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Preequilibrium (p,p') spectra for nuclei around neutron number 50
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Energy spectra of protons emitted from (p,p') scattering were measured for Zr, 'Nb,
Mo, ' Pd, and Ag at an incident energy of 18 MeV. It was shown that there were no

appreciable shell and odd-even effects on the preequilibrium proton spectra corresponding to exci-
tations higher than 4 MeV of the residual nucleus. The experimental results were interpreted on
the basis of the state densities generated from two sets of single particle levels using the recursion
method by Williams et al. ; one is based on the spherical Nilsson model, and the other on the
modified uniform spacing model in which a shell gap is introduced into the uniform spacing mod-
el. The measured angle-integrated proton spectra were compared with those calculated on the
basis of the exciton model and the Hauser-Feshbach model in which the isospin selection rule was
taken into account. Good agreement between the experimental and calculated spectra was ob-
tained for all targets in the continuum region in the outgoing proton energy region of 3—14 MeV.

I. INTRODUCTION

Recently, Scobel et al. ' have performed systematic
measurements of neutron spectra emitted from 18 and
25 MeV (p,n) reactions with nuclei near neutron number
50 in order to investigate the shell effect in the preequili-
brium process. Moreover, Mordhorst et al. have re-
ported a study of the odd-even effect due to pairing
correlations on preequilibrium spectra of emitted neu-
trons from 25.6 MeV (p, n) reactions with Mo isotopes.
As predicted in earlier works by Williams et al. and Al-
brecht and alarm, pronounced structures due to a shell
gap at the shell closure and the grouping of single parti-
cle levels were observed in the high energy portion of
(p, n) spectra for the nuclei near shell closure measured
by both groups. ' These structures were interpreted in
terms of (p)(n) ' state densities generated from different
sets of realistic single particle schemes.

Inelastic scattering is a major reaction channel in re-
actions induced by several tens of MeV nucleon. It pref-
erentially excites (n)(n) ' or (p)(p) ' states; the (p, n) re-
actions mainly populate (p)(n) ' states. Studies of in-
elastic scattering will provide an effective method with
which to investigate the shell and odd-even effects on the
density of particle-hole states in the same shell [e.g. ,
(n)(n) ' or (p)(p)

' states]. For nucleon inelastic scatter-
ing, however, systematic measurements of continuum
spectra of the emitted nucleons have not so far been car-
ried out in order to study the shell and odd-even effects
in the preequilibrium process, in contrast to the (p, n) re-
actions. ' ' '

In the present work, therefore, we have measured sys-
tematically the energy spectra of protons emitted from
18 MeV (p,p') scattering by targets chosen as follows:
shell closed nuclei with neutron number 50 ( Zr and

Mo), nuclei near the shell closure ( Nb and

94 96 9s'~Mo), and a pair of even-even and odd nuclei
which are far from the shell closure (' Pd and natural
Ag).

In the inelastic scattering, strong peaks corresponding
to collective excitations due to direct processes (e.g. , 2+
and 3 levels for the even-even nuclei) are observed in
the low excitation region of the (p,p') spectra. The pree-
quilibrium model cannot account for the direct excita-
tion of these collective levels, which involve the correlat-
ed motion of many particles. Accordingly, we focus at-
tention on the continuum region corresponding to resid-
ual excitations above 4 MeV of the measured (p,p') spec-
tra; in the region, influences of collective excitations are
expected to become relatively small. The aim of the
present work is to see how the shell and odd-even effects
will appear in the continuum proton spectra, and to in-
terpret the experimental results in terms of realistic par-
tial state density within the framework of the preequili-
brium model.

