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The reactions °%%495:96.97.98.10Mq(p_xn) have been studied with E,=25.6 MeV protons for neutron

angles 3°<0,<177°.

In the preequilibrium region the angle integrated, inclusive neutron energy

spectra show pronounced pairing effects that seem to be correlated with the ground state deforma-
tion. The angular distributions show more backward yield than predicted by semiclassical preequili-
brium models. A quantitative description is obtained with a quantum-mechanical statistical mul-
tistep model including three steps of direct and compound plus subsequent equilibrium emission.
Both components are calculated consistently with a Yukawa-type residual interaction of strength

Vo=25 MeV.

I. INTRODUCTION

In this paper we study the neutron preequilibrium (PE)
emission induced by 25.6 MeV protons from all seven
stable molybdenum isotopes. The (p,n) residual nuclei
range from 33Tc near the N =50 shell closure to j3°Tc in
the new region of deformation' at 4 ~100, and include
odd-odd as well as odd-even nuclei. The neutron time-of-
flight experiment has been performed with emphasis on
low background measurements covering a broad range of
reaction angles (Sec. II). The interpretation of these data
focuses on odd-even effects due to pairing correlations
and on the angular distributions in the PE continuum as a
function of neutron energy and excess (Sec. III A).

Semiclassical PE models that describe a nuclear reac-
tion as proceeding through a sequence of nucleon-nucleon
interactions in the nuclear Fermi gas succeed in reproduc-
ing average yields and energy spectra of ejectile nucleons.
Discrepancies appear whenever considerable residual in-
teractions prevent the usually applied assumption of
equidistantly spaced single particle (s.p.) states to be a
good one. It has been shown that the grouping of s.p.
states near neutron® or proton’ shell closures can be ac-
counted for by using instead realistic s.p. level schemes—
in particular for the 1p(1n)~! state density of the residual
nucleus for a single step interaction. The results of
Grimes et al,* however, show that for residual systems
AZ =3 away from the closed shell Z =50, the effect is
significantly reduced, because the shell gap decreases rap-
idly with increasing deformation and the partial state den-
sities for Z =46—48 change more when one single nucleon
is added than with the addition of a pair of like nucleons.
The 33Zr(p,n)3{Nb data’® in comparison to those of
?,(’)Zr( p,n) show a similar reduction in shell irregularities;
therefore, the Mo isotopes are good candidates for study-
ing pairing effects in PE emission (Sec. III B).

Nucleon angular distributions for the typical PE region
show a strong preference for forward emission. The gen-
eralized exciton model in its different versions,’ % as well
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as the geometry dependent hybrid (GDH)*'° model repro-

duce this feature fairly well because they treat the first
few intranuclear nucleon-nucleon collisions essentially
correctly.!! However, the backward yield is seriously un-
derestimated in these semiclassical nucleon-nucleon col-
lision models unless the two-body kinematics is treated in-
correctly,® e.g., by disregarding the energy-angle correla-
tion in averaging over exit channel energies; or additional
assumptions concerning refraction,®® or diffraction and
the finite nuclear size™® are added ad hoc. The latter may
also be implemented by evaluating the scattering kernel
for bound target nucleon states of a harmonic oscillator
potential in plane-wave Born approximation, although
this approach'? leads to unexpectedly high contributions
from the later stages of the equilibration. Therefore, a
more rigorous quantum mechanical approach in terms of
a multistep direct reaction'>!* seems to be conceptionally
preferable.

The quantum statistical model of Feshbach et a
makes a distinction between the multistep direct emission
(SMDE) proceeding through states with unbound particles
and the statistical multistep compound emission (SMCE)
involving only particle bound states. This model works
well not only under conditions leading to a dominance of
the SMDE (Ref. 15) or the SMCE (Ref. 16) process, but
also in single cases ['2Sn(p,n),!” $Cu(p,n) (Ref. 18)] for
medium energies E,~25 MeV where both mechanisms
contribute with comparable intensity. These analyses con-
verge'"!? towards a unique parameter set that, so far, has
never undergone a systematic test against a sequence of
targets, allowing one to study the trends with increasing
neutron excess in yield as well as in angular shape. In
Sec. IIIC we present such a test with *~!%Mo. Finally,
our conclusions are summarized in Sec. IV.

