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Odd-Even Effects in Pre-Equilibrium Processes
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(Received 18 August 1972)

Neutron spectra produced by the (p, n) reaction at 12 and 14 MeV on targets of ~~ Cd, 3Cd,
~ 4Cd, and 5In are compared with the predictions of the exciton model for pre-equilibrium
reactions. It is concluded that although the shape of the spectra for even-A targets differs
from that for odd-A targets, the differences are not entirely consistent vrith the analysis of
Lee and Griffin for (p, n) reactions on the Sn isotopes. The possible explanations for devia-
tions from model calculations include effects due to shells, pairing, and angular momentum.

I. INTRODUCTION

Although the exciton model' for pre -equilibrium
processes has been studied' "both experimentally
and theoretically, relatively little attention has
been paid to the prediction' that systematic differ-
ences between the shapes of spectra produced in
(P, n) reactions on even-A and odd-A targets
should occur. Verbinski and Burrus' assumed
that such differences exist and used the formulas
proposed by Griffin' to analyze their data, which
included spectra from both even- and odd-A tar-
gets. They did not test the prediction by obtaining
spectra for targets adjacent in', however, and
the focus of their investigation was more on sepa-
rating the contributions of various reaction mech-
anisms than on comparisons of the pre-equilibri-
um spectra shapes for various targets. The other
papers have also concentrated on establishing the
basic characteristics of the pre-equilibrium mech-
anism and have not attempted to compare spectra
from even- and odd-A targets in detail.

Recently Lee and Griffin' analyzed data" from
the '"Sn(P, n) and '"Sn(P, n) reactions and con-
cluded that the predicted odd-even differences are
observed. The present measurements were under-
taken to see if spectra for other targets in this
mass region show similar characteristics. The
reactions studied included '"Cd(p, n), '"Cd(p, n),
'"Cd(p, n), and "'In(p, n) This grou. p is adjacent
to the pair of targets analyzed by Lee and Griffin
and includes two even-A and two odd-A targets.

tween 15 and 135' were obtained simultaneously
with the use of a multidetector array; time-of-
flight spectroscopy with a 10.8-m flight path
yielded the energy distribution of the neutrons.
Typical energy spectra are presented in Figs. 1
and 2.

III. ANALYSIS AND RESULTS
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The basic assumption of the exciton model is
that the equilibration process of the compound nu-
cleus proceeds by a series of two-body interac-
tions. If the level densities for various particle-
hole states are calculated from a basis of equi-
distant single-particle levels and if transitions to
more complicated configurations (involving one
additional particle-hole state) are much more
probable than are transitions to states with the
same or a smaller number of particles and holes,

II. EXPERIMENTAL PROCEDURE
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Solid self-supporting targets of Cd and In were
bombarded with the proton beam of the Livermore
2.3-m cyclotron. A description of the experi-
mental equipment and procedures has been pub-
lished previously. " Spectra at nine angles be-

FIG. 1. The differential cross section for the Cd-
(p, n) In reaction at a bombarding energy of 10.4 MeV
as a function of center-of-mass neutron energy. The
symbols ~ and x denote data points at 15 and 135, re-
spectively. Indicated errors are statistical only.



GRIMES, ANDERSON, McCLURE, POHL, AND WONG

the following result is obtained':
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In this expression o(e) is the cross section for
emission of a particle with energy e, o;„„ is the
inverse capture cross section, g is the density of
single-particle states, E* is the excitation en-
ergy in the compound system, and U is the 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. The power series re-
sults from the assumption that each of the pre-
equilibrium states formed during the approach to
equilibrium has a decay width for particle emis-
sion. For values of the residual excitation energy
such that U/E* is small, the first term of Eq. (1)
would be expected to dominate. In this case, Eq.
(1}may be rewritten
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FIG. 2. Same as Fig, 1, except that the bombarding

energy is 14.4 MeV.

o(e) ~ eo;„p~ ,(U), -
where p„,(U) is the density of excited levels of
n —i exciton character at an excitation energy U.
This form shows the analogy with the correspond-
ing form for equilibrium decay of the compound
nucleus:

o(e) ~ eo;„„p(U),

where p(U) is the level density of the residual nu-
cleus.