II. EXPERIMENTAL PROCEDURE

A. Measurement

The experiment was performed using an 18 MeV pro-
ton beam from the tandem Van de Graaff accelerator at
Kyushu University. The experimental procedure has
been described in detail elsewhere. Emitted protons
were detected with a silicon AE-E counter telescope con-
sisting of a 75 pm surface barrier detector and a 2500
pm Li-drifted detector. A defining aperture of 6 mm di-
ameter was placed just in front of the hE detector and
was located 178 mm from the target. Signals of protons
were separated from those of other charged particles
with a particle identification circuit. Pulse height spec-
tra were measured at intervals of 10 from 30' to 160.
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The beam intensity was determined with a current in-
tegrator connected to a Faraday cup and was also moni-
tored by a detector located at a fixed backward angle to
the beam. Targets were self-supporting metallic foils,
0.5 —l mg/cm thick. Detailed information on the tar-
gets is listed in Table I of Ref. 7.

B. Data processing

The measured pulse height spectra were converted to
energy spectra and angular distributions in the c.m. sys-
tem. Two kinds of backgrounds were carefully subtract-
ed in the data processing. One is the continuous back-
ground due to the slit scattering of elastic protons by the
detector aperture. It was estimated under the assump-
tion that the 30' spectrum measured using a gold target
could be attributed to the degraded elastic protons. The
30' spectrum for gold was subtracted from the other
measured spectra after normalizing the counts of elastic
peaks. The correction amounted to about 60% at 30',
but decreased rapidly with increasing angle and became
less than 1% at backward angles.

The other component of background consisted of
discrete peaks due to light-element impurities on the tar-
gets, such as hydrogen, carbon, and oxygen. After these
peaks were identified in the measured spectra, they were
subtracted by drawing a curve under the peak on the as-
sumption that the spectrum must be smooth in the con-
tinuum region.

Absolute cross sections were determined by normaliz-
ing the experimental elastic cross sections to the optical
model predictions at forward angles, because the errors
arise from the nonuniformity of target thickness. The
normalization factors for two sets of global optical mod-
el parameters ' were compared in order to estimate the
uncertainties involved in this method. Consequently, the
uncertainty associated with the normalization was es-
timated to be within 10% for each target. However, the
relative uncertainty of the cross sections for diA'erent tar-
gets is believed to be less than 4%. Finally, the normali-
zation factors obtained from the optical model parame-
ter of Becehetti and Greenlees were adopted.

To obtain an angle-integrated spectrum, the experi-
mental angular distributions for each 0.2 MeV energy
bin were fitted with a series of Legendre polynomials up
to l =4, and then the polynomials were integrated.

III. EXPERIMENTAL RESULTS
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tion of collective levels, such as the lowest 2+ and 3
levels of even-even nuclei. The spectra for Zr, Mo,
and Mo indicate relatively strong evaporation peaks at
low energies of emitted protons; particularly, contribu-
tions of protons from (p,np) and/or (p,2p) processes are
large in the outgoing energy region below 6 MeV for

Zr and below 5 MeV for Mo. The proton spectra for
shell closed nuclei ( Zr and Mo) with neutron number
50 have noticeable structures in outgoing energies above
10 MeV. These structures may be related to a large en-
ergy gap that exists at the magic number in the neutron
shell. For nuclei away from the shell closure, the spec-
tra exhibit trends to be Oat and smooth with increasing
neutron number, and they have a similar shape and al-
most the same magnitude within several percent in the
continuum region above 10 MeV. However, the cross
sections for Mo and Mo are larger than those for the
other targets in the outgoing energies between 10 and 14
MeV, because the equilibrium components for Mo and

Energy spectra of protons emitted from Nb(p, xp) re-
action are illustrated for several angles in Fig. 1. The
angular distributions are peaked forward in the continu-
um region between 6 and 14 MeV. This suggests that
the preequilibrium process is dominant in this region.
The measured proton spectra for the other targets also
have similar continuum regions to that shown in Fig. 1.