1.14

II. APPARATUS AND MEASUREMENT

The experiment has been carried out at the Hamburg
Isochronous Cyclotron with 25.6 MeV protons and a neu-
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tron time-of-flight (TOF) array of eight detectors
designed for low background and large angular range.?’

The proton beam can be focused onto one of three sub-
sequent target positions in a reaction chamber with a
shape corresponding to a 34° segment of a circle. Two
magnets with C yokes of gap width 10 cm between the
target positions each bend the beam by 17° such that it
passes through the chamber and is dumped into a heavily
shielded Faraday cup.

Reaction neutrons from the target position in operation
enter flight paths of (7.5+£0.5) m length through a thin
exit window towards the neutron detectors. The detectors
consist of cylindrical 10 cm@ X5 cm cells filled with
liquid scintillator NE213 and coupled to photomultipliers
VALVO XP2041. They view the targets through collima-
tor tubes traversing water shielding of more than 1 m
thickness. Conical polyethylene throats at the front ends
of the collimator tubes supplement the efficient shielding
against time correlated and stray neutrons. The collima-
tor tubes can be aligned towards any of the three optional
target positions such that the setup covers an interval of
reaction angles © ranging from 3° to 177° with 24 fixed
positions and increments of 6.5° for small and large, and
10.5° for intermediate angles, respectively.

The TOF electronics are conventional. Low energy
biases E, ,, =0.9—1.1 MeV were applied to guarantee an
effective n-y discrimination. The TOF stop signal was
derived from the cyclotron radio frequency; the burst fre-
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quency was scaled down to ~1.4 MHz by means of an
external deflector. The overall time resolution obtained
was =~ 1.5 ns (FWHM) corresponding to a neutron energy
resolution of 60 keV (500 keV) for E, =5 MeV (20 MeV).

Measurements were performed for all seven stable
molybdenum isotopes; target specifications, maximum
neutron energies in the c.m. system and charges accumu-
lated are listed in Table I. Each primary run was fol-
lowed by a shorter background run with shadow bars
placed in the flight paths about midway between target
and detectors. The background subtraction represented at
most a 10% correction of the integral yield in the physical
region E, y, <E, <E, n,, and was substantial ( <20%)
only for the extreme backward angles and high neutron
energies. Further experimental details have been reported
elsewhere.'2°

Neutron energy spectra in the c.m. system were ob-
tained by application of detector efficiencies as calculated
with the code NEFF4 (Ref. 21) and kinematic transforma-
tions assuming single neutron emission.

Relative uncertainties between neutron spectra obtained
in different runs are mostly due to target thickness inho-
mogeneity (5%), inconsistencies in the background treat-
ment (5%), and incomplete beam current integration
(3%). The estimated uncertainty is 10% for all angles
and all but the highest neutron energies. Absolute uncer-
tainties are slightly higher due to the uncertainty in the ef-
ficiency calculations ( <5%). We estimate absolute un-
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FIG. 1. Representative spectra obtained for **°*!%Mo(p,xn) under several angles. The arrows indicate the ground state transi-

tions.
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TABLE 1. Target and reaction data.