More gene&'ally, it is expected that both equilib-
rium and pre-equilibrium processes could con-
tribute to a given spectrum, in which case

o(e) ~ eo;„„(n p(U} + P p„,(U}) .

FIG. 3. Best fit (dashed line) of the form Ap(U)+BU"
to the 15' ~ Cd(p, n) ~ In spectrum at E&=14.4MeV. The
best fit corresponded to an n value of 2. Indicated by the
solid line is the estimated contribution (equilibrium pro-
cesses) from the first term of Eq. (4).
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FIG. 4. Best fit (dashed line) of the form Ap(U)+BU"
to the 15' SCd(P, n) In spectrum at 14.4 MeV. An n

value of three produced the best fit.
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FIG. 5. Same as Fig. 4 for the ~~ Cd(p, n) In reaction.
In this case the best-fit value of n was 2.
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FIG. '?. Fits of the form Ap(U)+BU" to the 15'
(P, n) ~ In spectrum for n =1 (dashed line) and n = 3 (dot-
dashed line). The best-fit value for n was 2, as shown
in Fig, 3; the two fits presented here show the variation
in quality of fit as a function of n.
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FIG. 6. Same as Fig. 4 for the SIn(p, n) ~Sn reaction.
The best-fit value of n was 5.
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FIG. 8. The calculated one-proton-particle-one-neu-
tron-hole state density for ~~2In. The dashed line repre-
sents the best fit (n =1) of the form U" to the calculated
values.
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Because u and P have different bombarding en-
ergy dependences, the shape of the spectrum as a
function of U should change with bombarding en-
ergy, if both n and P are nonzero. For low born-
barding energies, it is expected that equilibrium
reactions will dominate the spectrum; in this xe-
gion the shape observed should correspond to the
first term of Eg. (4). Spectra were obtained at
proton energies of 8, 9, and 10 MeV to test this
prediction and a consistent shape was obtained at
8, 9, and at the backward angles for 10 MeV. As
the energy is increased, contributions from the
second term mill become observable and even-
tually dominate those from the first term. The
data were analyzed with the techniques described
in Ref. 6. Spectra from the lowest-energy bom-
bardments were fitted with Fermi-gas and con-
stant-temperature parameters. These parameters
were then used for the form of p(U) in the fits of
Eg. (4) to the higher-energy data (E~ ~ 10 MeV).
The quality of fit obtained with Eg. (4) was inves-
tigated for p„,(U) given by U" for 0 ~s ~6. At
10 MeV the e value corresponding to the best fit
could not be determined at all angles, because of
the dominance of the first term in Eg. (4). Best-
fit n values for the remaining angles at 10 MeV
and all angles at 12 and 14 MeV are listed in
Table I. Typical fits are shomn in Figs. 3-6y and
Fig. V shows the variation in fit for a change of
one unit in n in either direction from the best-fit
value.

Lee and Griffin" have suggested that the values
1 or 2 for n should be obtained for even- or odd-A

targets, respectively. They point out, as was
also discussed in Ref. 6, that the presence of an
unpaired nucleon will not influence the shape of
the spectrum unless it is rescattered in the re-
action, i.e., shares the excitation energy. The

present data also show that n varies between even-
and odd-A, targets, but the values of n differ from
those obtained by Lee and Griffin. The large
value of n observed for the "'In(P, n)'"Sn reaction
is comparable to the value observed for the ~Nb-

(P, n)'SMo reaction, "which was tentatively at-
tributed to shell closure effects. Since the effect
of shells is to introduce gaps between ground or
low-lying states and higher excited states, the
result is to reduce the level density for low values
of U relative to that for higher values; this would
then produce a shape characterized by a larger
power of U than would be obtained in the absence
of shell effects. The analysis of Cline and Blann'
led to this same conclusion.

