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Measurements of the (p, n) continuum spectra for targets of ' Rh, ' ' '' ' '" Pd, and' '' Ag at proton
energies of 18, 22, and 25 MeV are compared with the predictions of the hybrid model for pre-equilibrium
reactions. The systematics of the odd-even differences in spectral shape are found to be much clearer than in a
previous measurement at lower energy with targets near a closed shell. Most of the variation in spectral shape
between even- and odd-A targets is attributed to energy shifts produced by pairing effects. Comparisons
between the various even-A or odd-A targets show little change in shape and magnitude of the highest energy
portion of the measured (p, n) spectra over this range in A; this is consistent with the predictions of the
model. The density of one-proton one-neutron-hole states at low excitations is calculated from a single-particle
basis; the calculated values show more structure than is implied by the data, but do have the correct
energy dependence when averaged over a wide enough interval.

NUCLEAR REACTIONS Rh ' ' ' ' Pd ' Ag(P, n), Ep =18, 22, 25 MeV;
measured o'(E„,0); deduced o'(E„); natural (Rh) and enriched (Pd and Ag) targets.

I. INTRODUCTION

In an earlier paper' some of the present authors
examined (p, n) spectra on targets adjacent in A
to determine whether the differences between pre-
equilibrium spectra for even-A and odd-A targets
predicted by Griffin' could be observed experi-
mentally. Previously, Lee and Griffin' had found
tentative evidence for such differences in data for
the (p, n) reactions on "'"'Sn. In Ref. I, the
comparison was extended to targets of '""""4Cd
and '"In with the result that differences between
even-A and odd-A targets were observed, but the
systematics were not completely in agreement
with those found in Ref. 3. It was suggested in Ref.
1 that the differences between the conclusions
reached in the two experiments might be due to the
fact that the targets in both experiments were near
closed shells. Estimates of the magnitude of shell
effects presented in Ref. 1 seemed consistent with
the observed behavior and a similar experiment
utilizing targets more removed from closed shells
was proposed to obtain better information on odd-
even effects. The present paper compares mea-
sured spectra for four even- and four odd-A tar-
gets considerably farther from closed shells with
the predictions of a current model.

The exciton model'4 of pre-equilibrium reac-
tions is based on the assumption that the compound
nucleus is formed as a result of a series of two-
body interactions. From the initial single-particle
state, a series of two-body transitions leads suc-
cessively to two-particle one-hole, three-particle
two-hole, four-particle three-hole states, etc.
Eventually, the compound nucleus achieves an
equilibrium distribution of states, for which decay
probabilities can be calculated with the usual sta-

tistical model. If it is assumed that each of the
states formed during the approach to equilibrium
has a width for particle emission as well as one
for damping into more complicated states, a pre-
equilibrium component will be added to emission
spectra.

It was originally assumed' that, in the initial
interaction between a nucleon and an odd-A target,
not only a particle-hole pair but also an additional
particle (other than the incident nucleon) excitation
would be produced, because it was argued that the
unpaired nucleon would necessarily be rescattered
in such an interaction. ' In terms of excitons, de-
fined as either a particle or hole sharing in the
excitation energy, the prediction is that odd-A
targets will have a four-exciton and even-A tar-
gets a three-exciton state as an initial pre-equilib-
rium configuration.

A recent study' of (p, p') and (p, n) spectra on
targets of '"Rh, "'Tb, and '"Tm has considered
yet another possibility. If the first interaction is
predominantly with the unpaired nucleon, it might
be more plausible to assume an excitation of this
particle before an additional interaction takes
place. In this case the first pre-equilibrium state
would be a two-exciton state. The results of Ref.
6 do not provide a clear preference for this initial
configuration, however, and it was suggested that
data for both even-Z odd-N and odd-Z even-N tar-
gets over a range of bombarding energies would
be required to determine the initial configuration.