Charge
Enrichment Thickness Q(p,n) Efmax accumulated
Target (%) (mg/cm?) (MeV) (MeV) (mC)
2Mo 98.5 3.79 —8.65 16.5 1.1-1.2
%Mo 94.6 2.64 —5.04 20.1 0.8—1.0
%Mo 97.4 4.18 —2.47 22.6 0.8—1.0
%Mo 97.7 431 —3.76 214 0.8—1.0
Mo 94.3 4.65 —1.10 24.0 0.9-1.0
%Mo 98.8 4.16 —2.47 22.6 0.8—0.9
1Mo 98.0 4.15 —0.95 24.2 0.7-0.8
certainties < 12% for most of the double differential and 10— T
all angle integrated cross sections. F 106
- x ]
II. RESULTS AND DISCUSSION ol Mo (p,xn)Tc
A. Experimental results i 5
A subset of the angle differential energy spectra for 107 _
94,95,100Mo(p,xn) is shown in Fig. 1. The data are statisti- 3 3
cally significant down to the 1072 mb/sr MeV level. The C ]
width of the isobaric-analog state (IAS) corresponds to the 6l 3 ]
energy resolution; the experiment was not designed to 10 5*10 3
resolve the excited analog states. - o«
The structures observed in the spectra for U <6 MeV > i "
are correlated in angle for each isotope. They have been ) 105 [\ _
interpreted in Refs. 2 and 22 to result from the individual E g '. 3
1p(1n)~! state density of the residual nuclei near the shell o C ]
closure N=50. This alp lies to 33Tc, to a lesser extent to E ol o';} T
#Tc, and not at all to }°Tc. In comparing the structures c 10 E %5
we note the following differences and similarities between L E 3
the isotopes: N = s A
5 10°k A
(i) The spectra extend to the high energy limit for S .«
100Mo, whereas they show a moderate gap A above the - .
ground state (g.s.) transition for **Mo, **Mo, and *’Mo. 2| N\ |
(ii) The structures are pronounced for **Mo—*Tc and 10 3 3
9Mo—%*Tc, but are more or less smoothed out for '®Tc - 3
although the experimental conditions remained the same. - A
(iii) The angular distribution of a given neutron energy 10' = o
bin (E,,E,+AE,) in the continuum region seems to be = ¢ 3
essentially independent of the isotope; the descent from 0° B S
to 180° visible in Fig.'l, e.g., at Enz 15‘MeV corrgspoqu 10°L.  E_=25.6 MeV [
to a factor of 10 and is lower (higher) with decreasing (in- g . OO
creasing) E,,. - S ]
-1 e 7
Observations (i) and (i) will be discussed further in L T T S
terms of pairing effects and the influence of g.s. deforma- 20 5 10 5 0
tion in Sec. III B, whereas the discussion of angular distri- EXCITATION ENERGY U(%2%01c)

butions is presented in Secs. III C and III D.

B. Pairing and preequilibrium emission

Pairing effects should become more pronounced in the
angle integrated spectra. Figure 2 shows the result of this
work in comparison with the data of Ref. 22 taken at

(MeV)

FIG. 2. Angle integrated neutron energy spectra of this work
(solid dots) and of Ref. 22. The solid lines denote the GDH plus
evaporation model calculations applying the pairing shifts A(8)
of Table II.
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FIG. 3. Top: Angle integrated spectra for *>~**Mo(p,xn) vs
residual excitation in **~®¥Tc, running from right to left. Bot-
tom: Experimental cross sections do/dE, for E ,=4.5 MeV
and U=4.5 MeV, respectively; filled symbols indicate odd-odd
residual nuclei. The line connects cross sections do( E ,)/dE,
calculated (Ref. 36) with pairing corrections.

E,=25.0 MeV. The latter data show better energy
resolution than ours due to the longer flight path (11 m vs
7.5 m); the discrepancies at lower neutron energies E, (or,
higher residual excitation energies U) can be traced back
to the different threshold (thr) energies E,, ., and efficien-
cies applied. The agreement in the region between the
IAS and the g.s. transition where PE emission dominates,
indicates that the structures are not affected by the differ-
ence AE,~0.6 MeV in projectile energies; they are there-
fore correlated with the residual excitation. The model
calculations shown will be referred to later on.

The influence of the odd-odd or odd-even character of
the residual nucleus is obvious from Fig. 3 where the
angle integrated spectra for *>°%°"$Mo(p,n)Tc are plot-
ted on top of each other. For the odd-odd nuclei **3;Tc
the spectra are very similar; the same applies to those of
the odd-even nuclei *>3Tc. However, the continuous part
of the spectrum is shifted by AU ~2 MeV to higher exci-
tation U. The lower part of Fig. 3 shows that this trend
continues over the whole mass range *2~!{3Tc, whereas it
is barely visible in the typical evaporation region E ,=4.5

MeV. It should therefore find its explanation from the
phase space allocated to transitions leading into this part
of the continuous spectrum.