The angle-integrated spectra of protons emitted from
(p,xp) reactions are shown for 90Zr, 93Nb,

Mo, ' Pd, and Ag in Fig. 2. The spectra for
the outgoing energies higher than 14 MeV were excluded
from analyses by the preequilibrium model, because they
show pronounced structures corresponding to the excita-
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FIG. 1. Double di6'erential cross sections for the 'Nb(p, xp)
reaction at the bombarding energy of 18 Me V. Angles
represented are in the laboratory system. Energies are in the
center of mass system. The peaks labeled ' 0 correspond to
elastic scattering on an impurity ' O.
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Mo are larger than that for the others. The equilibri-
um component, therefore, should be subtracted from the
experimental data in the energy region of interest in or-
der to estimate contributions from the preequilibrium
process.

In Fig. 3 we present nonequilibrium cross sections in-
tegrated over 10—13 MeV after subtraction of the equi-
librium component. The equilibrium cross sections were
estimated in two ways. One is the calculated cross sec-
tion using the Hauser-Feshbach model described in Sec.

50-

QQ

E

30—0

E& = iQ-i3 MeV

(a}

FICs. 2. Angle-integrated energy spectra of protons emitted
from the (p,xp) reaction on Zr, Nb, ' ' ' ' Mo, ' "Pd,
and Ag at the bombarding energy of 18 MeV.

IV C. The other is the measured cross section at a back-
ward angle 0=160' that was assumed to correspond to
the equilibrium component with an isotropic angular dis-
tribution. Parts (a) and (b) in Fig. 3 show the results (cr,
and oh) for subtraction of the equilibrium components
obtained in the above two ways, respectively. An error
associated with the subtraction was estimated to be 5%
for all the target isotopes; the relative uncertainty be-
tween different targets is also included in the error. Al-
though the absolute values of the nonequilibrium cross
sections o., and o-b are different, each is nearly equal be-
tween the measured isotopes within the error. One of
the reasons for different absolute values is that the way
to derive o.

b probably overestimates the equilibrium
component because nonequilibrium components are in-
cluded with some fractions even at backward angles.

Studies of inelastic proton scattering at the incident
energy of near 18 MeV on Sn isotopes have been report-
ed in earlier works by Cohen et al. ' and Kalbach
et al.;" isotopes of Sn are nuclei far from the neutron
shell closure. The measured energy spectra have similar
shape and nearly equal magnitude in the excitation ener-

gy region 4—8 MeV, except the spectrum for " Sn,
which has a large equilibrium component. This trend is
the same as that for Mo isotopes measured in the
present work. Consequently, the experimental results
for both Mo isotopes and Sn isotopes indicate that there
is no appreciable shell effect on the preequilibrium (p,p')
spectra corresponding to excitations higher than 4 MeV.

Furthermore, the odd-even effect on the preequilibri-
um process can be investigated by comparing experimen-
tal results of the odd and even-even nucleus pairs of

Nb- Mo and Ag-' Pd. Although the proton spectra
for Nb and Mo are different in shape and magnitude
in the whole energy region, this is attributable to
different contributions from the equilibrium process.
Subtraction of the equilibrium component from the ex-
perimental data yields almost the same cross section for
both spectra, as shown in Fig. 3. The proton spectra for
Ag and ' Pd have the same magnitude and shape above
10 MeV in Fig. 2. The odd-even effect, therefore, does
not obviously appear in the preequilibrium (p,p ) spectra
corresponding to excitations above 4 MeV for target nu-
clei near shell closure as well as those away from shell
closure.

IV. THEORETICAL ANALYSES
AND DISCUSSIONS~ 20-
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A. The closed form expression of the exciton model

In terms of the closed form expression of the exciton
model, ' ' the energy spectra of the emitted particle
from nucleon induced reactions can be represented as
follows,

FIG. 3. Nonequilibrium cross sections integrated over
10—13 MeV after subtraction of equilibrium component. See
text for details of subtraction methods for (a) and (b). Dashed
horizontal lines denote the averaged nonequilibrium cross sec-
tion.

