 MeV. Several sets of (p,p’) and (p,n) data
for both target nuclei at incident energies from 12 to 26 MeV are analyzed in terms of the multistep-
direct (MSD) and multistep-compound (MSC) reaction models of Feshbach, Kerman, and Koonin
(FKK). The strength V; of the effective N-N interaction is extracted from a fit of the calculated
MSD spectrum to the experimental data using the subtraction method of isolating and analyzing the
MSD component alone. A similar analysis is also applied to (p,p’) and (n,n’) data for °*Nb in the
same energy region. The experimental nucleon emission spectra at 26 MeV are reproduced well by
the calculation that includes preequilibrium MSD and MSC emission, direct collective excitation to
low-lying discrete levels, and Hauser-Feshbach equilibrium emission in a quantum-mechanical way.
The systematic dependence of V, on the incident energy and the nature of projectiles and ejectiles
is investigated. In addition, the sensitivities to input parameters used in the MSD calculation (the
optical model potential parameters, the pairing correction, and the nonlocality correction) are ex-
amined in order to see their effect on the determination of Vo. The possibility of gradual absorption
of reaction flux from the P to the @ chain is also discussed through analyses of preequilibrium (p, p’)
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and (p,n) spectra using a phenomenological phase space approach.

PACS number(s): 25.40.—h, 24.60.Dr, 24.60.Gv, 24.50.+g

I. INTRODUCTION

The quantum-mechanical theory of Feshbach, Kerman,
and Koonin (FKK) [1] has been successfully applied to
preequilibrium nucleon emission from nucleon-induced
reactions over a wide range of incident energies [2,3]. In-
creasing interest is now directed to more precise analyses
which allow us to improve the models and approxima-
tions used in the FKK theory. Through such analyses, it
is of great interest to establish a reliable set of model pa-
rameters involving the strength V4 of the effective N-IN
interaction which is treated as the only free parameter.
This is important not only for the basic study of nuclear
reaction mechanisms but also for the application to nu-
clear data evaluation. The main purpose of this work is
to investigate the systematics of the strength V5 and the
sensitivity to input parameters in nucleon-induced reac-
tions at low incident energies.

We focus primarily on proton-induced reactions at in-
cident energies below 30 MeV. Most of the FKK analy-
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ses in this energy region have so far been carried out for
(n,n') and (p, n) reactions [2,3]. Proton data are usually
more suitable for precision analyses than neutron data
because of the good statistics. Proton data, therefore,
enable us to study more details of the reaction mecha-
nism, such as the incident energy dependence and the
isotope effect of target nuclei (e.g., shell and odd-even ef-
fects). Since there are many (p,n) data which were mea-
sured systematically at incident energies around 26 MeV
by the Hamburg group [4-7], we have measured proton
emission spectra for the same target and incident ener-
gies in order to make a simultaneous analysis of (p,p’)
and (p,n) data. There are also the experimental (p,p’)
spectra for Mo and !°Pd at 12, 14, 16, and 18 MeV
from the Kyushu group [8,9]. Hence these two isotopes
were chosen for our new experiment at incident energies
around 26 MeV in order to investigate the incident en-
ergy dependence of the statistical multistep reaction.
As for neutron-induced reactions, Chadwick and
Young [10] have recently applied their FKK-GNASH code
system to the reactions on °3Nb at 14, 20, and 25.7
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MeV and analyzed the whole emission spectra of neu-
trons and protons and angular distributions in a unified
quantum-mechanical way. As a result, they found that
the multistep-direct (MSD) mechanism dominates pree-
quilibrium emission even for incident energies as low as
14 MeV and multistep-compound (MSC) emission is less
important than many previous analyses suggested. In ad-
dition, they have pointed out that MSD-MSC crossover
(P — Q) transitions play an essential role in giving a
satisfactory description of preequilibrium reactions under
the requirement of reaction flux conservation. Although
such crossover transitions have been discussed by other
authors [2,3,11,12], all the discussions were based mainly
on analyses of neutron data with rather poorer statistics
than proton data. Thus it is worthwhile to extend such
analyses to a variety of proton-induced reactions at low
incident energies.

The FKK-GNASH code [10] is used in the present anal-
yses of both (p,p’) and (p,n) data for °®Mo and °6Pd in
order to examine its applicability to proton-induced reac-
tions at low incident energies. Our particular interest is
to know the systematic trend of the only free parameter
Vo. In the FKK formalism used in the FKK-GNASH code,
the MSD component depends only on the parameter V.
Therefore we need to separate the MSD component from
experimental inclusive emission spectra. For this pur-
pose, we apply the subtraction method [13] to isolate the
MSD component by taking forward-backward differences
in the center-of-mass system, and study the dependence
of the extracted strength V; on the incident energy and
the reaction channel. Also, the (n,n’) and (p,p’) reac-
tions on the same target ®*Nb are analyzed to investigate
the Coulomb and isospin effects in the preequilibrium nu-
cleon emission. Furthermore, we study the sensitivity of
MSD cross sections to some input parameters (i.e., the
optical potential parameters, the pairing correction, and
the nonlocality correction) in order to see how they affect
the determination of the effective strength V;.

In the FKK-GNASH code, P — ( transitions at the
initial 2plh stage are taken into account by a reduction
factor Rysc defined as the ratio of bound to total phase
space, and all other P — @ fluxes generated at more
complex stages are assumed to decay eventually from
equilibrium stage without MSC emission. Namely, the
MSC emission following P — @ transitions at complex
preequilibrium stages beyond the 2plh stage is neglected
in the code. On the other hand, Marcinkowski et al. [12]
have recently proposed an extended FKK formalism of
MSC emission, so that P — @ transitions at more com-
plex preequilibrium stages, i.e., so-called gradual absorp-
tion in preequilibrium stages, can be included through
a reduction factor calculated by the ratio of bound to
total phase space at each stage. Such an MSD-MSC
crossover has more recently been justified theoretically
by Arbanas et al. [14] on the basis of a linked MSD-MSC
multistep reaction model which is more rigorous than the
phenomenological phase space approach. In this work,
therefore, we take into account the gradual reaction flux
absorption using the phase space model [12] for simplic-
ity, and study the effect of P — Q transitions and the
subsequent MSC emission in proton-induced reactions at

low incident energies.

Our (p,p’) experiment is described together with the
experimental results in Sec. II. The formulation of the
FKK model is outlined in Sec. III. Results of FKK anal-
yses using the subtraction method and comparisons with
experimental data are presented in Secs. IV A to IVD.
The extracted strength V, of the effective N-N interac-
tion is summarized with regard to the incident energy
dependence in Sec. IVE. The sensitivity of the MSD
cross section to input parameters is described in Sec. V A.
Some systematic behavior found in the extracted V; is
discussed in Sec. V B. The gradual absorption effect in
preequilibrium (p,p’) and (p,n) reactions is investigated
in Sec. V C. Finally, the conclusions of this work are sum-
marized in Sec. VI.