Semiclassical phase space models for preequilibrium
emission predict the nucleon energy spectra from nucleon
induced reactions to be 23 given by

Pp— 10
= D _—
de, ~or 2D (g

Alet(ne  E) . (1)

Here, o is the reaction cross section for formation of the
composite system at excitation energy E. The sum ex-
tends over contributions of stages characterized by the ex-
citon number n =p (particles)+#4 (holes); A, is the decay
rate for the continuum emission of neutrons (v) with ener-
gy €,, and D, the depletion due to this emission from
preceding stages n’ <n. The models differ in the lifetime
expression t(n,€,,E) as well as in the conceptional treat-
ment of intrinsic configuration mixing.?* The quantity Px
denotes the density of states with the exciton configura-
tion x at the excitation E (U) of the composite (residual)
system.

Due to the dominance of the leading term in the sum,
the dependence of the spectrum, Eq. (1), on €, is given in
first order by

do(e,)
de,

~p11(U), )

For (p,n) reactions, the right-hand side is the density of
the one proton-particle, one neutron-hole, or 1p(ln)~!,
states in the residual nucleus.

In the Fermi gas model with equidistant spacing g ~!,
the partial density of n exciton states composed of p par-
ticles and 4 holes is given by

_ [gtu—)1" !
PontU)=8= i — 1 )

i.e.,, a smooth function of U that extends to the ground
state at U=0. The correction A4 accounting for the Pauli
exclusion principle vanishes for the 1plh state density,
such that p; ;(U)=g*U.

However, a calculation of the spectra with Egs. (2) and
(3) is at variance with the experimental results in Fig. 2.
Residual interactions not properly taken into account by
Eq. (3) must be responsible for the deviation from the
smooth phase space behavior. It has been shown in Refs.
2 and 3 that the influence of a nearby shell closure as well
as the pairing of nucleons can be taken care of by generat-
ing p;,; out of a given set of realistic s.p. states of a
Nilsson model description (with given N, Z, and deforma-
tion 8). The pairing effect is included in terms of the
Bardeen-Cooper-Schrieffer (BCS) formalism?¢ with quasi-
particle energies, whose gap parameters A, were taken to
be equal to the pairing energies of Gilbert and Cameron.?’

Figure 4 shows calculations of this type for **Tc as a
spherical nucleus (6=0) as well as for moderate (§=0.1)
deformation. The state density according to Eq. (3) with
g=+(6/7"a and the level density parameter a=4/8
MeV ™! is shown, too, as well as the experimental spec-
trum normalized with 1 mb/MeV to 1 level/100 keV.
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FIG. 4. Two quasiparticle densities p;; generated with s.p.
levels of Ref. 29 for (§=0) spherical and (§=0.1) deformed
%Tc after smoothing (Ref. 2) with 0=1.5 MeV. The result of
Eq. (3) (dashed line) and the arbitrarily normalized spectrum for
%Mo(p,n)*Tc (circles) are shown, too.

Recently, Fu?® has shown that pairing can be included in
the partial state densities of Ref. 25 by replacing in Eq. (3)
U—A4 by U—B(n,Ag)—P(n,U). The quantity B(n,A,)
corrects the Pauli correction 4 for nonuniform s.p. spac-
ing of quasiparticle energies in the case of pairing with a
gap parameter Ay; however, it is B ~ A, and therefore B
vanishes for 1pln~! states. In the pairing correction term

P(n,U)=+g[A}—AXU,n)], @)

the quantity A(U,n) denotes the pairing gap in a state of
excitation U and exciton number n. Inspection of A(U,n)
leads?® to the conclusion that P(n,U) may be replaced by
a constant pairing energy shift, if the calculated cross sec-
tion is sensitive to essentially only one exciton number
preferentially n=2. This is exactly the situation we are
facing with Eq. (2). This constant value is expected to
range from +gA3 (if pairing correlations are totally bro-
ken at excitation U) and O (if A=A,, i.e., the pairing
correlations are not at all blocked) as long as the underly-
ing assumption of equidistant spacing in the absence of
Eairing is essentially correct. For our residual nuclei
>uTc, g~6.4 MeV~' (corresponding to a~A/9
MeV~!) and Ag=~1.1 MeV,”” the calculation®® yields
A/Ag=0.6 or P=1.2 MeV for 1p1h states at lowest pos-
sible?®28 excitation Uy, ~1.9 MeV. For the residual Tc
nuclei with even mass number, we anticipate P~0. We
have performed calculations with this pairing treatment in
the framework of the geometry dependent hybrid (GDH)
plus Ewing-Weisskopf model*® and found less, but still

