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Neutron spectra from the "V(p, n)"Cr reaction have been measured at bombarding energies of 18,
20, 22, 24, and 26 MeV. The portion of the spectra corresponding to residual excitations of 10 MeV
or less was compared to a shape calculated under the assumption that the residual levels are two
exciton proton-particle neutron-hole states. Good agreement was obtained at 22, 24, and 26 MeV, but
the spectra at lower bombarding energy could only be fitted with the addition of contributions from

four exciton states. The inclusion of pairing effects improved the agreement between the calculation and

the data. The data were also compared to a calculation with the hybrid model for preequilibrium

reactions; good agreement was observed.

I

NUCLEAR REACTIONS V(P,n)5'Cr, E& ——18, 20, 22, 24, 26 MeV; measured
0'(E„,0), 8 = 24-144'.

I. INTRODUCTION

Two recent papers" have compared the non-
equilibrium portions of (P, n) spectra for neigh-
boring targets in order to test the prediction' that
different shapes should be observed for even-A
and odd-A targets. These comparisons are
essentially tests of the assumption' that the
odd nucleon in an odd-A. nucleus is likely to be
rescattered in the first (or first few) stages of a
nonequilibrium (p, n) reaction.

The exciton' ' model for preequilibrium re-
actions rests on the assumption that the compound
nucleus reaches an equilibrium state through a
series of two-body interactions. The initial single-
particle state decays into a two-particle-one-hole
state, which in turn decays to a three-particle-
two-hole state. It is assumed that at each stage
the particle-hole states can decay through emis-
sion of a particle as well as by damping into a
more complex state. These decays result in a
preequilibrium contribution to emission spectra.

Quantitative results can be obtained only by as-
suming specific forms for the densities of levels
of specific particle-hole configuration. A closed
form results if it is postulated that the single-
'particle states are equidistant in energy and that
densities for multiple particle and hole states can
be obtained by folding together the single-particle
density the appropriate number of times. In such
a case it may be shown that the density of n-exci-
ton states (where n is the sum of the particle and
hole number) is proportional to U" ", where U

is the excitation energy. For a (P, n) reaction,
the residual states reached by decay from a two-
particle-one-hole state will be of one-particle-
one-hole type and would therefore have a level

density varying as U. If it is assumed in addition
that the odd nucleon is scattered in the first stage
of the reaction, the residual states would be two-
particle-one-hole states, which for the constant
single-particle level-spacing case would have a
density proportional to U'.

In both Ref. 1 and Ref. 2 some, discrepancies
between the data and the original formulation of
the exciton model' were found. The authors of
Ref. 2 suggest that the constant single-particle
level-spacing assumption and pairing effects be
investigated as possible causes for the observed
inconsistencies.

In the present experiment, data for the "V(P,n)-
"Cr reaction were obtained over a more extended
range of bombarding energies to examine the ex-
tent to which the previous analyses were in-
fluenced by the relatively narrow range of bom-
barding energies for which data were available.
An evaluation of the constant level-spacing as-
sumption was made by calculating the particle-
hole state densities using a Nilsson basis. The
role of pairing shifts in modifying spectral shapes
was also examined.

Finally, the experimental spectra were com-
pared with the values calculated from the hybrid
model, an exciton model in which the assumption
of a constant matrix element for all two-body in-
teractions is avoided by using information ob-
tained from nucleon-nucleon scattering to esti-
mate intermediate state lifetimes.

II. EXPERIMENTAL PROCEDURE

Protons with energies from 18 to 26 MeV were
provided by the Lawrence Livermore Laboratory
cyclograaff. This two-component machine con-
sists of a 15-MeV AVF cyclotron and an EN tan-
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dern Van de Graaff accelerator in series. An ex-
ternal sweeper served to eliminate four cyclotron
pulses out of every five, reducing the frequency
of the beam from 25 to 5 MHz before injection in-
to the tandem. The resultant separation between
bursts allowed the neutron spectrum to be mea-
sured without overlap from the end point down to
about 5 MeV. A multidetector array located 10.8
m from the target allowed acquisition of data at
10 angles simultaneously. Figure 1 shows angle-
integrated cross sections obtained at the five
bombarding energies. Differential energy spectra
were summed in 1-MeV bins for angles between
24 and 144'; these cross sections were fitted with

a five-term Legendre expansion to obtain inte-
grated cross sections. The integrals were insen-
sitive to the order of the polynomials used in the
fitting.