II. EXPERIMENT AND RESULTS
A. Experimental procedure and data processing

The experiment was performed using a proton beam
from the JAERI tandem accelerator; its energy was 25.6
MeV for °® Mo and 26.0 MeV for '°6Pd, respectively. The
proton beam was transported to a scattering chamber 50
cm diameter and focused on a target within a beam size
of about 2 mm diameter. During the measurement, the
beam intensity was monitored by means of a current inte-
grator connected to a Faraday cup and the beam current
was adjusted in a range from about several tens of nA
to about 300 nA in accordance with the detector angle.
Targets of %Mo and '°6Pd were self-supporting metal-
lic foils. The thicknesses and isotopic enrichment were
0.45 mg/cm? and 97.1% for *®Mo and 1.02 mg/cm? and
98.48% for 196Pd.

A AE-E counter telescope consisting of two silicon
surface-barrier detectors which are 300 and 5000 pm
thick, respectively, was used to detect all emitted charged
particles separately and suppress background events due
to y rays. A defining aperture 3.0 mm in diameter made
of stainless steel was placed just in front of the AE de-
tector and located 147 mm from the target. Signals from
each detector were processed using electronic circuits as-
sembled with commercially available standard NIM mod-
ules. A particle identification (PI) module was employed
to separate signals corresponding to each emitted par-
ticle (protons, deuterons, tritons, and alphas). Finally,
two output signals from the module, AE + E and PI,
were stored as two-dimensional data using a PC-based
multiparameter data acquisition system. Note that the
above-mentioned experimental setup and procedure has
been reported in detail elsewhere [15].

Energy spectra of emitted protons were measured at
angles in intervals of 10° from 30° to 150°. However, the
data measured at 30° are excluded in the following data
analysis, since the spectrum was found to contain obvi-
ously continuous background, or a large tail of an elastic
peak due to edge scattering by the defining aperture, and
the background was not perfectly subtracted. With re-
gard to elastic scattering cross sections, additional mea-
surements were made at smaller angles of 20°, 25°, and
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30°, in order to determine the absolute cross sections
by normalizing the experimental elastic cross sections to
the optical model prediction at such small angles. The
absolute uncertainty involved in the normalization was
estimated to be less than 8%. The double-differential
cross sections were converted to the c.m. system and the
angle-integrated data for the continuum portion of the
measured proton spectra were obtained by a Legendre
polynomial fitting of experimental angular distributions
for each energy bin of 0.2 MeV.

B. Experimental results

Experimental double-differential proton emission spec-
tra are shown at 40°, 90°, and 140° for °®Mo and 1°Pd
by solid circles in Figs. 1 and 2, as some typical sam-
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FIG. 1. Experimental double-differential cross sections for
the Mo (p, zp) reactions at 25.6 MeV (solid circles) and those
calculated with the FKK-GNASH code. See text for details of
the calculation.

ples. All error bars indicated are only statistical ones.
One may notice that there are no experimental data at
outgoing proton energies below about 7 MeV. The rea-
son why protons with such energies were not measured
is because they were stopped completely in the AE de-
tector. As can be seen in these figures, the continuum
region lying between 10 and 20 MeV exhibits smooth
and forward-peaked angular distributions characterizing
preequilibrium particle emission. In the following FKK
analysis, it will become clear that the MSD process is
dominant in preequilibrium proton emission.

III. FKK MODEL FORMULA
Here we summarize the formulas of the FKK model
used in the present analysis. The detailed description is

given in Ref. [10].
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FIG. 2. Same as Fig. 1, but for the '°°Pd(p, zp) reactions
at 26 MeV.
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A. Multistep direct reactions

In our analysis, we consider only one-step scattering in
MSD processes because two-step scattering is negligibly
small for incident energies below 30 MeV, as we will de-
scribe later in Sec. IV A. It is also unnecessary to take
into account multiple preequilibrium emission [16] for re-
actions at such low incident energies. Accordingly, we
describe only the one-step MSD expression below.

The one-step double-differential cross section for tran-
sition from an initial state (Ep,{2) to final continuum
states with [E, E + dE] and [Q,Q + d] is given by the
following simple expression:

dZU(E, Q +— EoQo)
dQdE

1 step

=Y (2l +1)p(1p, 1k, Eo — E, 1)
l

5 <[d20(E,Q - EOQO)]DWBA>
1

70 (1)

where [ is the transferred orbital angular momentum.
The quantity p(1p,1h,Eq — E,1) is the density of 1p-1h
states with excitation energy U = Ey — F and is given by
a product of the Williams expression taking into account
the finite well depth [17]:

h

g" i(h
w(p,h, U) = mg(_l) (.7 )

X(U—A — App — jep)" !
XOU — A — Apy — jer) (2)

with p = h =1 and n = p + h and the spin distribution
function

R (1)

A+1 [_M] 3)

© 24/2m03 202

with the spin cutoff parameter o,. The quantities
A, Apn, and ep in Eq. (2) are the pairing energy cor-
rection, the Pauli principle correction factor Ay, = (p? +
h? + p — 3h)/4g, and the Fermi energy. The © function
is unity if its argument is positive, and zero otherwise.

([do(E,Q <+ Eo,9Q0)/dQPWBA) is the average of
distorted-wave Born approximation (DWBA) cross sec-
tions exciting 1p-1h states of energy U = E; — E
which are determined by a spherical Nilsson model. The
DWBA cross sections are calculated microscopically us-
ing a Yukawa potential of range 1 fm and strength V; for
1p-1h excitations.

B. Multistep compound reactions

Following Chadwick and Young [10], we use the trans-
mission coefficient calculated from a conventional optical
model to determine the reaction flux into the MSC chain.
The differential MSC cross section is given by

do ., . ()
o= XJ:(?J + 1)[RMSCTy] N; . E
N-1 4
Lars)
§ ( Agl <FMJ>> , (4)

where RMSCT; is the transmission coefficient for form-
ing bound 2p-1h states of spin J multiplied by a reduc-
tion factor RMSC, This factor can be estimated as the
ratio of bound to total 2p-1h phase space, and calcu-
lated with the restricted and unrestricted Williams ex-
pressions. The running index N represents the pree-
quilibrium class and n is the number of excitons with
n=p+h = 2N + 1. The first two preequilibrium stages
(N =1 and 2) are considered as MSC emission occurring
before the equilibrium “r stage” as in Ref. [10]. J and
| are the composite system spin and orbital angular mo-
menta of the emitted particle, respectively. I'T, TV, and
T" denote the emission width, the damping width, and
their sum (the total width), respectively. These quanti-
ties are calculated microscopically with a zero-range po-
tential V(ry,r2) = Vo(37rd)é(r1 — r2), and are finally
expressed as a product of X functions and Y functions.
The detailed description of X and Y functions is given in
Ref. [10]. It should be noted that the FKK assumption
of constant wave functions is made in the calculation of
the bound-continuum and bound-bound overlapping in-
tegrals included in the X functions. As a result, the MSC
emission spectrum is independent of Vi by the cancella-
tion in the ratio of emission to total widths. Hence the
MSC calculation has no free parameter if the reduction
factor RMSC is estimated from the ratio of bound and to-
tal phase spaces of 2p-1h doorway states. As in Ref. [10],
the double-differential MSC cross sections are calculated
by dividing Eq. (4) by 4.