some, disagreement. We doubt that shell effects can be
made responsible for the remaining differences, because
for ®~$Tc the nucleon numbers exceed (with one excep-
tion) shell closures by at least three units and the shell ir-
regularities (visible, e.g., in Fig. 4) tend to wash out as
mentioned before.>* Instead, the nuclear deformation
may lead to deviations from the uniform spacing of s.p.
states in a way equivalent to a decrease of the effective ex-
citation energy Ug.

In order to account for a possible deformation contribu-
tion to a shift of U to U= U — P, we replaced the uni-
formly spaced s.p. states by realistic Nilsson model s.p.
states for different deformations 0 <8 <0.3, based on the
parameters of Seeger and Howard.” The 1p(1n)~! state
density was generated from this set of s.p. states as out-
lined in Ref. 2. The resulting state densities were ex-
pressed as p; (U)=g*[U—A(8)] with best fitting values
g and A(8) for residual excitations up to 10 MeV. These
values were then inserted into a GDH model®® calculation.
The best fits are shown in Fig. 2; they were obtained with
the values A(8) listed in Table II that belong to the defor-
mations shown in Fig. 5. The deformation values are un-
certain to within +£0.05. They do not seem to be unrealis-
tic when compared with calculations®® of spin zero poten-
tial energy surfaces within the cranked Nilsson-Strutinsky
model, including pairing for the adjacent Mo and Ru iso-
topes, or with the recent results"*! for '%~1Mo. Their
monotonic increase with neutron excess leads to Nilsson
s.p- level schemes that come closer to a uniform spacing.
As a consequence the structures in the experimental spec-
tra should diminish as observed [cf. Fig. 2 and (ii) in Sec.
MIA].

The shifts A(8) are higher than expected according to
Fu.?® They also differ from those of Gilbert and Came-
ron®’ and of the back shifted Fermi gas model*® that are
in use for equilibrium emission calculations. This may be
partly due to the fact that p, ,(U) of Eq. (3) needs a renor-
malization*® before it can be compared with state density
expressions for Hauser-Feshbach calculations like the one
of Ref. 39. Akkermans and Gruppelaar® also point out
that Eq. (3) tends to be incorrect at low excitation due to
deviations from equal spacing. Our values A(8) may

oeZ =42 (Mo)
AZ =44 (Ru)
aZ =43 (Tc)
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FIG. 5. Nuclear deformations 8 vs neutron number N. Cal-
culated values (Ref. 30) for Mo and Ru are connected by lines,
open circles are experimental values (Refs. 1 and 31). The §
values for Tc are those of the best fitting shifts A(8) listed in
Table II.
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TABLE II. Pairing corrections A(8) (in MeV) for deformed residual nuclei ®>~'®Tc reached by PE emission; compared with Aq

from Ref. 27 and Ap (extrapolated from Ref. 39).

Residual

nucleus 2Tc Tc »Tc %Tc Tc %Tc 100T¢
Ag 0 0 0.72 0 1.12 0 0
A(8) 0.66 1.06 2.76 1.03 2.27 0.77 0.60
Ap —0.8 —0.8 + 0.2 —0.8 + 0.2 —0.8 —0.9

therefore be considered an additional® indication for the do(O,) “max

sensitivity of (p,n) preequilibrium emission to the details = 2 a,(€,4)P,(cosO,) &)

of the residual interaction not taken care of with phase

space expressions.