da ~ W (n, e)

hn =+2

where D„ is the depletion factor given by
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where s is the spin of emitted particle of type x, p„ the
reduced mass, o„;„„(e)the inverse reaction cross sec-
tion, and Q„(p) the correction factor for the distin-
guishability of proton and neutron degrees of freedom. '

The quantity co„denotes the partial state density with
the exciton configuration n at the excitation energy E (or
U) of the composite (or residual) nucleus. On the basis
of the Fermi gas model with uniform spacing g ', we
have'

and o.,b, is the composite nucleus formation cross sec-
tion. The quantity W (n, e) denotes the emission rate of
a particle of type x with energy e from the n exciton
state and is given by

2s„+1 cop i h(U)
W„(n, e)de= ", , p„eo„;„„(e) ' '

Q (p)de,

nuclear shell structure and pairing interaction on the p-h
state density co„h( U).

The p-h state density given by Eq. (4) is widely used in
the preequilibrium model calculation. This formula is
derived from single particle levels of an equidistant spac-
ing as shown in Fig. 4(c). On the other hand, as shown
in Fig. 4(a), a large gap (3—4 MeV) and groupings of lev-
els appear in the realistic single particle level scheme
based on the spherical Nilsson model. ' If the state den-
sity co~ h(U) is derived from such single particle levels,
the effect of shell gap and level grouping can be intro-
duced.

Scobel et al. ' have calculated (p)(n) ' state densities
from different sets of realistic single particle levels using
the recursion method given by Williams and have ex-
plained structures that appear in the low excitation re-
gion of the (p, n) spectra. Similarly, we performed micro-
scopic calculations of (n)(n) ' and (n) (n) state densi-
ties for Mo isotopes on the basis of the spherical Nilsson
model. Pairing correlation was taken into account under
the quasiparticle approximation. Then, the two quasi-
particle excitation energy is given by'

g (gE —A (p, h) )"

p!h!(n —1)!
(4) E '=[( e—g)2++2']t~2+[(E —g)2+g2]li2

for the exciton configuration n with the number of parti-
cle p and hole h. The correction term A(p, h) is due to
the Pauli exclusion principle.

The quantity W„ in Eq. (1) or W; in Eq. (2) is calculat-
ed by integration of W„(n, e) as follows,

E —B
W„~„;I——g f W (n, e)de, (5)

X

where B is the binding energy of a particle of type x.
The transition rate from the n exciton state to the n +2
exciton state A,„„+2in Eq. (1) [or A.;;+2 in Eq. (2)] is
calculated from'

where subscripts j and j' represent orbits below and
above the Fermi energy A, , respectively, e the single par-
ticle energy, and 6 the pairing energy, which was taken

1h) t/2

2d3/2
3S]/2

2~ 2 g [gE —2 (p+1, h+1)]"+'
n~n+2 fi 2(n +1) [gQ —Q (p h)]" —'

g7/2
2d5/2 '~ \

ii ~

\ il,

+ i ~

~ ~

where
~

M
~

is the squared average transition matrix
element.

B. Microscopic calculation of partial state density

Preliminary results of the exciton model calculation
[Eq. (1)] have shown that the fraction of n =no=3 be-
comes about 80% in the proton energy region 10—14
MeV. The term of n =3 in Eq. (1) is reduced to an ap-
proximate relation given by

g9/2

~ y r
~ ~ e ~

~ ~ ~ ~
~ ~ i r r

~ ~ r
~ r

~ ~ r
~ ~ ~ &r i ~j ~ ~

d CTx
~ eo „;„„(e)cubi i( U) .

115/2

It should be noted that the inverse reaction cross section
o„;„„(e),which is calculated using the optical model, is
a smooth function of mass number and atomic number.
In order to interpret disappearance of the shell and odd-
even effects in the preequilibrium proton spectra, there-
fore, we should investigate quantitatively the effect of

(a) (b) (c)
FIG. 4. Single particle level schemes for neutron shell: (a)

spherical Nilsson model, (b) modified uniform spacing model,
and (c) uniform spacing model.
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to be equal to 12 A ' from odd-even mass
differences. ' In order to explain, roughly, the spreading
of the single particle strengths due to the residual in-
teraction, the calculated partial state densities were
smoothed using a Gaussian distribution function of 1.0
MeV width.