IV. ANALYSIS AND RESULTS
A. Calculational details and input parameters

We have analyzed the nucleon-induced reactions listed
in Table I, using the FKK-GNASH code [10]. The prin-
cipal input parameters used in the MSD and MSC cal-
culations are summarized in Table II. The Walter-Guss
optical potential [21] is used for both neutrons and pro-
tons. This option is different from that used in Ref. [10].
The reason will be discussed in Sec. V A 1, together with
a test of the sensitivity of the MSD cross section to op-
tical potential parameters. The single-particle level den-
sity ¢ = A/13, where A is the nuclear mass number,
and the spin cutoff parameter of Gruppelaar [22] are the
same as in Ref. [10]. No pairing energy correction [i.e.,
A =0 MeV in Eq. (2)] is used because of the experimen-
tal observation that there is no appreciable pairing effect
on preequilibrium spectra, as will be shown in detail in
Sec. V A 2. In addition, we introduce the correction due
to the nonlocality of the distorting potentials in terms
of the so-called Perey factor [23]. The nonlocality range
is taken to be 0.85 fm [23]. The effect of the nonlocal-
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TABLE I. The nucleon-induced reactions analyzed in this work.

Reaction Target Incident energy Reference

(p,p") Mo 12, 14, 16, 18, and 25.6 MeV® Watanabe et al.>’°
(P, p') 106pd 12, 14, 16, 18, and 26 MeV® Watanabe et al.?°
(p,?") 93Nb 18 MeV Watanabe et al.®
(p,m) 98 Mo 25.6 MeV Mordhorst et al.9
(p,m) 106pg 26 MeV Holbling et al.©
(n,n') 93Nb 14.1, 18, 20, 25.7 MeV Takahashi et al.f

Matsuyama et al.®
Marcinkowski et al.P

2The present experiment for 25.6 and 26 MeV (p,p’).

PReference [8].

“Reference [9].

9Reference [6].

°Reference [7].

fReference [18] for 14.1 MeV.
gReference [19] for 18 MeV.
hReference [12] for 20 MeV.
iReference [20] for 25.7 MeV.

ity on the MSD cross section will be discussed later in
Sec. VA 3.

In the MSD calculation with a set of input param-
eters shown in Table II, the strength V; of the effec-
tive N-N interaction is the only adjustable parameter.
The V, value is determined for each reaction, so that the
calculated MSD spectrum fits the experimental one ob-
tained using the subtraction method [13]. This extracts
the MSD contribution by taking the forward and back-
ward difference of the cross sections at complementary
c.m. angle pairs (e.g., 30°-150°), since the MSC contri-
bution as well as that due to the equilibrium decay give
angular distributions symmetric about 90° in the c.m.
system. In the preliminary MSD calculation, we have
estimated the two-step MSD contribution for 25.6 MeV
(p,p’) on %8 Mo, and confirmed that its contribution is as
negligibly small (at most 5%) in the preequilibrium re-
gion as for (n,n’) in Ref. [10]. We can say, therefore, that
the one-step MSD process alone is a good approximation
at incident energies below 26 MeV only if normal DWBA
matrix elements are used to describe intermediate transi-
tions in multistep-direct processes. Although it has been
reported [14] that the multistep contribution increases
when we use non-normal DWBA matrix elements, the
one-step MSD emission is still dominant at the incident
energy considered here.

Direct collective excitations of low-lying states are ob-

served as several distinct peaks in the high emission en-
ergy region of (p,p’) spectra as shown in Figs. 1 and 2.
Since the direct collective excitation cannot be described
within the framework of the FKK model, it should be
included using the usual DWBA calculation with a col-
lective form factor. In this work, we include only the first
2+ and 3~ states as low-lying vibrational levels using the
DWUCK4 code [24]. The excitation energies and deforma-
tion parameters are taken from nuclear tables [25,26]. For
an odd nucleus 3Nb, the weak coupling model is adopted
and the excitation energies and deformation parameters
for 92Zr are used. Finally, direct collective cross sections
calculated for the first 2t and 3~ states are smeared using
a Lorentzian function with a full width at half maximum
(FWHM) corresponding to the experimental resolution.

After calculating the MSD and MSC emission cross
sections (omsp and omsc) with the FKK model and the
direct collective cross section (0.,) with the DwWuck4
code [24], we use the Hauser-Feshbach code GNASH [27]
to describe not only equilibrium particle decay from the
primary compound nucleus but also the sequential de-
cay of residual nuclei. Unitarity, or reaction flux conser-
vation, is satisfied in our calculation, so that the total
reaction cross section is equal to the sum of the direct
and preequilibrium cross sections (omsp + oMsc + Tcol)
and the primary equilibrium cross section. The input
parameters for the GNASH code calculation are the stan-

TABLE II. The principal input parameters used in the MSD and MSC calculations.

(1) Optical potential

2) Single-particle level density parameter
g

(3) Spin cutoff parameter
(4) Pairing energy correction
(5) Nonlocality range

Walter-Guss®
g=A/13

0% = 0.24nA%/3"
None (A =0 MeV)
B = 0.85 fm*®

*Reference [21].
PReference [22].
“Reference [23].
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using the least-squares method and the final average Vg
value (Vp) for each reaction was obtained by taking the
following weighted average:

_ — ; VZ(0;) sin 6;w;
Vo =/V2 = 2 Vo' (0 iWi
0 0 \/ S,sinbiw;

where V5(0;) is the best fit Vy value at a given comple-
mentary angle pair (6;,7 — ;) and w; is the statistical
weight.

The MSD calculation fits the data very well at inter-
mediate emission energies but not at higher emission en-
ergies where there is a large contribution from the direct
excitation of low-lying collective states. Similarly, good
fits were obtained for the other (p,p’) reactions listed n
Table I. These results show that the subtraction method
is a quite useful method of extracting the strength V,
from the experimental data.

Figures 1 and 2 show the calculated double-differential
proton emission spectra for Mo at 25.6 MeV and 1°6Pd
at 26 MeV compared with the experimental ones. The
dotted lines give the sum of the MSD component calcu-
lated with the average strengths V, given in the figures
and the calculated direct collective excitation to the first
2% and 3~ states. The MSC components calculated us-
ing Eq. (4) are shown by the dash-dotted lines. The to-
tal proton emission spectra (the solid lines) are obtained
by adding the Hauser-Feshbach (HF) equilibrium spec-
tra (the dashed lines). The calculation is in overall good
agreement with the experimental emission spectra over
a wide emission energy and angular region. It can also
be seen that the component of direct process decreases
gradually with increasing angle but is still a large fraction
even at the backward angle of 140°. This indicates that
the MSD process is important in (p,p’) at low incident
energies.

()
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In Figs. 1 and 2, we find some underprediction in the
higher-energy region at a forward angle of 40°, which may
be related to the existence of collective excitation with
higher multipolarities except the first 2% and 3~ and/or
the contamination of the continuous background due to
edge scattering. In addition, the calculated (p,p’) spectra
show a dip at outgoing energies around 10 MeV. Since
the subtracted MSD spectra give a good description of
the experimental ones in the energy region as shown in
Fig. 3, the disagreement seems to be due to the MSC
and/or equilibrium emission calculation. This issue will
be discussed from the viewpoint of P — @ transitions
of reaction flux, through analyses of the angle-integrated
(p,p’) spectra in Sec. VC.