C. Angular distributions: Trends

In contrast to the neutron energy distributions and
yields, the angular distributions are not supposed to

dQde,

v=0

extending to vg,,=4. The coefficients ay(e,,4) and
therefore the yields 4ma, increase smoothly with 4 for
low energies €, and show an odd-even pattern for higher
energies (cf. Fig. 3). Focusing on the shape of the angular
distributions, we restrict the discussion to the reduced
coefficients

strongly depend on the target-projectile combination. The

main argument is that the general extent of agreement be-
tween preequilibrium decay models—irrespective of their
differences in physical grounds and formal structure?*
and experimental data can be traced back!! to the domi-
nance of the first (and second) hierarchy of nucleon-
nucleon interactions. Nucleon angular distributions there-
fore reflect the pattern of intranuclear nucleon-nucleon
scattering in one- or two-step processes folded over a
range of relative energies, plus contributions from pro-
cesses of the equilibrated reaction system. The range of
relative energies contributing is dependent on the exit
channel energy €,; the phenomenological parametrization
of nucleon angular distributions in PE processes in terms
of coefficients that depend only on €, takes advantage of

this*? gross behavior.

It has been amply discussed in Ref. 9 that in the mass
and energy range under consideration semiclassical PE
models fail more or less for angles close to 0° and 180°,

ble,A)=a,(€,,A)/ap(€,A) .

These coefficients are shown in Fig. 6(a) for '®Mo(p,xn).
Their smooth energy dependence is obvious; it is only in-
terrupted at the ground state transition and the isobaric
analog resonance, respectively. Figure 6(b) confirms that
the angular distributions do indeed have a shape that is in
the region of dominant nonequilibrium processes, within
the uncertainties stated, not dependent on the neutron ex-
cess. *2Mo is not included because the spectrum extends
only to E,=16.5 MeV.

The phenomenological parametrization of Ref. 32 is
shown in Fig. 6(b), too. It is essentially correct for b, but
underestimates the contributions represented by Legendre
polynomials of higher order. This is probably due to the
under-representations of neutron and backward angle data
in the data basis of that compilation.

whereas quantum mechanical and quantum statistical

models can do better, in particular at the crucial backward
14,33

angles. The model of Feshbach, Kerman, and Koonin
has been proven!” !

tions of this model with our data in Sec. III D.

For convenience we describe our angular distributions
in terms of the best fitting Legendre polynomial expres-

sion for each target isotope A

successful in the region of energies
where both SMDE and SMCE contribute with compar-
able yields. We shall, after giving next an account of the
trends related to neutron energy and neutron excess, sum-
marize in short this model and then compare the predic-

D. Statistical multistep calculations

The model of Feshbach et al. has been described in de-
tail elsewhere.'>!¢23 Here, we quote only the basic for-
mulas necessary to explain the input to our calculations.
For more details the reader is referred to our $*Cu(p,n)
paper,'® because the present calculations of double dif-
ferential cross sections for **~!%Mo(p,n) at several ejec-
tile energies and angles have been performed exactly in the
same way.

For the SMCE process, the cross section is given by

dZO' _—2 (__l)s'—s
dUudQ < (2I+1)(2i +1)
7 & E&l {pp A UTT(U))

X7 2
k2n=1v=n—1 F”

Z(WJW;sL)Z(I'J1'T;sL )Py(cos©)

2rrrl
D,

n—~1 T}

k=1 Ty

(6)
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FIG. 6. Reduced coefficients a; /a, of Eq. (5) fitted to the angular distributions of '®Mo(p,xn) for different ejectile energies E,,,
and for *~'®Mo and E,=17.25+0.25 MeV as a function of target mass number 4. Dashed horizontal lines denote the values of

Ref. 32.

Herein, the strength function 27T, /D, the damping
(T't), and the escape (I'!*) widths were calculated with
matrix elements of the residual nucleon-nucleon interac-
tion evaluated with realistic wave functions: The initial
and final distorted waves were derived with an optical
model potential and neutron (proton) parameters of Wil-
more and Hodgson® (Becchetti and Greenlees*); both pa-
rameter sets scale with neutron excess N —Z. The bound
state shell-model wave functions are based on a simple
harmonic oscillator potential.