m. ANALYSIS AND RESULTS

be rewritten

0'(E') fo p„(U),

where p„,(U) is the density of (n-1)-exciton
states at an energy U. If the state densities are
calculated with a constant spacing model, p„,(U)
will be proportional to U" '. Thus, Eq. (2) be-
comes

o(6)~ cob,„U
Griffin' has predicted that the values 3 and 4 for
n, would be observed for even- and odd-A targets,
respectively, with the result that the U dependence
of Eq. (3) will be linear or quadratic, respectively.
Thus, for the "V(P, n) reaction, a U' dependence
would be consistent with Griffin's assumption.

A previous study' of the "V(p, n)"Cr reaction
at lower energies yielded results which were not
completely consistent with this prediction. The

The exciton model' ' for nonequilibrium reac-
tions is based on the postulate that the compound
nucleus reaches equilibrium through a series of
two-body interactions. If at each stage a small
width for particle decay is assumed in addition to
the width for decay into more complicated states,
a nonequilibrium component will be added to the
emission spectrum. Under the assumption that
the level densities for various particle-hole states
can be calculated from a basis of equidistant
single-particle levels (constant spacing assump-
tion), and that the matrix elements for all tran-
sitions involving a two-body interaction are equal,
the following expression' for the emission spec-
trum may be obtained:

o(e),", g (U/E*)"-'(n'-n),
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where o(e) is the cross section for emission of a
particle of energy e, o „ is the inverse capture
cross section, g is the density of single-particle
states, E* is the excitation energy in the com-
posite system, and U is the excitation energy in
the residual nucleus. The parameter n corre-
sponds to the exciton number (where an exciton
denotes either a particle or a hole) of the state
from which decay occurs. no corresponds to the
first-formed intermediate state from which decay
can occur and successive terms in the power
series correspond to decay at later stages in the
equilibration process. n denotes the exciton
number beyond which the branching ratios will be
given by the usual statistical calculations.

For the most energetic neutrons, U/E* will be
small and the leading term in the series will be
expected to dominate. In this case, Eq. (1) may
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FIG. 1. Angle-integrated cross sections for the
V(p, e) Cr reaction at F =18, 20, 22, 24, and 26

MeV.
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bombarding energies at which the data of Ref. 7
were obtained were sufficiently low, however, that
equilibrium contributions were not negligible even
for low excitation energies in the residual nucleus.
An attempt was made to subtract this component
from the spectra, but the results were necessarily
less definitive than would be obtained if the equi-
librium component were unimportant in the energy
region of interest. In addition, if the analysis is
extended to energies as high as 9 MeV in the re-
sidual nucleus, the assumption that higher terms
in Eq. (I) can be neglected would be easier to
justify for higher bombarding energies (larger E*).

As has been pointed out previously, ' differences
between n values for neighboring odd and even nu-
clei could arise from effects other than the partic-
ipation of the unpaired nucleon in the reaction. For
the nuclei studied in Ref. 2, both shell and pairing
effects were found to produce differences in spec-
tral shape between neighboring nuclei.

To investigate the role of these factors in deter-
mining the shape of the "V(P, n) spectra, the con-
stant spacing assumption was abandoned and in-
stead single-particle-state energies for protons
and neutrons obtained from a Nilsson calculation'
were used. These were folded together' to give
the appropriate particle-hole-state densities.
Such a calculation includes shell effects but not
the effects of pairing. A correction for pairing
was made by shifting the energy by the amount
corresponding to the number of broken pairs rela-
tive to the ground state of "Cr. Because the num-
ber of broken pairs is small in the states of in-
terest, the constant energy shift per broken pair
should be a reasonably accurate approximation to
a more exact calculation"'" of pairing effects.
The magnitude of the shift was taken to be 1.8 MeV.

Schematic representation of the configurations
of interest are shown in Figs. 2(a)-(c). If the re-
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FIG. 2. Schematic representations of states of various
exciton configurations: (a) Ground state of the target
and a (p)(n) ~ state; (b) (p) (n) ~ and (p)(n)(n) states;
(c) (p)'(p) (n) and (p) (n) (n) states.