Previous tests of this assumption have been
based on comparisons of spectral shapes, since
these would depend significantly on the assumed
initial configuration. With the development of pre-
equilibrium models which predict absolute as well
as relative emission cross sections, the addition-

13 2224



ODD-EVEN EFFECTS IN PRE-EQUILIBRIUM (P, n). . . 2225

al requirement that the magnitude of the spectrum
b8 reproduced may also be imposed. Comparisons
based on the extended Griffin model' have been re-
ported in Ref. 6, while a corresponding analysis
using the hybrid model' has been presented~ for
"V(P,n). In order to extend the comparison be-
tween adjacent targets to nuclei more removed
from closed shells, measurements of cross sec-
tions for the (p, n) reaction have been made for
targets of '~Rh '~'~'~'~ '"Pd and '"'"Ag
at 18, 22, and 25 MeV. The data for '~Rh and
'"Pd(p, n) at 18 MeV have been published previ-
ously. ' The higher bombarding energies of the
present measurement allow a comparison between
model prediction and experiment over a wider
range of excitation energies than was possible
previously. "' Calculations with the hybrid mod-
el permitted a comparison of both the absolute
magnitude as well as the shape of pre-equilibrium
spectra.

II. EXPERIMENTAL PROCEDURE

The Lawrence Livermore Laboratory cyclo-
graaff and multidetector array were used for the
measurements. A 15 MeV H beam was extracted
from the 80 cm AVF cyclotron and swept exter-
nally to reduce the repetition rate from 25 to 3.6
MHz. The resulting beam was then accelerated to
final energy v ith a tandem Van de Graaff acceler-
ator.

Neutron energies were inferred from the time
of flight over a 10.8 m flight path. Liquid hy-
drogenous scintillators (NE 213) coupled to photo-
multipliers served as neutron detectors. The
pulse-shape discrimination properties of the scin-
tillators were utilized to reduce background pro-
duced by y rays. A typical neutron spectrum is
shown in Fig. 1.

Neutron detector efficiencies were determined
as described by Wong et a/." The accuracy of
these calculated values has been checked by mea-
suring D(d, n) cross sections over the neutron en-
ergy range of interest in the present experiment.
Absolute efficiencies are estimated to be accurate
to about 7%%.

Individual time spectra at 10 angles between 9'
and 159' were first converted to energy spectra
and then summed in 1 MeV bins. The resulting
cross sections were fitted with six-term Legendre
polynomial expansions to obtain the angle-inte-
grated cross sections.

Uncertainties on the integrated cross sections
are estimated to range from 10%%up for the lowest
neutron energies to roughly 25% for neutron ener-
gies near the end point. The spectra were con-
verted to the center-of-mass system assuming
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FIG. 1. Center of mass neutron spectrum from the
Ag(p, n)' 9Cd reaction at 24' for a bombarding energy

of 18 MeV.

that only one particle was emitted in each reac-
tion. For neutrons which were emitted as the sec-
ond or third particle in a reaction, this correction
could be in error by as much as 200 keV, but this
shift is small compared to the 1 MeV bin size and
will also tend to average out, since the error can
be in either direction depending on the angle of
emission of previous particles.

As will be explained in the following section,
some of the neutron spectra did not appear to ex-
tend to the maximum allowable energy at the 22
and 25 MeV bombarding energies. The measure-
ments for all targets were repeated at 25 MeV
with data taken at 16 angles between 3.5 and 159'.
Cross section values obtained from this run
agreed within errors with those obtained during
the initial measurements both for targets which
did and those which did not show the end-point
shift. Finally, to check the proton energy cali-
bration, the energy of the ground state group in
the "C(p, n) reaction was determined with the
time-of-flight spectrometer; the proton energy
determined from this measurement indicated that
the bombarding energy for the 25 MeV run was
within 80 keV of the nominal energy.

Because of the volume of data and because the
hybrid model does not predict the angular depen-
dence of emission spectra, detailed angular dis-
tributions will not be presented. Some typical
angular distributions are shown in Figs. 2 and 3.
At each bombarding energy, the spectra are es-
sentially isotropic or symmetric about 90 in the
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lowest neutron energy bins and then become in-
creasingly forward peaked as the outgoing neutron
energy increases.