Only single particle emission was considered during the
equilibration stage. Due to the moderate projectile ener-
gy, multiple emission represents only a small contribu-
J

tion!®3¢ for ejectile energies above ~10 MeV. All level
densities were calculated with level density parameters a
increasing with target mass number from 15 to 16
MeV~!. Pairing was taken care of by replacing the resi-
dual excitation U by the effective value U—A, for the
residual nuclei *>°’Tc; the pairing energies A, were taken
from Ref. 27. The spin cutoff parameter o in the angular
momentum dependence of the level density was set to 1.5.
Spins of incoming and outgoing particles, respectively,
were disregarded.

For the SMDE process, the cross sections were calculat-
ed from

d’c s nil f dk, f dk, | dW,, [ksk,) ||dW,,_(k,k,_ ;)
dudQ < &~ J (o3 (2m) | dUpdQy du,dQ,
dW, (ky,ky) | d20y;(k;,k;) o
dU,dQ, dau,dQ, ’
I
with erated in a Woods-Saxon potential with radius parameter
i (DW) ro=1.3 fm and diffusity of 0.7 fm.
i _ L The residual nucleon-nucleon interaction has been given
= > (2L+1)R,(L) (U)< > (8) g
dUu,dQ, % 250p2 dQ a Yukawa shape of 1.0 fm range and strength V, of 25
i MeV. This strength is only slightly lower than the value
an Vo=~27 MeV obtained in Refs. 15 and 19 and confirmed
AW,y 2 ) in Ref. 18. The calculations have been extended up to the
quda 2 P(K)po(U) [V 1| ”. ©) " third step for SMDE. The SMCE component, in addition

All distorted waves have been computed with the same
optical model potentials, and the 1p 1k level density p,(U)
was based on the same parameter values a as for the
SMCE part. The bound state wave functions were gen-

to these three steps, also contains the contributions of the
compound nucleus r stage. The transition from SMCE to
evaporation is fixed by a condition imposed on the satura-
tion of the exciton level density with increasing exciton
number. !4
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The relative contributions of the SMDE and SMCE
process depend on ejectile energy as well as on the angle.
Figure 7 shows for two representative angles and the
190Mo(p,n) reaction, that SMDE is forward directed and
exceeds (for ©=15°) the SMCE at high neutron energies
by one order of magnitude, whereas under backward an-
gles (6=134°) the SMCE, due to its almost isotropic
emission characteristics, contributes substantially at all
but the highest energies E,. The r-stage contributions to
the SMCE are small for all neutron energies under con-
sideration (cf. Fig. 7), smaller than those of Ref. 16
which were obtained at 16—18 MeV projectile energy.
This is a consequence of the small depletion factor for r-
stage processes due to the relatively high incident energy
E,~25 MeV, favoring high energy precompound neutron
emission. The calculation shows, indeed, that less than
10% of the incoming flux going to the bound states is
available for the evaporation process.

We shall next have a closer look at the dependence of
the two processes on E,, and © by comparing the angular
distributions for the energy bins indicated in Fig. 7 by the
position and width of the four arrows. The highest ener-
gy bin 21.75+0.25 MeV in Fig. 8 corresponds to an exci-
tation energy U=2.4 MeV in odd-odd nucleus '8Tc; its
angular distribution descends by a factor of 20 from
©=0"°to 180° and so does the SMDE component, which is
almost identical with the first step contribution. The
SMCE contribution is negligibly small even at backward
angles (cf. Fig. 7) and therefore not included. The SMDE
oscillations at backward angles are directly related to the
details of the radial DWBA form factor and therefore to
the choice of the bound state parameters and the range of
the interaction. Better fits might be obtainable by param-
eter variation, but we did not intend to optimize these fits
provided that the general features were well reproduced by
the present multistep calculation.
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FIG. 7. Experimental neutron energy spectra (circles) for
p+!®Mo in comparison with SMDE (dashed line) and SMCE
(dash-double dot) calculation and the sum (solid line). The long
dashed line denotes the mere r-stage component (single particle
evaporation only).