Fj:G. 3. Calculated state density for the configuration
(p)(n) ~. The dashed line is a fit of the form p(U) ~ U to
the calculated values.
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action proceeds through a two-particle-one-hole
state which decays to a one-particle-one-hole
state, the final states will have the configuration
one-proton-one-neutron-hole [(P)(n) '] relative
to the target ground state. For odd-A targets,
Griffin assumes that the odd nucleon is also scat-
tered in the reaction; in such a case, the final
states are of two-proton-one-neutron-hole
[(P)'(n) '] type, where the notation omits refer-
ence to the additional proton hole, because it is
fixed and does not represent a degree of freedom.
For an odd-A-odd-Z target, however, the resid-
ual nucleus reached in a (P, n) reaction is odd in
N rather than Z; thus, it might be as plausible to
assume excitation of the unpaired neutron in the
final nucleus as the unpaired proton in the target.
This configuration is denoted (p)(n)(n) ', where
again the additional neutron hole is not included
in the notation because it is fixed relative to the
first hole and thus does not represent an addition-
al degree of freedom.

The remaining two types of states shown in Fig.
2(c) are those characterized by an additional par-
ticle-hole pair relative to the (P )(n) ' states. If
the spectra contain contributions from the decay
of three-particle-two-hole states, residual states
would be expected to be of (P)'(P) '(n) ' or
(p)(n)(n) ' type. Calculations with pairing shifts of
the state density for these five configurations are
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shown in Figs. 3-5.
Also shown on these figures as dashed curves

is the best fit of the form U" (Own&6) to each
calculated level density. The constant spacing
model would predict the energy dependences U,
U', U', U', and U' for configurations (p)(n) ',
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FIG. 5. Calculated state density for the configurations
(p)2(p) &(n) ~ and (p)(n)(n) . The dashed lines are fits of
the forms p(U) ~U4andp(U) IXUS, respectively, to the
calculated values.
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FIG. 4. Calculated state density for the configurations
(p)2(n) and (p)(n)(n) ~. The dashed lines are fits of the
form p(U) cc U3 to the data.

FIG. 6. Comparison of the spectra at 24 and 129' for
E =-24 MeV.
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(P)(n)(n) ', (P)'(n) ', (P)(n)(n) ', and (P)'(P) '(n) ',
respectively. For all except the (p)(n) ' state
density, the best-fit form was a higher power in
U than predicted by the constant spacing model
and, even in this case, the form U' gave almost
as good a fit as the form U. Comparison of the
calculations with and without pairing shifts estab-
lished that the deviations from the constant spacing
model predictions were due primarily to pairing
effects. The conclusion that shell effects are not
important in this mass region agrees with that of
Ref. 12, but a similar study' of nuclei near the
closed shell at Sn found significant shell effects
in that mass region.

Because of the large volume of data and its
smooth variation with angle and bombarding en-
ergy, only the angle-integrated data at each ener-
gy were compared with calculations. Figure 6
shows forward and backward-angle spectra at one
energy, 24 MeV. The analog state (between 6 and
7 MeV in excitation energy) produces the only ob-
servable peak in the otherwise smooth energy
dependence of the angle-integrated data. Three
much smaller peaks at slightly lower excitation
energy than the analog were observed in the for-
ward-angle differential energy spectra. These
are only barely observable in the same spectra

averaged over 1-MeV intervals and therefore do
not appear in the angle-integrated cross sections.

The spectra of Fig. 1 change significantly in
shape between 18 and 26 MeV, such that at higher
bombarding energies the cross section increases
more slowly as a function of U. This behavior,
as previously mentioned, may be a consequence
of the fact that higher order terms in Eq. (1) can-
not be ignored at the lower bombarding energies,
because U is not sufficiently small relative to E*.
Comparison of the calculations with the data
yielded the results shown in Figs. 7-11.

Fits to the experimental spectra were attempted
with the calculated state densities shown in Figs.
3, 4, and 5. As would be expected from the
changes in shape with bombarding energy, the
forms corresponding to the best fit at low ener-
gies were not identical to those at higher energies.

The most unambiguous results were obtained at
the three highest bombarding energies. For the
22-, 24-, and 26-MeV spectra, (Figs. t and 6),
the (p)(n) ' form clearly provided the best fit to
the data. The importance of including pairing
shifts was examined by fitting the unshifted (P)(n) '
level density to the data; a poorer fit resulted.
Deviations from the calculated foim are due to
population of the analog state, which produces a
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FIG. 7. Fits of the (p)(&) ' state density to the 24- and
26-MeV spectra.