At 18 MeV bombarding energy the ratio of 0' to
180' cross section is about 8:1 for the most ener-
getic neutrons, while at 25 MeV the correspond-
ing ratio is on the order of 50:1.

III. ANALYSIS

A. Comparison with hybrid model

The original formulation of the exciton model
utilized the assumption that the matrix elements
for all two-body transitions were equal. With this
assumption but without assigning a magnitude to
the strength of the interaction, only shapes of pre-
equilibrium spectra may be calculated. Recently,
empirical values for these matrix elements have
been deduced from comparisons of calculations
with experiment.

Blann' has suggested that the constant matrix
element assumption be abandoned and that the
lifetimes of intermediate states be determined
through use of the imaginary component of the
optical potential. This model, called the hybrid
model, incorporates effects due to angular mo-
mentum conservation and the finite depth of the
nuclear potential, resulting in a limitation in the
number of hole states.

In this model, the probability p, (e)de of emission
of a particle of type x in the channel energy
range ~ to a+de is given by

The parameter „p„ is the number of particles of
type x in an n exciton state, p„(E~) is the density
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FIG. 2. Typical angular distributions for the ~Ag(p, n) 7Cd reaction at a bombarding energy of 18 MeV. Each set of
points denotes the angular distribution of the neutrons with energies between the limits shown.
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of n exciton states at an energy E*, p„(U, e) is the
corresponding density of n exciton states such
that one exciton has an energy c plus its binding
energy B„with the remaining n —1 excitons
sharing the remaining excitation energy U, and

g is the density of single particle states per MeV.
X,(e) and A, (e) represent the rates at which par-
ticles of energy B„+~are emitted into the con-
tinuum or scattered with the formation of an ad-
ditional particle-hole state, respectively. D„ is
a depletion factor, which gives the relative flux
reaching an n exciton state before decay occurs.
The parameter A., is determined by averaging the
imaginary potential over the particle trajectory;
this produces an implicit dependence of p, (e) on
angular momentum. The continuum decay rate
A, (e) is given by

A.,(e) =c„vp, /8V, '
(2)

where o„ is the inverse capture cross section and
e the velocity of a particle having p, states in the
continuum. In this relation V is an arbitrary vol-
ume which cancels the same volume in p, . To ob-
tain the total pre-equilibrium cross section, Eq.
(1) must be summed over l:

do, (e) =ma' Q (2l+1)T,p, (e) .
1=0

(3)

The quantity T, is the transmission coefficient in
the entrance channel for an angular momentum l.

Two minor modifications in the calculations
were made relative to the procedure discussed by
Blann. In the calculations described in Ref. 8 the
single-particle state density (g) has been as-
sumed to depend on the local nucleon density in
the sense of the Thomas-Fermi model. Recently,
Chavarier et al."have argued that g should be
taken to be constant, because the particle state
locations are determined by the entire potential
and not simply the value of the impact parameter.
The assumption of Ref. 8 might be more appro-
priate than the constant g calculation for higher
proton energies, where the de Broglie wavelength
is smaller. In the present work g was assumed to
be constant. These calculations are still geometry
dependent in that the damping rate X, (e) in Eq. (1)
is determined for each particle wave by the aver-
age imaginary potential over the corresponding
trajectory.

The calculation described by Blann includes en-

10
I

'
I

'
I

~ ~
~ ~ ~

6 & E & 7 MeV

~ ~

a 0 00

C:a
t)

o
1.0 — o

L

oo

L

0

9 & E„ & 10 MeV

0

0

12 & E & 13 MeV

L

0.1—

107A
( )

107cd

E = 25 MeV
P

18 & E„ & 19 MeV

~ ~

0.01 I l I

20 40
I i I i I i I i I i I

60 80 100 120 140 160 180

~/p b ~deg)

FIG. 3. Same as Fig. 2 for a bombarding energy of 25 MeV.
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ergy shifts in the state density expressions to ac-
count for the reduction in number of states acces-
sible at low energies because of the Pauli princi-
ple. Since the results of some previous analy-