In Fig. 5 we present the results obtained for Mo,
Mo, and ' Mo using solid curves. Dotted curves indi-

cate the (n)(n) ' state density generated from the
equidistant spacing level modified so as to have a wide
shell gap at the shell closure, as shown in Fig. 4(b); this
model will be referred to as the modified uniform spac-
ing (MUS) model. ' The spacing between levels was
taken to be equal to 13/N (in MeV), where % is the neu-
tron number. The energy gap was chosen to be that de-
rived from the Nilsson model. ' Note that the (n)(n)
state densities for ' Mo have small values in excita-
tions less than 2A in Fig. 5, because of smoothing with a
Gaussian function of 1.0 MeV width.

We will summarize noteworthy points for the obtained
p-h state densities. In the case of Mo in Fig. 5(a), the
inAuence of the shell gap appears in the low excitation
region; there is no (n)(n) ' state in the region. The den-
sity of (n)(n) ' states exhibits a steep rise around 4 MeV
and structures with broad peaks due to the grouping of
single particle levels up to about 15 MeV. As excitation
energy increases, the (n)(n) ' state density obtained from
the MUS model can successfully explain the averaged
behavior of that from the Nilsson model.

In the cases of Mo and ' Mo, the addition of several
neutrons above the X =50 shell closure moderates the
effect of shell gap on the (n)(n) ' state density as shown
in Figs. 5(b) and (c). Fluctuations indicated in low exci-
tations become smaller than those for Mo. Conse-
quently, the (n)(n) ' state density based on the MUS
model reproduces well the overall behavior of that based
on the Nilsson model in excitation energies above 5
MeV. Furthermore, for ' Mo in a new deformed region
as noted in Ref. 2, if we take into account the nuclear
deformation in the Nilsson model, single particle levels

would approach to the equidistant levels owing to splits
of a single particle level (j) into levels of (2j+1)/2.
Thus much less structure is expected for the resultant
(n)(n) ' state density and it would become as smooth as
the (n)(n) ' state density from the MUS model.

On the basis of the derived (n)(n) ' state density, we
will discuss no pronounced shell effect for nuclei near
the shell closure that has been observed on the measured
spectra in the excitation energy region above 4 MeV. In
such excitations the influence of a shell gap on the calcu-
lated (n)(n) ' state densities is significantly reduced for
all three isotopes. Moreover, they have the trend of in-
creasing monotonically with neutron excess. Hence, an
appreciable shell effect is not found in the observed con-
tinuum (p,p ) spectra corresponding to intermediate exci-
tations of above 4 MeV.

Furthermore, in order to see the contribution of the
emission from n =5 states we also have calculated the
state densities of the (n) (n) configuration, one of the
n =4 configurations of the residual nucleus, on the basis
of the Nilsson model. The results are shown by dashed
curves in Fig. 5. The (n) (n) state density for Mo is
quite different from that for Mo or ' Mo, especially in
excitation energies of 5 —10 MeV. This implies that the
effect of the shell gap can be enhanced with an increase
in exciton number if there is no residual interaction.
However, this effect may not be dominant in the proton
energy spectra, because the contribution of n & 5 is es-
timated to be only about 20%%uo and the other
configurations [e.g. , the (n)(n) '(p)(p) ' and (p) (p)
configurations] are also responsible for the n =4 states of
the residual nucleus.