Although there is some disagreement as mentioned
above, it is worthwhile to emphasize that this success-
ful result was obtained by combination of the MSD cal-
culation based on the subtraction method and the MSC
calculation with no free parameter using the FKK-GNASH
code. This implies that the calculational method used in
this work is equivalent to that used for (n,n’) of Ref. [10]
and P — @ transitions considered through the reduction
factor RMSC play an essential role in the (p,p’) as well.

C. (p,n) reactions on *®Mo and 1°¢Pd

The data for the ®Mo(p, n) reaction at 25.6 MeV [6]
and 1%6Pd(p, n) reaction at 26 MeV [7] were also analyzed
using the FKK-GNASH code. Some results of the subtrac-
tion method for ®®Mo(p,n) are shown in Fig. 5. The
calculated one-step MSD spectra show excellent agree-
ment with experiment except at the low-energy end. The
best fit Vj value is indicated in each figure. Those val-
ues are not so scattered among each pair as in the (p,p’)
case where the best fit V value tends to increase as the
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forward angle becomes small. The obtained average Vj
values are 21.5 & 0.3 MeV for °® Mo and 20.3 £ 0.7 MeV
for 196Pd, respectively.

The double-differential neutron emission spectra calcu-
lated with the average V, values are compared with the
experimental ones in Figs. 6 and 7. The dotted and the
dash-dotted curves are the one-step MSD component and
the MSC component, respectively. Their sum is shown
by the solid curve. The calculation reproduces quite well
the high-energy continuum portion of the experimental
spectrum, although there is some overestimation around
the peak of an isobaric analog state (IAS) and some un-
derestimation in the neutron energy region between 4 and
8 MeV. Similar behavior as in (p,p’) is seen with respect
to variation in the ratio of MSD to MSC components

with angle. The one-step MSD process is found to be
10% T . r T
< 98
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FIG. 6. Comparison of the calculated double-differential
cross sections of the 98Mo(p, zn) at 25.6 MeV with the exper-
imental ones taken from Ref. [6].
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important for neutron emission even at large angles.
The extracted V; values are about one-half those for
the (p,p') reaction on the same target and incident en-
ergy. Namely, the MSD analysis for the proton-induced
reaction for the same incident energy and target nucleus
requires a large difference in Vj between neutron emis-
sion and proton emission. Other simultaneous analyses
of (p,p') and (p,n) reactions on °°Zr for higher incident
energies of 80 and 160 MeV [16] also show similar system-
atics on the extracted V,. The difference in V, between
(p,p') and (p,n) will be discussed again in Sec. V B.

D. ®3Nb(n,n’) reactions

We have analyzed °3Nb(n,n') data for incident ener-
gies of 14.1 MeV [18], 18 MeV [19], 20 MeV [12], and
25.7 MeV [20] to extract the strength Vg for (n,n') at
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FIG. 7. Same as Fig. 6, but for the °®Pd(p, zn) reaction
at 26 MeV. The experimental data are taken from Ref. [7].
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low incident energies with the default input parameter
listed in Table II. In this work, the subtraction method
was applied only to the data at 14.1 MeV because there
are few appropriate pairs of double-differential cross sec-
tion (DDX) data measured at complementary angles for
the other energies. In the subtraction analysis, the cal-
culated one-step MSD spectra gave good agreement with
the experimental ones at neutron emission energies be-
low 10 MeV, as in Ref. [13]. The extracted V, value is
42.8+2.1 MeV. Note that this value is rather larger than
those obtained in Refs. [10,13], because different input
parameters and corrections were used; i.e., the optical
potential parameters, the pairing energy correction, and
the nonlocality correction. For the data at the other inci-
dent energies, the Vp value for the one-step MSD process
is determined by equating MSD emission with the dif-
ference between the data and MSC emission in the same
way as used in Ref. [10].

A typical calculated angle-integrated (n,n’) spectrum
for 14.1 MeV is compared with the experimental one in
Fig. 8. The one-step direct component including col-
lective excitation and the MSC component are shown
by the dotted and the dash-dotted lines, respectively.
The dashed line is the HF component including both
(n,2n) and (n,pn) emission. The calculated total spec-
trum shows excellent agreement with the experimental
data in the intermediate outgoing energy region between
4 and 10 MeV where the preequilibrium neutron emis-
sion is predominant. The HF calculation overpredicts
the data in the region below 4 MeV, but a similar trend
is also seen in the calculation [10] with the same input
parameters as in this work except for the optical poten-
tial parameters. Note that no input parameters for the
HF calculation have been adjusted so as to get the best
fit to the data in this region. The underestimation seen
in the collective excitation region over 10 MeV may be
partly due to a large tail of an elastic peak around 14
MeV.

E. The strength V, of effective N-NN interaction

In Fig. 9, we plot the strength V; of the effective V-
N interaction extracted from our analyses as a function
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FIG. 8. The calculated angle-integrated spectra for
93Nb(n,zn) at 14.1 MeV and the experimental data. The
experimental data are taken from Ref. [18].
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FIG. 9. The extracted strength Vp plotted as a function of
the incident energy.

of incident energy. Table III also gives the numerical
values. The Vp values for (p,p’) for °® Mo and '°¢Pd
increase monotonically with decreasing incident energy,
whereas the values for (n,n’) are nearly constant within
the errors. The V; values for (p,p’) satisfy an approxi-
mate relation Vy = const/+/Fj,. shown by the solid line.
We also estimated the energy variation of Vy by assum-
ing that it has the same energy dependence as the real
part of the nuclear optical potential [2] and normalizing
to the extracted Vps at 26 MeV using the Walter-Guss
potential [21]. The result is given by the dotted line
Vo = 48.3 — 0.31E;,.. The energy dependence is found
to be rather weak and similar to the Vps for (n,n’), but
not for (p,p’). As for the (p,n) reactions, the V; value is
different from that of (p,p’) by a factor of about 2 for the
same energy and same target, as has been mentioned in
Sec. IV C. Our possible interpretation of such systematic
behavior of V; will be described in Sec. V B.

TABLE III. Numerical table of the extracted Vp values.

Reaction Incident energy (MeV) Vo (MeV)
%8 Mo (p,p’) 12 62.7 £ 3.1
14 60.5 + 3.0

16 52.5 + 2.6

18 47.9+1.9

25.6 44.44+1.8

%8Mo (p,n) 25.6 21.54+0.3
106pd(p,p’) 12 59.7 + 2.6
14 58.5 + 2.8

16 54.5 + 2.0

18 49.4+1.5

26 38.4 + 2.4

106pd(p,n) 26 20.3+0.7
?3Nb(n,n’) 14.1 42.8 £2.1
18 36.0 & 3.6®
20 40.0 + 4.0°
25.7 38.0 & 3.7°

*3Nb(p, p') 18 46.8 + 1.7

®The subtraction method was not applied. See details in text.
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V. DISCUSSIONS Y ——
I 98 '
A. Sensitivity of the MSD cross section to input . Mo(p,p) 18 MeV (@)
parameters S ol e ot o
§ -------- Becchetti-Greenlees
1. Opticle model potential (OMP) parameter E - ::az:\e; ot al.