10

eV

ses"' suggested that the effect of pairing shifts
also can be observed in pre-equilibrium spectra,
the computer code was modified to include a pair-
ing energy correction. If this parameter" is de-
noted 4, the lowest 1p-ih state for neutrons (pro-
tons} in the residual nucleus is placed at 0 or 2&
depending on whether the neutron (proton} number
is odd or even. No further correction was applied
to more complicated states, since contributions
from these states are significant only for larger
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FIG. 4. Comparison of angle-integrated (p,n) cross
sections with the predictions of the hybrid model. The
targets are Rh, Pd Pd, and 0 Pd and the bom-
barding energy is 18 MeV. The data are represented by
horizontal lines; the solid line denotes the sum of the
hybrid calculation of the pre-equilibrium spectrum and
the calculated equilibrium component given by the dashed
line. The calcul. ated end points of the spectra are 16.5,
12.8, 15.8, and 14.1 MeV for 3Rh, ' Pd, ' Pd, and

Pd, respectively.
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FIG. 5. Same as Fig. 4, except that the targets are
Ag, Pd, Ag, and Pd and the corresponding end

points are 15.7, 15.2, 17.0, md 16.2 MeV, respectively.
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values of U, where the energy shift has less in-
fluence.

Calculated neutron spectra" are compared with
the measured values in Figs. 4-9. Note that the
spectra for odd-A targets do not extend to the cal-
culated end point given by the center-of-mass en-
ergy minus the (P, n) Q value. This value is listed
in the caption for each figure and is indicated on
the 25 MeV spectra with an arrow. For most of

the odd targets, the cross section for the highest
1 MeV of the neutron spectrum at bombarding en-
ergies of 22 and 25 MeV was too small to measure;
even for those odd targets where a cross section
was measured for this energy bin, the spectral
shape suggested by the cross sections for slightly
lower energy neutrons appears to fall off sharply
about 1.5 MeV short of the end point. For the
spectra at 22 and 25 MeV, a prominent peak
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FIG. 6. Same as Fig. 4, except that the bombarding
energy is 22 MeV and the calculated end points are 20.5,
16.7, 19.7, and 18.i NeV for GRh, Pd Pd, and

Pd, respectively.

FIG. 7. Same as Fig. 4 except that the bombarding
energy is 22 MeV and the targets are Ag, Pd, 9Ag,
and Pd. The calculated end points are 19.6, 19.1,
20.9, and 20.2 MeV, respectively.
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caused by excitation of the isobaric analog of the
target ground state is seen at low neutron energy.
The corresponding calculations without pairing
energy corrections are the same for the even-
even targets (odd-odd residual nuclei) and are
shifted up in neutron energy for the odd-A tar-
gets. Since in general the calculated values for
the odd-A targets were very close to the mea-
sured cross sections for the highest energy neu-
trons, omission of the pairing shifts produced

poorer agreement than the calculations with pair-
ing shifts. In general, the calculations for a two-
particle one-hole initial state are in good agree-
ment with the data, with the fit in both magnitude
and shape improving somewhat as the bombarding
energy is increased from 18 to 25 MeV.

For comparison, calculations were also carried
out for two-particle and three-particle one-hole
initial states for the odd-A targets. Because the
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FIG. 8. Same as Fig. 4 except that the bombarding
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cated by arrows on the figure.
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results deviated quite systematically from the two-
particle one-hole initial state calculations, the
only calculations shown in Fig. 10 are for
'~Rh(P, n) and '~Pd(P, n) at 25 MeV. The two-
particle initial configuration resulted in a large
reduction in the neutron cross section for odd-
proton odd-A nuclei ('~Rh, '~ '"Ag) and a corre-
sponding enhancement for the odd-N and odd-A
nucleus '~Pd. Spectra were predicted to decrease
more rapidly as a function of increasing neutron
energy for the odd-Z targets than for the corre-
sponding two-particle one-hole calculation; for
the odd-N nucleus, the two-particle initial state
produced a less rapid falloff with increasing en-
ergy than the two-particle one-hole configuration.