At E =17 MeV, the first step SMDE contribution is
not sufficient for explaining the experimental data; the
second and third step contributions are of similar size, but
much more isotropic, and therefore enhance the angular
distribution at backward angles. The SMCE contribution
starts to show up at backward angles. This trend contin-
ues to lower neutron energies, and at E,=9.5 MeV the
SMDE is not sufficient to explain the angular distribu-
tion, and only addition of the isotropic SMCE component
leads to a quantitative reproduction of the experimental
data.

It has been discussed earlier in this paper that the shape
of the angular distributions shows only little, if any
dependence on the neutron excess. This statement has
been quantified in Fig. 6(b) for the £, =17.0 MeV data.
Figure 9 shows that the SMDE plus SMCE calculations
reproduce this feature very well. The shape of the angular
distribution is in all cases essentially determined by the
first two or three steps of the SMDE process in agreement
with Ref. 11. The absolute values scale correctly with
neutron excess by a factor of ~1.5 from **Mo to '®Mo.
The contributions of the more isotropic processes (second
and higher steps SMDE and SMCE) are seen to increase
from **Mo to '®Mo. The increase exceeds that of this
first step SMDE plus SMCE process. This trend is well
known, e.g., from (p,xn) and, with opposite sign, from
(p,xp) reactions on Ni and Cu isotopes,’’ and is related
there to the increasing energetic preference of (multiple)
nucleon emission [cf. also Fig. 3(b)]. Figure 9 shows this
trend already for 17 MeV neutrons, i.e., for single neutron
emission reflecting the decrease of the (p,n) Q value
(Table D).
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lations are first step SMDE (dash-dotted line), SMDE of the
first three steps (dashed), and the sum SMDE plus SMCE (solid
line).
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Finally we emphasize that these results are in agree-
ment with those of the (p,n) reactions on '2Sn (Ref. 17)
and ®Cu (Ref. 18) with 25 MeV protons. The same set of
parameters has been used in all cases; in particular the
residual nucleon-nucleon interaction has been given a
strength V(~25—27 MeV for both, SMCE and SMDE
processes. This value is in agreement with the average
strength V=27.9+3.5 MeV of the empirical effective
interaction obtained from DWBA fits to inelastic proton
scattering data in the E,=20—50 MeV region.’® In this
sense there is no adjustable parameter in these calcula-
tions. The competition between the SMDE and SMCE
process can probably be studied more effectively with
lower projectile energies (18—20 MeV, see Ref. 16), be-
cause then the isotropic nonevaporation component due to

excitation of particle bound states should show up even
more clearly.

IV. CONCLUSIONS

The inclusive, double differential cross sections
d% /dQdE, for 27 'PMo(p,xn)*>~'PTc presented in
this work result in angle integrated energy spectra that
show a clear odd-even pattern if compared to two or more
mass units away from the shell closure N =50. The pair-
ing energies A necessary for their description in the
framework of the geometry dependent hybrid model are
larger than those in use for equilibrated systems. They
can be correlated with a nuclear deformation parameter &
necessary to generate A from a set of realistic Nilsson
model s.p. states for the partial state density p,; in the
leading term of the preequilibrium model.

The shapes of the angular distributions in the continu-
um depend smoothly on the ejectile energy E,, but do not
vary with neutron excess N —Z of the residual nucleus.
They are well described by the quantitative multistep
compound and direct theories, which have definitely prov-
en to work well also in these “medium” energy cases.

At high neutron energies the reactions are dominated
by the 1—3 step direct mechanism that the forward direct-
ed angular distributions are indicative of; compoundlike
processes, however, contribute more significantly with in-
creasing residual excitation energy. This is of course due
to the decrease of the average excitation energy available
per exciton that favors the population of bound states.
Competition between the two mechanisms is best seen in
the calculations for '®Mo(p,xn) at E,=9.5 MeV, where
both, SMCE and SMDE contribute with comparable
yield.

The value V=25 MeV for the strength of the residual
interaction of Yukawa shape with finite range is in agree-
ment with previous results for pure SMCE and SMDE as
well as DWBA calculations. From this point of view the
theory of Feshbach, Kerman, and Koonin seems to pro-
vide a consistent transition from direct to equilibrium re-
actions without any discontinuity in parametrization.
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