Because both the reactions studied by Lee and
Griffi, n" and those examined in the present ex-
periment lead to residual nuclei at or near closed
shells, it was decided to investigate the influence
of shell effects in more detail. The assumption
that the single particle states were equally spaced
was relaxed and single-particle states obtained
from a Nilsson calculation" were used as basis
states. These wexe then combined" to form the
proton-particle neutron-hole states expected to
result from a pre-equilibrium (P, n) reaction. For
comparison, level densities with other exciton
configurations were also calculated. The results
of some of these calculations are shown in Figs.
8-10. Since it was found that the calculated level
densities for '"In, '"In, and '"In had similar en-
ergy dependences, only those for '"In are shown.

The most surprising result of the calculations is
that the residual nucleus '"Sn is the only one
which shows significant shell effects. The In iso-
topes show much smaller deviations from the con-
stant-spacing model. This is attributed to the ex-
treme sensitivity of the Nilsson calculations at

TABLE I. Best-fit e values. A half integral value for n implies that the fits for the two adjacent integers were
equa1. 1y good.

Reaction

ff2cd(p g) ii2yn

'isCd(p n)'i3In

ii4cd(p I)i id'

"~ln(P, n) "~Sn

10.4
12.4
14.4

10.4
12.4
14,4

10.4
12.4
14.4

10.4
12.4
14.4

5
5

60'

3
3.5
3

2
2.5

2

75'

1.5
2,5
2

3.5
3.5

3

90'

4

3.5
2.5
2.5

2

5
5.5

4
3.5

120'

5.5
5.5
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FIG. 11. Best fits of the expression U" to the forms
U-b, and (U-A}2, where 6=1,2 MeV. In each case the
shifted form is fitted by a power one larger in U.
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The best fit is obtained with the form U2.

FIG. 12. Calculated one-proton-particle-one-neutron-
hole density for ~~2In shifted by 1.2 MeV. In contrast to
the unshifted form (Fig. 8) the best fit of the form U"
(dashed line) is obtained for N =2.
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Z=50 to the deformation parameter P. As can be
seen from the single-particle-state diagrams, ""
the shell gap at Z =50 decreases quite rapidly
with increasing deformation and is gone com-
pletely for values of P of about 0.2. According to
Stelson and Grodzins, '4 the deformation parameter
increases to about this value for the Cd and Te
isotopes. Thus, the deformation parameters for
In, which were obtained by interpolation between
Cd and Sn, are large enough to significantly re-
duce shell effects relative to Sn.

Clearly, some uncertainty regarding the mag-
nitude of shell effects in the In isotopes remains,
because of the difficulty of determining P and the
sensitivity of the calculation to this parameter.
Comparison of Figs. S and 10 indicates that to
first-order shell effects are manifested in an en-
ergy shift; this would indicate that, to the extent
shell effects have not been correctly accounted
for in the calculation, additional "energy shifts"
might be required to reproduce the experimental
spectrum.

Inspection of the calculated densities for two-
particle-one-hole states reveals that these den-
sities are also characterized reasonably mell by
the functional form obtained from the constant-
spacing model. This result suggests that a pos-
sible explanation for the observed U' or Us shape
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FIG. 13. Same as Fig. 12 for the residual nucleus ~~~Sn.

In this case the unshifted best-fit (Fig. 10) value is I =2,
mhile that for the shifted calculation is n =5 (dashed line).

of the spectra is that the final states are not one-
particle-one-hole states, but instead are more
complicated states. Because a U' dependence is
also observed for the even-A targets in the pres-
ent experiments, this explanation is not consis-
tent with the conclusions of Lee and Griffin" that
an extra scattered particle is present only for odd-
A targets.