In our analysis, the Walter-Guss (W-G) potential [21] % 10' E .
was used for both neutrons and protons as global opti- = 3
cal potentials for incoming and outgoing distorted waves. 1
The Wilmore-Hodgson (W-H) potential [29] for neutrons o : ]
and the Becchetti-Greenlees (B-G) potential [30] for pro- 10 0 ' é ’ 4 é ’ é ' 1'0 ' 112 ' 114 ' 1I6 ’ T8
tons were used in the previous calculations with the FKK- Proton E (MeV)

GNASH code [10]. Besides them, several global nucleon roton tnergy (Me

optical potentials are known for low energies below 30 10° — e
MeV. It is of interest to see how the choice of OMP E ".. 93 (b) *
parameters affects the effective interaction strength Vj. ".. Nb(n,n') 14.1 MeV ° ]
Such an investigation was made for an MSD analysis of — *. e Takahashi et al. :
(p,p’) for higher incident energies of 100 to 200 MeV by E_J 10° E T, ° 3
Richter et al. [31], who have shown the importance of the S oo, otee’
choice of OMP parameters in the extraction of V, values. E I ciziwe--mm=zziocoo-

A similar investigation has been carried out for nu- w 1
cleon inelastic scattering at lower incident energies, i.e., s 0F Walter-Guss <
98Mo(p,p') at 18 MeV and 93Nb(n,n’) at 14.1 MeV. The R Becchetti-Greenlees S
result is shown in Fig. 10. The following global parame- -_-_-_-.-‘W;lprzgcr)c:;Heotdg'son 4
ter sets are used. B-G [30], Perey [32], Menet et al. [33], 10° IR T T L

and W-G [21] potentials for protons, and W-H [29], B-
G [30], Rapaport, Kulkarni, and Finlay [34], and W-G
[21] potentials for neutrons. It should be noted that the
same Vj value extracted with the W-G potential is em-
ployed in all calculations. Figure 10 shows that there is
obviously a strong dependence on the OMP parameters
used, especially with respect to the magnitude, although
the shape of the energy spectra is quite similar except
for the (n,n’) spectrum calculated with the potential of
Rapaport, Kulkarni and Finlay [34]. As a result, it was
found that the extracted Vp value depends strongly upon
the choice of the OMP parameter set for low incident en-
ergies. Accordingly, one should pay attention to which
optical potential was applied when one compares the Vj
values reported by different authors.

In our FKK analyses for incident energies below 30
MeV, we decided to choose the W-G potential parame-
ters. There are two main reasons for the choice. First, it
is better to use the same OMP potential over the whole
energy range to avoid an undesirable discontinuity that
may be introduced by using different global parameter
sets according to the energy region. Second, it is more
reasonable to use neutron and proton OMP potentials in
which the asymmetry term has the same magnitude but
different sign for neutrons and protons, in order to see
the effect on preequilibrium emission from simultaneous
analyses of (p,p’) and (p, n) reactions.

Here we show an example of the above-mentioned dis-
continuity of the MSD cross section at a certain energy.
The one-step MSD (n,n’) spectrum calculated using the
FKK-GNASH code is shown for 3Nb at 21 MeV in Fig. 11.
Two different OMP parameters (B-G and W-H) were
used in the calculation of incident distorted waves for
comparison, but the same W-H parameter for the out-
going distorted waves. The dotted and the solid lines

0 2 4 6 8 10 12 14
Neutron Energy (MeV)

FIG. 10. The sensitivity of the one-step MSD spectrum to
optical potential parameters. (a) 18 MeV (p,p’) on **Mo and
(b) 14.1 MeV (n,n’) on ?3Nb.

represent the results with the B-G and the W-H poten-
tials, respectively. Both shapes are quite similar, but the
magnitude is obviously different. The latter (W-H) is
about 1.5 times larger than the former (B-G). As a re-
sult, the difference in V, amounts to about 22% to obtain
the same absolute one-step MSD cross section. Such a
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FIG. 11. The calculated one-step MSD cross sections of
93Nb(n,n’') at 21 MeV. The Becchetti-Greenlees (B-G: dotted
line) [30] and the Wilmore-Hodgson (W-H: solid line) [29]
potentials are used for incident channels. The same W-H
potential is used for outgoing channels for both cases. As for
the strength Vo, the same value is used for both calculations.
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discontinuity is undesirable in studies of the dependence
of Vp on incident energy.

2. Pairing correction

The pairing correction [A in Eq. (2)] in the p-h state
density has been taken into account explicitly in many
of the previous applications [2,3,10] of the FKK model,
whereas no pairing correction is adopted in this work.
In this subsection, the validity of omitting the pairing
correction is discussed from the viewpoint of the odd-
even effect on the preequilibrium spectrum.

First, the sensitivity to the pairing correction is ex-
amined for *Mo(p, p’) reactions at 18 and 25.6 MeV us-
ing the subtraction method and the results are shown in
Fig. 12. The dotted curves are the subtracted (p, p’) spec-
tra calculated with the pairing energy of Dilg et al. [35]
(A = 2.59 MeV) and the solid curves are those without
pairing correction (A = 0 MeV). For both incident ener-
gies, the calculation without pairing correction is in much
better agreement with the experimental spectra corre-
sponding to the MSD component over the whole contin-
uous region than that with the pairing correction.

Next, a comparison of the experimental data [8] is
made between an odd- and even-even neighbor pair of
natAg and 1°Pd in Fig. 13. The figure shows a compar-

ison between the subtracted spectra (50°-130°). Both
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2 | e pairing correction =" .|
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FIG. 12. Comparison of the subtracted **Mo(p, zp) spec-
tra calculated with and without pairing correction with the
experimental data: (a) 18 MeV [8] and (b) 25.6 MeV.
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FIG. 13. Experimental data of subtracted double-
differential cross sections of '°®Pd(p, zp) and Ag(p,zp) scat-
tering for the complementary angle pair of 50°-130°. The
experimental data are taken from Ref. [8].

spectra are quite similar over the whole energy region in-
cluding collective excitation and there is no appreciable
odd-even effect in an MSD (p,p’) spectrum. This is also
true of the other angle pairs. It is thus preferable to use
either no pairing correction or the same pairing energy
for a neighboring pair of an even-even nucleus and an odd
nucleus in order to provide good agreement between the
MSD calculation and the experiment. No pairing correc-
tion would be preferable with regard to better agreement
with the shape of the MSD spectrum, as shown in Fig. 12.

Here we consider the reason why there is no apprecia-
ble odd-even effect in an MSD component of (p,p’) scat-
tering. The one-step MSD cross section is proportional
to the density of 1p-1h states of the residual nucleus as
given by Eq. (1). The other quantities except the partial
state density wip1, are considered to be independent of
the odd-even effect. The DWBA cross sections are calcu-
lated with optical model wave functions and shell model
wave functions varying smoothly with the mass number,
and the spin-dependent term [Eq. (3)] is not affected by
the odd-even difference. Accordingly, only the p-h state
density given by Eq. (2) contains the odd-even difference
as the pairing correction.