The (p, n) spectra measured by Scobel et al. ' and
Mordhorst et al. have a structureless continuum in out-
going neutron energies below 18 Me V, except for
isobaric-analog-state (IAS) peaks and small peaks corre-
sponding to the transitions to low lying states for Zr
and Mo. The shape and magnitude of the spectra in
this energy region change smoothly with increasing neu-
tron number. Therefore, these observations indicate that
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there is no appreciable shell effect in the (p, n) spectra as
well as in the (p,xp) spectra measured in the present
work, when the discussion is limited to the intermediate
excitation region of more than 4 MeV. Similar trends
were also observed in 18 MeV (p,a) spectra for Mo iso-
topes measured by some of the authors. Detailed discus-
sion based on the MUS model is reported for the (p, n)
spectra and the (p,a) spectra elsewhere.

The microscopic calculation of (p)(p)
' state density

has been performed for an odd- and even-A pair of
Ag and ' Pd in order to investigate no appreciable

odd-even effect on the measured proton spectra. The re-
sults from the spherical Nilsson model are shown by
solid curves in Fig. 6. Dotted curves are the densities
derived from the uniform spacing (US) model, in which
the equidistant spacing was chosen to be 13/Z, where Z
is the atomic number, and pairing correlation was intro-
duced using Eq. (8). In the case of ' Ag, the (p)(p)
states due to the excitation of an unpaired proton appear
at excitation energies below 2 MeV. Qn the other hand,
the density of (p)(p) ' states for ' Ag is almost identical
with that of ' Pd in the excitation energy region above
2 MeV, because excitations of broken proton pairs are
dominant. The state densities of the (p)(p) '(n)(n)

configuration were also compared between ' Pd and
Ag as shown by dashed curves in Fig. 6. Both of the

state densities become equal as the excitation energy in-
creases, although obvious differences exist only in low
excitation energies. Thus, from consideration about the
state density it can be understood that the measured
(p,p') spectra for ' Pd and Ag coincide nearly in shape
as well as in magnitude in the outgoing proton energies
of 10—14 MeV. Furthermore, the fraction of proton
configuration (p)(p)

' included in total lp-lh state densi-
ty is expected to be smaller than that of the neutron
configuration (n)(n) ', because the interaction between
like nucleons is weaker than that between unlike nu-
cleons. ' This may, therefore, give another reason for no
odd-even effect on the preequilibrium (p,p') spectra.

C. Proton energy spectra: Calculations
and comparison

We calculated angle-integrated (p,xp) spectra for the
measured nuclei in terms of the exciton model (Sec.
III A) and the Hauser-Feshbach model. The calculated
spectra were compared with the measured ones in Figs.
7 and 8.

Since the isospin conservation rule plays an important
role in proton emissions in the proton induced reac-
tion, " we introduced isospin as a quantum number in
the closed-form expression under the two following as-
sumptions.

(i) The damping of ffuxes from higher isospin T
states to lower isospin T& states is completely neglected
in preequilibrium process; namely, this is an assumption
of no mixing between T and T states.

(ii) Only neutron and proton emissions compete in the
preequilibrium process, because the possibility of a-
particle emissions is smaller than that of nucleon emis-
sions.

As a result, preequilibrium emissions from two
different isospin states in the composite nucleus were
treated independently according to Eq. (1). Isospin
weighting factors determined by the Clebsch-Gordon
coefficient for the isospin coupling were used to obtain
the cross sections for the formation of T & and T com-
posite states and the proton inverse cross sections for
each composite state decay. The parameters employed
in the calculations are summarized in Table I. The den-
sities of the T and T isospin states are given by

cop h(E) =cot h(E),
cop h(E) =cop h(E E,ym ), —

(9a)

(9b)