The (P, n) reaction on even-A targets leads to an
odd-odd residual nucleus, while the corresponding
final nucleus for an odd-A target will be either
odd-even (e.g. '"In} or even-odd (e.g. "'Sn).
Therefore, an energy shift would be expected be-
tween the spectra produced by (P, n) reactions on
even-A and odd-A targets because of the need to
break an additional pair in an odd-A nucleus to
reach a proton-particle -neutron-hole state. Such
shifts mill produce spectral shapes characterized
by higher values of n, just as the shell-induced
shifts discussed previously. Gilbert and Cameron"
propose values of the paring energy of about 1.2
MeV in this mass range. Figs. 11-13show the
effect of a shift of this magnitude on the shape of
the spectra. This shift is sufficient to raise the
best-fit value of n by one unit for both the forms
U and U' as is seen in Fig. 11. Similarly, the ef-
fect of a 1.2-MeV shift on the calculated IP(ln) '
densities for '"In and "'Sn is shown in Figs. 12
and 18. The unshifted calculations (Figs. 8 and 9)
are parametrized by U and U', respectively,
while the best fits to the shifted values are U' and
U', which are in closer agreement with the pa-
rametrization of the data. Because both shell and

pairing effects are manifested to first order in

energy shifts, separation of the two is difficult
but could be accomplished by studying (P, n) spec-
tra on adjacent targets more removed from closed
shells.

The role of angular momentum in pre-equilibri-
um reactions has not been examined but might be
important for (P, n) reactions to low-lying states
in this mass region. Proton particles and holes
are expected to be primarily g„, and g»„re-
spectively, at very lorn excitation energies, with
contributions from d«, particles and P», holes
expected at somewhat higher energies. Corre-
spondingly, neutron-hole states will be predomi-
nantly from g,&, at low. excitation energies. Thus,
the lorn-lying proton-particle-neutron-hole states
may be characterized by somewhat higher angular
momentum values than corresponding states at
higher excitations, resulting in an inhibition of
transitions to low-lying states. One argument
against this explanation is that the higher n values
are observed for (P,n) reactions in many regions of
the Periodic Table"; if this explanation mere valid,
it would be expected that anomalous values of n
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would not be observed in regions where the shells
nearest the Fermi level were characterized by
low angular momentum values. An additional ob-
jection to invoking angular momentum as a cause
for anomalous spectral shapes is that even the
combination of a g91, particle with a g„, hole can
produce angular momentum values no larger than
J=8; examination of the transmission coefficients
for protons and neutrons of the appropriate en-
ergies indicates that the values are above 0.5 for
l=4 or 5 for protons or neutrons, respectively,
implying that the inhibition of the population of
even a J =8 state ought not be be severe.

The discussion to this point has considered the
effects of shells, pairing, and contributions from
higher exciton states separately. A more detailed
analysis would have to include the interaction be-
tween these phenomena. Because the effects of
shell closure and pairing shifts are to reduce the
density of proton-particle-neutron-hole states at
low excitation energy, the result is that reactions
involving higher exciton states are more likely to
produce contributions to the hard portion of the
spectrum. The pairing force, for example, will
depress two (paired) particle-two (paired) hole
states relative to one-particle-one-hole states
with the result that contributions from higher ex-
citon states may not decrease as rapidly as im-
plied by Eg. (1).

Definitive identification of the causes of anoma-
lous shapes for pre-equilibrium spectra awaits
more extensive studies including nuclei more dis-
tant from closed shells. The present data suggest
that shell effects, pairing effects, and contribu-
tions from higher exciton states all play a role in
modifying the shape of the energy distribution;

angular momentum effects apparently have much
less influence on the spectral shapes.

IV. SUMMARY

Examination of the pre-equilibrium neutron
spectra produced in the '"Cd(P, n), '"Cd(P, s),
'"Cd(p, n), and '"In(p, n) reactions has indicated
that significant differences in spectral shape oc-
cur for neighboring nuclei. Since these nuclei
are close to the 2= 50 closed shell, one logical
explanation for these variations would be shell
effects. Calculations with a ¹ilsson single-par-
ticle basis predicted large shell effects only for
the "'In(P, n)"'Sn reaction; this result agrees
qualitatively with the data. More subtle discrep-
ancies between the spectra of the Cd isotopes and
the exciton-model prediction are tentatively at-
tributed to pairing effects. Again, qualitative
agreement between the magnitudes of the pre-
dicted discrepancies and those observed in the
data is obtained. The possible role of angular
momentum in changing the energy distribution of
emitted pre -equilibrium neutrons is also consid-
ered. It is concluded that no convincing evidence
for significant angular momentum effects can be
found in the present data. Although differences
are observed between spectral shapes for adjacent
isotopes, these are not in agreement with the pre-
dictions of the simple exciton model and agree
only qualitatively with the analysis of I ee and
Griffin. Similar studies (including particularly
nuclei further from closed shells) would clearly
aid in determining the relative inQuence of the
above factors in modifying the shape of pre-equi-
librium spectra.