FIG. 8. Fit of the (P)(+) ' state density to the 22-MeV
spectrum.
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peak near 7-MeV excitation, and to contributions
from equilibrium reactions and from higher
terms in Eq. (I), which cause the data to be above
the calculation for U&10 MeV.

None of the calculated forms individually pro-
vided a good fit to the 18- or 20-MeV data, al-
though the (p)'(n) ' and (p)(n)(s) ' forms produced
better agreement than the other three configura-
tions. Figure 9 shows the fit of the (P)'(n) ' form
to the data at two energies; the fit is made to look
better than it really is by the presence of the ana-
log state where this form shows a steep rise. In
fact, this peak should not be reproduced by the
calculations.

Because no single form provided a good fit to
the 18- and 20-MeV spectra, an effort was made
to fit these data with a combination of two terms.
According to the exciton model, the two terms
which are likely to appear in addition to the
(p)(n) ' state density are those corresponding to
(p)'(p) '(n) ' and (p)(n)(n) ' configurations, i.e.,
creation of an additional proton or neutron parti-
cle-hole state. The similar energy dependence of
the state density for these latter two configura-
tions makes it unnecessary to include both in the
fits. The comparisons presented in Figs. 10 and
11 result from the use of the two terms corre-
sponding to (p)(n) ' and (p)'(p) '(n) ' configura-
tions.

All of the spectra deviate from the two-term
fit in the region of large U; these discrepancies
are due to contributions from equilibrium pro-
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cesses. Based on the results at lower bombard-
ing energies, these reactions are not expected to
dominate the cross section in the region of low
residual excitation, but a large portion of the
neutron cross section corresponding to excitations
10 MeV and above would correspond to equilibrium
processes. An attempt was made to fit the 18-MeV
spectrum with the (p)(n) ' state density and con-
tribution from equilibrium reactions with level
density parameters obtained from Ref. 7; this
resulted in poorer fits than were obtained with
the two-term fit shown in Fig. 11 and provides
support for the interpretation that deviations from
the (P)(n) ' shape are not entirely due to contri-
butions from equilibrium processes. A slight im-
provement in the quality of the fits could be ob-
tained by increasing the pairing shift slightly;
this was not done because it was felt that the
agreement was within the limits of significance
of the calculation because of the neglect of resid-
ual interactions other than pairing.

A final comparison between the exciton model
and the data was made by examining the bombard-
ing energy dependence of the (P, n) cross section
at a given excitation energy U. Assuming n p 3
and using the fact that for small U the first term
of Eq. (1) should dominate, the cross section
o(e) divided by the energy e should decrease as
(E*) ' with increasing excitation in the compound
system. The fraction of the cross section corre-
sponding to decay of the first stage preequilibrium
states was estimated from the fits shown in Figs.
7, 8, 10, and 11; Fig. 12 presents the excitation
energy dependence of this cross section. The ob-
served dependence on E" is (E*) ', which is close
to the predicted value. A slightly more rapid fall-
off could reflect some energy dependence in the
matrix element coupling n-exciton states to (n+2)-
exciton states. This interaction was assumed to
be independent of energy in the derivation of Eq.
(1). Alternatively, the density of n-exciton states
at high energies in the compound system may not
be given with sufficient accuracy by the form
(U" ') obtained under the assumption that the
single-particle levels are equidistant. In general,
it would be expected that the single-particle den-
sity would increase with increasing energy, which
would cause the n-exciton level densities to in-
crease more rapidly than predicted by the con-
stant spacing model. This deviation is in the
proper direction to explain the observed more
rapid energy dependence.

IV. HYBRID-MODEL CALCULATIONS

The exciton model as originally formulated does
not predict absolute cross sections. As was dis-

lA
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I

40 50

FIG. 12. Dependence on energy in the compound
system (E*) of the 5~V(p, n) cross, section for neutrons
leaving the residual nucleus with excitation energy
between 3 and 4 MeV. The solid line indicates the best
fit of the form (E*) to the data.

cussed in Sec. III, it is normally assumed that ma-
trix elements for all transitions involving a two-
body interaction are equal; this assumption is
needed to give the relative magnitude of various
terms in the sum of Eq. (1). Because the strength
of this interaction determines the branching ratio
between continuum decay and damping into more
complicated states, a value for this matrix ele-
ment must be assumed in order to obtain an abso-
lute value for the preequilibrium emission cross
section.