The pairing correlation can be considered under the
quasiparticle approximation often used in nuclear struc-
ture calculations. The 1p-1h states of the residual nu-
cleus corresponds to the two quasiparticle (q.p.) state.
The excitation energy of one q.p. state is

Eqp. =+/(e—A)?+ A2, (6)
where € is the single-particle (s.p.) energy, A the Fermi
energy, and A the pairing energy determined by the odd-
even mass differences corresponding to the pairing cor-
rection energy given by Dilg et al. [35].

The s.p. level scheme is transformed into the q.p. level
schemes using Eq. (6). In an even-even nucleus, there is
no q.p. level between 0 and A MeV and the level spac-
ing approaches that of the s.p. level as excitation en-
ergy increases. On the other hand, for an odd-even nu-
cleus, there are levels arising from an unpaired nucleon



1902 Y. WATANABE et al. 51

between 0 and A MeV, but the higher excitation states
become almost the same as those of the even-even nu-
cleus. Thus the effect of pairing correlation is expected
to appear only at very low excitation energies, less than
A. Watanabe et al. [8] have reported the microscopic
calculation of partial state densities using the q.p. ap-
proximation for 1°Pd and 1°“Ag and found that there is
no appreciable odd-even effect on the 1p-1h state density
at excitations higher than the pairing energy 2A of the
even-even nucleus. If the (n)(n)~! configuration is also
considered, the odd-even effect becomes even more negli-
gible at higher excitation energies compared with the case
of the (p)(p)~! configuration alone, because both nuclei
contain the same number of neutrons. Furthermore, the
odd-even effect in single-particle excitation states, such
as 1p-1h states, is likely to be hidden by the strong col-
lective excitation structure observed at low excitation en-
ergies below about 2A in the case of (p,p’) scattering as
shown in Figs. 12 and 13.

3. Nonlocality correction

In our analysis, the nonlocality correction with range
B = 0.85 fm [23] was used in the MSD and direct col-
lective calculations. Here we discuss the effect on the
calculated cross section. Figure 14 shows a comparison
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FIG. 14. Sensitivity of the one-step MSD cross sections to
the nonlocality correction for the °*®Mo(p, p’) scattering at (a)
12 and (b) 25.6 MeV.

of the one-step MSD energy spectra with the nonlocality
correction (the solid line) and without it (the dotted line)
for ®Mo(p, p') reactions at (a) 12 and (b) 25.6 MeV. The
other input parameters are the same as listed in Table II.
The strength V; is fixed to that extracted in the analy-
sis mentioned in Sec. IV A. The nonlocality correction is
found to reduce the one-step MSD cross section by about
35%, regardless of the incident energy. This reduction is
explained by the so-called “Perey effect” which reduces
the amplitude of the incoming and outgoing distorted
waves inside the nucleus. As can be seen in Fig. 14, the
spectral shape is almost independent of the nonlocality
correction. As aresult, the nonlocality correction leads to
larger strength V, compared with the strength extracted
without the correction. It should be noted that the non-
locality correction has little effect on the shape of angular
distributions.

Recently, an intercomparison between the FKK-GNASH
code [10] and the MSD code developed by Bonetti and
Chiesa [36] has been made by Watanabe, Avrigeanu, and
Richter [37]. The intercomparison revealed that the non-
locality correction had been used in the previous work
[2,3] with the latter MSD code. Accordingly, we will need
to use the correction when we discuss the sensitivity of
the MSD cross sections to the input parameters com-
pared with those previous results. Also, the importance
of the correction at low incident energies was shown in
the semiclassical distorted-wave model analysis made by
Watanabe and Kawai [38]. Therefore the nonlocality cor-
rection was incorporated in our FKK analysis of the one-
step MSD process including collective excitation.

B. Systematic trends of the strength V,

Some features of the strength Vj extracted in this work
are summarized as follows (see Fig. 9).

(a) The Vo values extracted from (p,p’) for incident
energies from 12 to 26 MeV are nearly proportional to
1/+/Einc, whereas the energy dependence of V; for (n,n')
is similar to the energy dependence of the real part of the
nuclear optical potential within the errors.

(b) There is a difference in Vy values between (p,p’)
and (n,n’) at the same incident energy.

(c) The V; for (p,p’) is considerably different from that
for (p,n) for the same target nucleus and incident energy.

Our extracted energy dependence of Vy for (p,p’) was
also found by the (n,n’) analysis [10] and by Koning
[39] who used a collective form factor with the defor-
mation parameter 3. Here we provide some brief com-
ments on the difference between our systematics and the
others. Our result for (n,n’) is different from that in
Ref. [10] and shows a somewhat weak energy dependence.
The extracted Vy values are also different from the val-
ues extracted in the other FKK analyses [2,3] in which
the Bonetti-Chiesa code [36] was used and are generally
larger than those. The major reason is due to the input
parameters and corrections used, as has been discussed
in the preceding subsection. Our (p,p’) calculation is the
first FKK analysis at incident energies below 30 MeV. To
establish the Vj systematics, therefore, the FKK-GNASH
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analyses with the standard parameter set listed in Ta-
ble II will be necessary for a lot of experimental data
over a wider range of target mass number and incident
energy.

For our finding that the V; values from (n,n’) analyses
are smaller than those from (p,p’') at the same incident
energy, the following interpretation is given by paying
attention to the difference in the charge and isospin of
the projectile. The kinetic energy of an incident nucleon
inside the target nucleus is equivalent to the local energy
E.(r) by the local energy approximation

Ec(l') + Uc,eﬂ(r) = E., (7)

where ¢ denotes neutron or proton, U, eg(r) is the effec-
tive potential energy [40] calculated with both the real
term and the imaginary term, and E. is the incident en-
ergy. Since there is a large Coulomb potential near the
surface region where (p,p') scattering is known to occur
predominantly at low incident energies, the proton local
energy in the vicinity of the surface is largely different
from the neutron local energy because of the Coulomb
barrier, which is nearly 10 MeV for the targets which we
have analyzed. As the incident proton energy decreases,
the Coulomb barrier affects the local energy of the in-
cident proton. In addition, the isospin term in the real
and imaginary potentials also leads to a difference in the
local energies because the sign is opposite for a neutron
and for a proton. Therefore the effective energy of an
incident nucleon interacting with a target nucleon is dif-
ferent for a neutron and a proton inside the nucleus even
if the incident energy outside the nucleus is same.

To test the above-mentioned difference, the V, values
for °®Mo(p,p’) and °*Nb(n,n’) are plotted in Fig. 15
against the local energy at the radius R = 1.254/3 fm,
where A is the mass number. These V, values show a
rather smooth variation with the local energy, compared
with Fig. 9. The dotted line is a result fitted with a
simple equation Vy = const/Ejocal. Hence it seems rea-
sonable to introduce the idea of the local energy in order
to interpret the difference in the V, values between (p,p')
and (n,n') scattering at the same low incident energy. It
should be noted, however, that the energy dependence
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FIG. 15. The extracted values of the strength V; as a func-
tion of local energy. See the text for details.

of Vy is not the same as that of the real part of the nu-
clear optical potential, although the V; for both (p,p’)
and (n,n') is expressed by the smooth function of local
energy as shown in Fig. 15. According to this idea of
the local energy, the difference in V,, between (p,p’) and
(n,n') is expected to become very small as the incident
energy increases and becomes much larger than U, cg(r).
Our discussion is, however, based only on the analysis of
a few data for target nuclei with the mass number around
100. Further analyses of much more experimental (p,p’)
and (n,n') data will be necessary to draw a clear conclu-
sion.