Upon comparison with der /de at given excitation en-
ergies U, Mordhorst et al. have reported a pronounced
odd-even effect in the (p, n) spectra for Mo isotopes. If
we compare them at given outgoing neutron energies e„,
however, the continuous part of the spectra show a
smooth change in magnitude for ' Mo in which
odd- 3 and even-even nuclei are included. The
difference between two interpretations for (p, n) reactions
can be explained according to Eq. (7) as follows. For the
odd target nucleus, low lying states (U & 2b. ) of the resid-
ual nucleus are excited by emission of an unpaired neu-
tron, and high lying states (U & 2b, ) are mainly due to
emission of one of paired neutrons. The relative contri-
bution of an unpaired neutron becomes small with in-
creasing excitation energy. For an even-even target nu-
cleus, all residual excited states (U&0) are formed by
emissions of one of the paired neutrons. Therefore,
co, ~( U —2h) for the odd target nucleus is almost
equivalent to co~ ~(U) for the neighboring even-even tar-
get nucleus. On the other hand, the energy difference
between the ground state Q value for the odd-A and
even-even nuclei is nearly equal to 2A, and the neutron
inverse cross section cr„;„„(e)is approximately constant
in the neutron energy region under consideration. Thus,
no odd-even effect is appreciably observed in do. /de
versus outgoing neutron energies e„, except for the low
excitation energy region.
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FIG. 8. Calculated and experimental (p,xp) spectra for ' Pd and Ag. See also the caption of Fig. 7.

where E,~ is the nuclear symmetry energy. As the p-
h state density Eq. (4), with a shell-independent parame-
ter g = A /13, was used because the MUS and US models
were found to reproduce successfully the average proper-
ty of the 1p-1h state density based on the Nilsson model
in the excitation energy region above 4 MeV, as shown
in Figs. 5 and 6. The standard pairing shift 6 proposed
by Blann et al. was employed as the pairing correction
for the state density of composite and residual nuclei.
The quantities g and 6 for the analog system were
chosen for T & composite states. The same

~

M
~

was
used for both isospin states. The parameter K value
was determined so as to reproduce well the spectra for
nuclei away from the shell closure (i.e., ' Pd and Ag in
Fig. 8).

Next, the Hauser-Feshbach formalism, taking the
isospin into account, was employed in the calculation for

the equilibrium process. We assumed that complete
mixing occurs when equilibrium is reached, and the
fluxes of T states after preequilibrium decay fully
damp into T states. This means that p, = 1 in Eq. (3.5)
in Ref. 24. The competition of neutron, proton, a-
particle, and y-ray emissions, and multiparticle emission
processes, were considered in the present calculation of
the equilibrium cross sections. The parameters used in
the calculation are listed in Table I. Level density pa-
rameters a for several nuclei have been adjusted within a
few percent so as to reproduce successfully the experi-
mental spectra for Zr, Mo, Mo, and Nb. More-
over, the y-decay width calculated from the Brink-Axel
form ' was normalized to the empirical formula given
by Malekey et al.

The calculated spectra agree well with the experimen-
tal ones for all of the target nuclei, except for two shell

TABLE I. Input parameters used in the exciton model and Hauser-Feshbach model calculations.

Input parameter

Transmission coefficient
(reaction and inverse
cross section)

Level density

Single particle
level density parameter

Pairing correction

EC value'

1 iM
i

=KA 3E ')

Symmetry energy

'Reference 25.
Reference 26.

'Reference 30.
References 31 and 32.

'Reference 33.

Exciton model

n: Wilmore and Hodgson'
p: Mani et al.

g= 2/13

Standard pairing shift"

430 MeV'

J. D. Anderson et al.'

Input parameter source
Hauser-Feshbach Model

n: Wilmore and Hodgson'
p: Mani et al.
a: Huizenga and Igo'
y: Brink-Axel giant dipole resonance form for El transition"

Weisskopf form for Ml and E2 transition'

Gilbert and Cameron
Discrete levels for low lying excitations

Reference 34.
Reference 35.