*Work performed under the auspices of the U. S. Atom-
ic Energy Commission.
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Magnetic Moment of the 80-keV 1 State of ""Pr
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The magnetic moment of the 80-keV 1" state of ~44Pr has been determined using the in-
tegral-reversed-field method of the perturbed angular correlations. The value of p
= (-4.3*3..4)pz indicates a structure of the 80-keV level based on the mixing between two
she11-mode1 states, both having the odd neutron in fvy2 configuration- the odd proton oc-
cupying g7~2 and d&~2 configurations, respectively.

I. INTRODUCTION

The decay of '44Ce- ' Pr has been the subject of
a number of studies in recentyears. ' This is be-
cause of the fact that the long half-life of "'Ce makes
the odd-odd nucleus ' 4Pr one of those few which
lends itself to prolonged study. The position of the
nucleus ' 'Pr in the mass region just outside the
well-known deformed region 150 &A ~ 190 is also
important. The first precise determination of the
energy levels and their spin-parities and the mul-
tipolarities of the y transitions amongst them was
made by Geiger, Graham, and Ewan with the help
of an iron-free ~2 P spectrometer. These au-
thors conclude that, whereas the single-particle
shell model fails to account for the spin-parities
of the levels of ' Pr, a unified-madel interpreta-
tion in terms of the intrinsic odd-nuclear level
assignments of Mottelson and Nilsson (assuming
a prolate deformation 5=+0.07 and with qualitative
restrictions on the possible odd-neutron and odd-
proton level combinations) is successful in pro-
viding an unique selection of the spin-parities of
the energy levels. However, the authors pre-
dicted on this basis a lifetime for the 59-keV first
excited state of ' Pr of the order of 3 sec which
we now know to be about 7 min. ' In particular,
Geiger, Graham, and Ewan4 proposed that the

spin-parity of the 80-keV levels arises from the

coupling of the component of the proton angular
momentum Q~ = -', and neutron angular momentum
0„=-,'along the nuclear symmetry axis. Burde,
Rakavy, and Engler' measured the lifetime of the
different levels by P-y coincidence techniques and

found that the different y-transition probabilities
agree very well with those of the shell-model cal-
culations in terms of coupling between odd neutron
and odd proton using effective moments from
neighboring odd-neutron and odd-proton nuclei.
These authors conclude that the 80-keV 1 state
of '44Pr is composed of a mixture of two shell-
model states both having the odd neutron in the

f„,configuration (the odd proton occupying g„,
and d„, configurations, respectively).

The y-y' "and P-y" "angular correlations
have also been performed on the various cascades
of '44Pr to find out the nature of the levels excited
in the decay of "~Ce (Fig. I). However, we have

not come across any mention of the measurement
of the magnetic moment of any level of "'Pr in
the existing literature. The present investigation
is therefore expected to throw more light upon the
situation.

II. EXPERIMENTAL ARRANGEMENT

The detectors were RCA-6810A photomultipliers
with 3.8-cm -diam && 3.8-cm-thick NaI (Tl) crystals
coupled to them. Magnetic shielding was provided
by using mu-metal shields toge'ther with layers of
netic and conetic wrappings. The coincidence re-
solving time was 20 nsec. The magnetic field
used was 23.3 kG which was measured by a Beck-
man Hall probe calibrated in a nuclear magnetic
resonance setup. The source used was cerous
chloride in dilute HCl obtained from Bhabha
Atomic Research Center, Trombay, India. Since
the Pr" ion is paramagnetic, the temperature of
the source was maintained reasonably steady at