The three-particle one-hole initial state, in
contrast, caused similar changes for odd-N as

for odd-Z targets relative to the two-particle one-
hole calculation. A reduction in magnitude and a
steeper fall with increasing neutron energy char-
acterized the calculated spectra for the three-
particle one-hole initial states for both types of
odd-A targets.

To verify that the determination of initial state
did not depend sensitively on the inclusion of pair-
ing energy shifts, calculations for the two-par-
ticle and the three-particle one-hole initial states
were repeated without pairing energy corrections.
Two of the calculated spectra are compared with
the data in Fig. 11. Eliminating the pairing cor-
rection improves the agreement of the two-par-
ticle and three-particle one-hole calculations with
the data, but neither of these configurations pro-
duces as good agreement as the two-particle one-
hole initial state with pairing correction. The dif-
ferences between the various initial configurations
are largest at 25 MeV and decrease with decreas-
ing bombarding energy. At each energy, however,
the two-particle and three-particle one-hole cal-
culations differed by smaller amounts for the odd-
Z than for odd-N targets, in agreement with the
results of Ref. 6. A more definitive study of the
effects of initial configuration could be made if
(P, P') data on these targets were available at 25
MeV.
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Spectra were also calculated using the assump-
tion of Blann' that the single-particle density was
geometry dependent. For reasons discussed pre-
viously and presented in Ref. 11, this assumption
was not made in the calculations presented in Figs.
2-7. The effect of including this geometry depen-
dence for a typical case is shown in Fig. 12. No
dramatic change is observed, but in general the
calculations did not agree as well with the mea-
sured spectra as the calculations utilizing a con-
stant single-particle level density. The calcula-
tion shown in Fig. 12 did not include a pairing
shift; inclusion of such a shift would essentially
displace the calculated values downward about 2
MeV and would not improve the agreement with
the data.

These calculations were carried out without the
inclusion of isospin effects. Previous studies"
of (P,P') reactions have shown that measured val-
ues of these cross sections are larger than would
be calculated without including isospin as a quan-
tum number. The corresponding effect on the neu-
tron channel is considerably smaller, as was
verified by a calculation using the hybrid model
and evaluating the decay probabilities of the
states of the two isospin values separately. Under
the assumption that no isospin mixing takes place,
the maximum predicted effect was an 8% reduction
in the '~Pd(P, n) cross section at 18 MeV bom-
barding energy. This results from the fact that
roughly this fraction of the reaction cross section
corresponds to reactions proceeding through iso-
baric analog compound states, for which the neu-
tron channel is largely closed. It is interesting

to note that the calculations predict a reduction in
the importance of this effect at higher energies.
For higher bombarding energies, the difference in
available energies for decay of analog states of
about 13 MeV between the proton and neutron
channels becomes less important than the isospin
weighting factors, which favor the neutron channel

by a factor" of 2T (where T is the isospin of the
target), which is about 12 in this mass region.
Thus, for bombarding energies of 40 to 50 MeV,
the pre-equilibrium decay of analog states will be
predominantly through neutron decay to analog
states. Decay widths for equilibrium reactions,
of course, would remain larger for proton than
for neutron emission channels. " The reduction
of 8% for '~Pd(P, n) at 18 MeV thus represents an

upper limit for the effects of isospin conservation
on integral (p, n) cross sections for targets in this
mass and energy range. Further information on

isospin conservation will require additional
studies of (p, p') reactions, such as reported in
Ref. 6.

The geometry dependent hybrid model with pair-
ing energy correction provides a good description
of (p, n) spectra for bombarding energies between
18 and 25 MeV. In general the agreement between
measurement and calculation is as good (-25%) for
the energy region dominated by pre-equilibrium
processes as for lower emission energies, where
multineutron compound nuclear decays provide the
bulk of the flux. The absence of neutrons with en-
ergies within about 2 MeV of the calculated end
point of the spectrum for odd-A nuclei is well re-
produced by the inclusion of pairing energy shifts
in the hybrid calculations.