Blann" has suggested that the constant matrix
element assumption be abandoned and that the
lifetime of the intermediate states of interest be
determined through use of nucleon-nucleon cross
sections. This model, called the hybrid model,
has since been extended'~ to include the effects
of the variation in nuclear density with radius and
the limitation in the number of hole states caused
by the finite depth of the potential. More recent-
ly, values of the optical-model imaginary poten-
tial have been used to deduce intermediate state
lifetimes. For this model, the probability
p„(e)de of emission of a particle of type x in the
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In this expression, „P„ is the number of particles
of type x in an n-ezciton state, p„(E*)is the den-
sity of n-exciton states at an energy E*, p„(U,e)
is the density of n-exciton states such that n-1
excitons share an energy U and the remaining ex-
citon has an energy equal to its binding energy B„
plus ~, and g is the density of single-particle
states per MeV. A, (e) and X,(e) are the rates at
which particles of energy B„+eare emitted into
the continuum or scattered with the formation of
an additional particle-hole state, respectively.
D„ is a depletion factor, which gives the relative

=wX' Q (2l+1)T,P„(e), (6)

where T, is the transmission coefficient for orbi-
tal angular momentum l in the entrance channel
and p„(e) is given by Eq. (4); the l dependence of
this latter quantity enters implicitly through the
dependence of A+(e) on I.

Calculations of the preequilibrium spectrum us-
ing Eq. (4) are presented in Fig. 13. The dotted
curve is the preequilibrium spectrum obtained
with A.,(e) values determined from the optical-
model imaginary potential of Becchetti and Green-
lees"; the dashed curve of similar shape is the
corresponding calculation for A. +(e) values'4 deter-
mined from nucleon-nucleon scattering cross sec-
tions. The steeper dot-dashed curve represents
the neutron spectrum from equilibrium reactions
and the solid curve is the sum of the equilibrium
and preequilibrium (dashed) contributions. Con-
sidering the uncertainties in such a calculation,
the agreement in both shape and magnitude is
quite impressive. The dependence of the cross
section on both excitation and bombarding energy
is well described by the calculations. The good
agreement between experiment and calculations
using either nucleon-nucleon cross sections or the
optical-model imaginary potential to deduce life-
times of intermediate states suggests that either
procedure yields reasonable results.

flux reaching an n-exciton state before decay oc-
curs. The continuum decay rate A.,(e) is given by

X, (e) =o„vp, /g V,

where o„ is the inverse cross section and v the
velocity of a particle having p, states in the con-
tinuum. The parameter V is an arbitrary volume
and cancels the same volume in p, . Blann in-
cludes geometry-dependent effects by making the
parameter A, +(e) a function of l, which is plausible
physically because of the dependence of the former
quantity on nuclear density, and hence impact pa-
rameter.

The resulting cross section is then

6 10 14 18 22 6 10 14 18 22

c„(MeV

FIG. 13. Comparison of measured neutron spectra
with those calculated from the hybrid model. The
dotted and dashed curves are the preequilibrium
components calculated with intermediate state lifetimes
calculated from the optical-model and nucleon-nucleon
cross sections, respectively. The dot-dashed curve
represents the neutron spectrum from equilibrium
reactions and the solid curve is the sum of the
equilibrium and preequilibrium (dashed) contributions.

V. SUMMARY

Comparison of neutron spectra produced in the
"V(P, n}"Cr reaction with shapes calculated from
the exciton model yields good agreement under
the assumption that the first-formed intermediate
state is of two-particle-one-hole character. For
the data Bt 22, 24, and 26 MeV, the contribution
from decays to one-particle-one-hole states
dominates the spectrum for residual excitations
less than 10 MeV. At lower bombarding energies,
the next higher term, corresponding to two-parti-
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cle-two-hole states in the residual nucleus must
also be included to fit the data in this energy
range.

The measured spectra were also compared to
cross sections calculated w. th the hybrid model.
Good agreement in both shape and magnitude was
observed. Use of nucleon-nucleon cross sections
to determine the intermediate state lifetime pro-

duced results very similar to those obtained with
lifetimes determined from the optical model.
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