"Reference 27.
'Reference 28.
"Reference 29.
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dx 1

de „3 KAE
(10)

where K is the E value in
~

M
~

and A, the mass num-
ber of the composite nucleus. Thus, we can reasonably
see the trend of the decreasing T& component from Eq.
(10). Contrary to this trend, however, the experimental
cross sections integrated from 10 to 13 MeV have almost
constant values for all Mo isotopes, as shown in Fig. 3.
In previous (p,p') works, ' it was shown that the col-
lective character becomes more apparent as the mass
number increases for Mo isotopes. In fact, bump struc-
tures due to overlapping of strong peaks were observed
in the present (p,p') spectra corresponding to residual ex-
citations around 2 MeV for the target nuclei, except for
shell closed nuclei. Such collective excitations due to
direct processes may contribute to the continuous region
of excitations higher than 4 MeV. Some underestima-
tion for Mo and ' Mo seems to be related to this con-
tribution.

In the low proton energy region, where the contribu-
tion from multiparticle emission cannot be neglected,

closed nuclei Zr and Mo in the energy region where
the preequilibrium process is dominant. In the proton
energy region of 10—14 MeV, overestimations for Zr
and Mo(p, xp) spectra may be due to the effect of the
shell gap on 2p-2h state densities, because this effect was
predicted to be small but not negligible for shell closed
nuclei, as mentioned in Sec. III B.

As shown in Figs. 7 and 8, the T& component is re-
sponsible for the low energy part of the calculated pree-
quilibrium spectra, and the T& component holds the
high energy part. This trend is similar to the results of
Kalbach et al. , who have calculated the (p,p') spectra for
Sn isotopes using the master equation approach". In
the proton energy region of 10—14 MeV, contribution of
the T component was only about 15% in the preequili-
brium cross sections for all the targets. This figure may
indicate an upper limit obtained under the assumptions
of no mixing between T and T& states. Therefore, the
isospin effect is not enough to explain the disappearance
of the shell effect in the preequilibrium (p,p') spectra, al-
though it is important for proton emissions in proton in-
duced reactions.

The preequilibrium emission from T & states decreases
as neutron number increases for Mo isotopes, as shown
in Fig. 7. This may be connected with an increase in the
excitation energy E of the composite nucleus with neu-
tron excess for Mo isotopes. The leading term in Eq. (1)
can be reduced to an approximate relation for a fixed
outgoing energy as follows,

fairly good agreement between the calculated and experi-
mental spectra were shown in Figs. 7 and 8. Since this
component depends strongly upon the model parame-
ters, such as level density parameter and y-decay width,
it would be necessary to adjust such parameters for
better agreement with the experimental spectra.

V. SUMMARY

The measured proton spectra from 18 Me& (p,p')
scattering by nuclei around N =50 have shown no ap-
preciable shell and odd-even effects in the continuum re-
gion corresponding to residual excitations above 4 MeV,
where the preequilibrium emissions are dominant.

These observations were reasonably interpreted
through considerations of the state densities generated
from two sets of single particle levels; one is based on
the spherical Nilsson model and the other is based on
the MUS model, in which the shell gap was introduced
into the US model. The MUS model reproduced well
the averaged behavior of state densities obtained from
the spherical Nilsson model in the excitation region of
above 4 MeV. As a result, it was confirmed that the
Williams formula was a reasonable approximation in the
excitation energy region higher than 4 MeV even for nu-
clei near the shell closure.

The measured energy spectra were compared with
those calculated on the basis of the exciton model and
the Hauser-Feshbach model, in which the isospin selec-
tion rule was taken into account. In the exciton model
calculation, the shell-independent single particle level
density was employed and the standard pairing shift of
Blann et al. was implemented in the p-h state density
as a pairing correction. Good agreement between the
experimental and calculated spectra was obtained in the
outgoing proton energy of 3 —14 MeV, regardless of
rough assumptions on the isospin mixing.

It was found that preequilibrium emissions from T
states of the composite nucleus do not mainly contribute
to the (p,p') spectra in the outgoing energy region higher
than 10 MeV. On the other hand, the dominant T
component in the region decreased with increasing neu-
tron number for Mo isotopes, and the (p,p') spectra were
somewhat underestimated for Mo and ' Mo. The un-
derestimation may partly be ascribed to the fact that the
excitations due to direct process have been ignored in
the present analysis.
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