Next, we consider the reason why the extracted V, val-
ues are obviously different for the (p,p’) and (p,n) reac-
tions. In the FKK calculation, we use the one-component
MSD formalism in which the neutron and proton distin-
guishability is not taken into account. If the distinguisha-
bility is introduced into the calculation, the p-h states
of the residual nucleus excited by the (p,p’) scattering
are clearly different from those excited by the (p, n) reac-
tion. For the one-step (p,p’) scattering, two kinds of con-
figurations consisting of proton-particle and proton-hole
(p)(p) ! and neutron-particle and neutron-hole (n)(n)~*
are allowed, whereas only the configuration with proton-
particle and neutron-hole (p)(n)~?! is excited by the one-
step (p,n) reaction. As a result, the density of residual
1p-1h states excited by the (p,n) reaction is about a half
that for the (p,p’) scattering at the same excitation en-
ergy. If the difference between p-n and p-p interactions
is neglected, the V extracted with the one-component
model from the (p,n) data is expected to be smaller than
that from the (p,p’) scattering by a factor of /2. Tak-
ing into account that the effective p-n interaction Vp, is
about three times as strong as the effective p-p interac-
tion Vp, in the energy region of interest [41] introduces
another factor of (Vpp + Vr)/2Vpn = 4/(2 %X 3) = 0.7, so
we expect VI¥ ~ VI". However, the differences in the V;
values between (p,p’) and (p,n) reactions for ®®Mo and
106pq indicate VFP ~ 2VF™. It is possible that this dif-
ference is attributable to collective effects extending into
the continuum region. It should be emphasized, however,
that a two-component MSD theory is necessary to give a
consistent description of (p,p’) and (p,n) reactions with
respect to the strength V4 of the effective interaction, as
pointed out in Refs. [16,37].

C. Gradual absorption of reaction flux in P to Q
transitions

We present comparison of the experimental angle-
integrated (p,p') and (p, n) spectra for °®Mo at 25.6 MeV
with the FKK-GNASH calculation in Fig. 16. The calcula-
tion gives some underestimation in the (p,p’) and (p,n)
spectra lying between the ranges dominated by the evap-
oration and direct processes, as mentioned in Sec. IVB
and IV C. The underestimation is probably due to the
MSC component because the relative MSC contribution
is found to become large in this energy range and it
turned out that our MSD calculation reproduces the ex-
perimental MSD component quite well using the subtrac-
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tion method, as shown in Figs. 4 and 5. The disagree-
ment is expected to be improved if the MSC spectrum
has a softer component, or nucleon emission from more
complex MSC stages increases. We made a calculation
increasing the maximum stage number of the MSC pro-
cess up to N = 5, but failed to reduce the disagreement,
since the MSC emission from stages more than N =
calculated with Eq. (2) is negligibly small.

In the FKK-GNASH code, there is an assumption that all
the reaction flux entering the @ chain from P substages
with more complex p-h states than 2p-1h doorway states
decays eventually from the equilibrium stage. Thus the
MSC emission of P — @ flux from the intermediate N
stages is not treated explicitly in our calculations. If
one considers the MSC emission after P — Q transi-
tions from more complex stages, one can expect the MSC
emission spectrum to contain softer components. Such
possibilities of the linking between MSD and MSC pro-
cesses have been pointed out by some authors [11,12,14].
Marcinkowski et al. [12] have proposed an idea called
“the gradual absorption of reaction flux” in the entrance
channels and derived a modified FKK model of the MSC
calculation on the basis of phase space arguments. Ac-
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FIG. 16. Comparison of the angle-integrated nucleon emis-
sion spectra of the p+°*Mo reaction at 25.6 MeV with the
FKK-GNASH calculations: (a) proton emission spectra and
(b) neutron emission spectra. The experimental data of the
(p, zn) spectrum are taken from Ref. [6].

cording to their modification, the differential MSC cross
section is given

FTV[

__71')\22 2J+1 ZRMTJ Z Z< <F _]
(@
(U <mj>>’ ®)

m=M

where RpT; is the transmission coefficient forming
bound states at stage M of spin J multiplied by a re-
duction factor Rps. The Rjps factor can be estimated
using the following expression given by the ratio of the
restricted to unrestricted Williams formulas of the partial

state density, w np mi(F) and wpp mi(E):

Wi+ 1yp,arn (B)
wm+1)p,Mmh(E)’

(9)

where R stands for the reduction of incoming flux by
MSD processes and is defined by (cg — omsp)/or with
the total reaction cross section or and the total MSD
cross section oysp including the collective excitation.
Note that Eq. (8) reduces to the same MSC expression as
given in Eq. (4) if one puts R = 1 and M = 1 in Egs. (8)
and (9).

We have implemented an MSC calculation based on
Eq. (8) using a modified version of the FKK-GNASH code
for several of the reactions listed in Table I. The results
of (p,p’) and (p,n) on *®Mo at 25.6 MeV are shown in
Fig. 17. The maximum number of stages which we con-
sidered was M = 5. The underprediction seen for both
proton and neutron emission in Fig. 16 is obviously im-
proved by the MSC calculation taking into account the
gradual absorption effect given by Eq. (8), although some
overestimation is seen in the emission energy range be-
tween 10 and 15 MeV of the (p,n) spectrum. The use of
Eq. (8) was found to lead to the enhancement of MSC
emission of nucleons with low energies. A similar im-
provement was obtained for the '°Pd (p,p’) and (p,n)
at 26 MeV. These results confirm that the effect of the
MSD-MSC crossover in preequilibrium processes is im-
portant.

Next, we have applied the modified FKK-GNASH code
to other (p,p’) reactions at lower incident energies below
18 MeV in order to see the effect of the gradual absorp-
tion. The results for 12 and 18 MeV (p,p’) on **Mo are
shown in Fig. 18. In contrast with the case of 25.6 MeV
in Fig. 17, the modified FKK-GNASH calculation gives no
satisfactory description of the energy spectra, especially
in the low outgoing energy region. Here we have to re-
call that the MSD component was determined unambigu-
ously by the subtraction method that gave good agree-
ment between the experimental and calculated spectra.
Therefore the disagreement seems be due to MSC and/or
HF equilibrium calculations. As shown in Fig. 18, it was
found that the MSC emission is not enhanced as much
as the case of 25.6 MeV (p,xp) even if the gradual ab-
sorption is taken into account. In addition, the GNASH

Ry =(R—Ry— Ry~ — Ry_1)
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calculation with the same input parameters as used in the
25.6 MeV (p, zp) reaction provides a very small equilib-
rium component as the incident energy decreases. As a
result, a large modification to the level density parameter
of Mo depending on the incident energy is required to
enhance the HF component of the (p, p’) scattering. Also,
the disagreement was not improved by using different
OMP parameter sets. If one uses the present FKK-GNASH
code, therefore, it seems impossible to find a consistent
input parameter set to provide a good description of the
low emission energy portion of the ®Mo(p, p’) spectra for
low incident energies below 18 MeV.