Comparison of the present results with those of
Ref. 6 suggests that the hybrid model predicts
slightly smaller cross sections for the (p, n) re-
action at 18 MeV than does the extended Griffin
model. The differences appear to be sufficiently
small, however, that the conclusions of the pres-
ent analysis may also be appropriate for the latter
model. A more detailed comparison" is in prog-
ress.

a
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FIG. 12. Comparison of 25 MeV Rh(P, n) data with
hybrid calculation using the variable single-particle-state
density assumption.

B. Microscopic calculation of exciton level densities

An earlier paper' has presented a comparison
of the energy dependence of one-particle one-hole
level densities calculated from a Nilsson single
particle basis with the shape of the (p, n) spec-
trum for the highest energy neutrons. It was con-
cluded in Ref. 1 that energy shifts caused by shell
closures and pairing effects were both important
in explaining the observed shape.

The computer code used in making these calcu-
lations has been modified to allow the use of
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quasiparticle energies obtained from a solution of
the BCS equation" as constituent exciton states.
For a superconducting system, the original single
particles with energies E& will be replaced by
quasiparticles with energies E,' = [(E;-E„)'+dP]'~',
where EF is the Fermi energy and ~ is the pair-
ing gap. This latter parameter is determined by
solving the equation

for ~ with a specific G; the & may vary for differ-
ent states since the sum excludes levels which are
occupied by only one particle. Because the pres-
ent calculations involve states with a fixed num-
ber of excited particles and holes and because the
sum in Eq. (4) is not dominated by any individual
term, the & values are essentially constant for
the states of present interest. To simplify the
calculation, 4 was set equal to the value for the
ground state as determined by Gilbert and Cam-
eron. " The resulting quasiparticle energies were
then used in place of the single particle energies
in calculating the appropriate exciton level density.

To investigate the sensitivity of the results to
the assumed single particle level scheme, level
densities were calculated with single particle lev-
els proposed by Nilsson, "Seeger and Perisho, "
and Seeger and Howard. " Typical results are
shown in Figs. 13-16.

According to Eqs. (I) and (2), the first order
term in the expression for the pre-equilibrium
decay spectrum will have the form Eo„p„,(U),
where E is the energy of the outgoing neutron, a„
is the inverse cross section, and p„,(U) is the
density of (n —I) exciton states at an energy U.
Thus, if the spectrum is dominated in a given
region by particles emitted from the first stage
pre-equilibrium states, the residual level density
p„,(U) should be related to the emission cross by
the expression

ties are almost completely uncorrelated.
Because the calculations showed certain pat-

terns, only half of the calculations are shown.
The calculations with the Seeger-Perisho levels
tended to rise more rapidly in the 4-'l MeV region
and then become flat. Corresponding calculations
with the Nilsson and Seeger-Howard levels showed
more structure with widths about 2 MeV than was
seen in the data; on the whole, however, the aver-
age energy dependence matches that of the data
better than that of the Seeger-Perisho levels. It
appears that the present procedure of simply
smearing the calculated level densities out over
1.5 MeV does not adequately approximate the ef-
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Because the energy dependence of 0„ is slow com-
pared to those of E„and a~ „(E„), it has been ig-
nored and the calculated level densities have been
compared with the expression o~ „(E„)/E„(arbi-
trarily nor malized).

Comparison of the details of the energy depen-
dence of the three calculations with one another
and with the data shows only fair agreement.
Very little structure is seen in the data, but all
of the calculated curves show modulations after
averaging over 1.5 MeV. In addition, the fluctua-
tions in the three sets of calculated level densi-
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FIG. 13. Calculated one-proton one-neutron-hole state
densities for the nuclei Pd and 4Ag using the single
particle levels proposed by Nilsson (solid line), Seeger
and Perisho (dashed line), and Seeger and Howard (dot-
dashed line).
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feet of residual interactions. Use of a larger
width would result in a poorer fit to the rise of
the level density at low excitation energies.