One possibility to resolve the underprediction is to in-
corporate isospin conservation in the MSC and equilib-
rium calculations. Some previous work based on the ex-
citon model [8,9,42,43] and the statistical multistep reac-
tion model by Kalka [44] have so far shown that isospin
conservation is essential in preequilibrium proton emis-
sion in proton-induced reactions at low incident ener-
gies. Two possible isospin states, with T = Ty — %
and 75 = Tp + %, can be excited in the composite nu-
cleus formed by the proton bombardment, where Tj is
the isospin of the target nucleus. Neutron decay from the
T states is remarkably suppressed owing to the isospin
selection rule, if the excitation energy of the compound
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FIG. 17. Same as Fig. 16, but the MSC component is cal-
culated with the FKK-GNASH code modified so as to take into
account the gradual absorption effect.

nucleus is not high enough compared with the thresh-
old of neutron decay and the mixing between T, and T«
states is negligible. Thus the isospin conservation can
become a major factor to enhance proton emission in
MSC and equilibrium processes at low incident energies.
If no mixing between T and T states is assumed, pro-
ton emission from more complex preequilibrium stages
in the T states dominates and a softer energy spectrum
is expected, as shown in Ref. [9]. Such proton emission
decreases rapidly with increasing incident energy, or exci-
tation energy of the compound nucleus, because the num-
ber of states of the residual nucleus accessible by neutron
emission from 7%, states becomes so large. These consid-
erations would lead to a consistent explanation of our
successful FKK-GNASH description for 25.6 MeV and our
failure for the lower energies. To justify this interpreta-
tion, we will need to extend our MSC and HF calculations
so as to take into account isospin as a quantum number.
The extension is now in progress. The details of the
isospin conservation in MSC and equilibrium processes
will be discussed in a forthcoming paper.

VI. SUMMARY AND CONCLUSIONS

We have measured double-differential proton emission
cross sections for proton-induced reactions on Mo and
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FIG. 18. Comparison of the angle-integrated nucleon emis-
sion spectra of the p+°*Mo reaction at (a) 12 MeV and (b) 18
MeV with the modified FKK-GNASH code. The experimental
data are taken from Refs. [8,9].
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106 p( at energies around 26 MeV for which neutron emis-
sion data are also available, in order to investigate pree-
quilibrium nucleon emission in the low incident energy
region below 30 MeV.

The data on (p,p’) and (p,n) reactions for both tar-
get nuclei were analyzed using the FKK-GNASH code [10]
based on the FKK theory, together with (p,p’) for the
same target nuclei at energies from 12 to 18 MeV and
93Nb (p,p’) and (n,n') at energies from 14 to 26 MeV.
The experimental nucleon emission spectra were repro-
duced quite satisfactorily with the calculation taking
into account preequilibrium MSD and MSC emission, di-
rect collective excitation to low-lying discrete levels, and
Hauser-Feshbach equilibrium emission, although some
underestimation is seen in the low emission region of the
(p,p') spectra for incident energies lower than 18 MeV.

In our analyses, we have applied the subtraction
method [13] successfully to extract the effective inter-
action strength Vy and proved that the method is quite
useful for analysis of the MSD component even in the
case where large MSC and equilibrium components ex-
ist in the particle emission spectra. We have investigated
the systematic behavior of the extracted V values. First,
the V4 values for (p, p’) were found to vary with an energy
dependence of const/v/Ejnc, where Ejy is the incident en-
ergy. Next, the analysis of (p,p’) and (n,n’) at the same
incident energies indicates that the Vp values of (n,n') are
smaller than those of (p,p’) and have a weaker energy de-
pendence than those of (p,p’). If the extracted V, values
of (n,n’) and (p,p’) are plotted against the local energy
of the incident nucleon at the nuclear surface, including
the effect of the Coulomb potentials and the difference in
the isospin terms of optical potentials, they show a rather
smooth variation with the local energy. This seems to be
a possible interpretation of the incident energy depen-
dence of the effective N-IV interaction used in the FKK
analysis in the low incident energy region. Third, the
analysis of (p,p’) and (p,n) for the same target nucleus
and incident energy showed that the extracted strength
Vos differ by a factor of about 2. The reason for the dif-
ference is possibly the presence of collective excitations
extending into the continuum region in (p, p’) scattering.
Therefore the inclusion of collective excitations and also
a two-component model which can take account of the
neutron and proton distinguishability will be necessary
to make a simultaneous analysis of neutron and proton
emission in nucleon-induced reactions.

Furthermore, the sensitivity of the MSD spectrum to
several input parameters and corrections was examined
in this work. It was found that the optical potentials sen-
sitively affect the magnitude of the MSD cross section,
but not the shape of the spectra. This means that the
extracted V,, values depend strongly upon the choice of
the optical potentials. Next, the effect of pairing correc-
tions on the calculated (p,p’) spectra was investigated
from the viewpoint of the odd-even mass effect on the
preequilibrium spectra. On the basis of several observa-
tions that there is no appreciable odd-even effect in the
preequilibrium spectra, we have proposed the option of
no pairing correction to all MSD and MSC calculations.
As a result, the agreement between the calculation and

the experimental (p,p’) for even-even target Mo was
remarkably improved in the continuum region just above
the excitation energy region where there appears a char-
acteristic peak structure corresponding to collective ex-
citation. The effect of the nonlocality of distorting po-
tentials was also investigated and the correction with the
Perey factor was found to result in larger values of Vj,
compared with the analysis without the correction.

In our comparison between the experimental (p, p’) and
(p,n) spectra at 26 MeV and the FKK-GNASH calculation,
some underestimation was seen in the intermediate emis-
sion energy region lying between evaporation and one-
step MSD emission. Inclusion of the gradual absorption
effect in P — @ transitions in the MSC calculation led
to an enhancement of the MSC emission from more com-
plex stages and the underestimation was reduced. In the
calculation, the MSC calculation part in the FKK-GNASH
code was modified in terms of the formulation based on
the phase space model [12]. This confirms that the MSD-
MSC crossover transitions are important in preequilib-
rium nucleon emission.

The disagreement at low outgoing energies seen in
(p,p’) spectra for incident energies lower than 18 MeV
was not reduced even if the gradual absorption effect
was taken into account in the MSC calculation. Neglect
of isospin conservation in our analysis seems to be one
of the major reasons for the discrepancy, because pro-
ton emission from more complex MSC stages and/or the
equilibrium stage is enhanced when neutron emission is
remarkably suppressed in particle decay from 7 states
of the composite nucleus owing to the isospin selection
rule. To demonstrate the importance of isospin conser-
vation in (p,p’) reaction at low energies, it will be neces-
sary to include the isospin as well as the spin and angular
momentum in the FKK-GNASH calculation.

In the future, we intend to make FKK-GNASH analyses
with a standard parameter set for a variety of data of
nucleon-induced reactions in order to establish the sys-
tematics on the only adjustable parameter V. Such anal-
yses will be useful to apply quantum-mechanical model
codes, such as the FKK-GNASH code, to nuclear data eval-
uation involving proton as well as neutron data.
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