For each of the three sets of single-particle
levels, the calculated level density changed more
with the addition of a single nucleon than with a
pair of like nucleons. The energy dependence of
the level density for '~Pd resembles those of
'"Cd and '"Cd more than those of the Ag isotopes.
This is an indication that the effect of the closed
shell at Z = 50 on the exciton level densities is less
than the effects of pairing.

If the fluctuations are disregarded, however, all
three calculations provide a reasonable fit to the
data with a one-proton-particle one-neutron-hole

configuration. In particular, the measured spec-
tra extended to the maximum energy possible for
the even-A targets but show very little contribu-
tion in the corresponding region for the odd-A
targets. This result was sufficiently surprising
that the measurements at 25 MeV were repeated
to verify that this effect was not due to experi-
mental problems.

The calculations show that this shift is due to
the effect of pairing. For an even-A target, the
residual nucleus is odd-odd and has (p)(n) '
states down to a very low energy, while for an
odd-A, target, a (p}(n) ' state requires that an ad-
ditional pair be broken relative to the ground
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FIG. 14. Comparison of the (p) (n) ' state density cal-
culated with Seeger-Howard levels with the effective
density deduced from (p,n) cross sections for Bh(p, n)-

M and Pd(p, n) Ag at 25 MeV.
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FIG. 15. Calculated one-proton one-neutron hole state
densities for the nuclei SCd and Ag using the single-
particle levels proposed by ¹ilsson (solid l.ine), Seeger
and Perisho (dashed line), and Seeger and Howard (dot-
dashed line).
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with energy than that for the (P)(n) ' states; the
former configuration provided a poorer fit to the
22 and 25 MeV spectral shapes. The (P)'(n) ' and
(p)(n)(n) ' densities were well described on the
average by the form (U —5)', where 6 was approx-
imately 2.5 MeV, which is about 2&. A corre-
sponding fit to the (P)(n) ' state density yielded
the form (U —6) as the best fit among functions of
the form (U —5)", where 5 was again between 2
and 3 MeV. Thus, aside from the energy shifts,
the smoothed energy dependence of the micro-
scopic state density calculations is in good agree-
ment with the prediction of the constant single-
particle state density model that the state density
for an n exciton state will have the energy depen-
dence U" '.

The lack of structure observed in the (P, n)
spectra in this mass region does not necessarily
imply that the (p)(n} ' state densities are smooth
in general. Blann et al."have found structure in
the (p, n) spectra for targets of "Ca, 90Zr, "'Sn,
and '~Pb. Similar results"' have been found near
A = 50 and A = 90. These targets are all at or near
shell closures, where more structure would be
expected. For the targets studied in the present
experiment, the exciton "level density" is proba-
bly a strength function, i.e., a measurement of
the distribution of (p)(n) ' strength over many
states. A closed shell nucleus has a much re-
duced level density at low excitation energy and
the (P)(n) ' states might be relatively pure.

10
0

I

4 6

u (SeV)

10

state, which requires an energy of approximately
26.

Similar microscopic calculations were per-
formed for the configurations including an extra
scattering for the unpaired exciton. As expected,
this state density showed a more rapid increase

FIG. 16. Comparison of the (P) (n) ' state density cal-
culated with Seeger-Howard levels with the effective den-
sity deduced from (P, n) cross sections for ' Ag(p, n)-

OPd(P g) Ag at 25 MeV.

IV. SUMMARY

Comparison of the (p, n} spectra for targets of
Rh, Pd, and Ag with predictions of the geometry
dependent hybrid model have shown good agree-
ment. Odd-even effects observed in the spectra
appear to be due primarily to pairing energy
shifts; the hybrid calculations including these
shifts agree mell in shape and magnitude with the
experimental (P, n) cross sections.

An effort to calculate the proton-particle neu-
tron-hole state density from a single-particle
basis was only partly successful. Considerable
structure is present in the calculated densities,
while the energy dependence of the data is rather
smooth. The average energy dependence of the
calculations, however, is in good agreement with
the measurements.

*Work performed under the auspices of the U.S. Energy
Research and Development Administration, Contract
No. W-7405-Eng-48.
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