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Isospin and strong coupling effects in neutron scattering from even-A Se isotopes
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Differential cross sections for elastic scattering from the even-A isotopes of Se have been measured at 6, S,
and 10 MeV. Inelastic scattering differential cross sections have been obtained at 6- and S-MeV incident
energies. The results have been analyzed in a coupled channel model to determine the isospin coefficients in
the real and imaginary parts of the scattering potential and the deformation parameters P, appropriate to
neutron scattering in these vibrational nuclei. Both the coupling to the first 2+ level and the imaginary
scattering potential vary strongly between ' Se and 'Se, and in such a way that their effects cancel each other
for inelastic scattering. It is shown that with an adequate data set the strong coupling and isospin dependencies of
neutron scattering can be separated. The normalization uncertainty of these measurements is about 7%, and
the statistical precision ranges from 1 to 10%.

NUCLEAR REACTIONS 68e, Se(n, ,n) and (n,n'), E„=6-8 and 10 MeV, Se,
Se(n, n), and (n. ,n,'), E„=S MeV. Measured (E„,8). Enriched targets.

Coupled channel analysis.

I. INTRODUCTION

The study of fast neutron scattering by the even-
A isotopes of Se has enabled us to observe the ef-
fects of strong coupling between the first excited
2' level and the ground state in neutron scattering.
For a proper interpretation of the differential
scattering cross sections it has been necessary to
separate the effects of coupling to the first 2' level
from the effects of weak coupling to the many other
excited levels. These latter effects are repre-
sented by the strength of the absorptive term in a
complex potential description of the scattering
cross sections, the usual means of representing
all absorptive processes in fast neutron scatter-
ing. The large variation of the parameter (N Z)-
/A =- $ for the different isotopes has enabled us to
observe in addition the strong neutron excess de-
pendence of the real and absorptive scattex ing po-
tentials. The interx elation between strong coupling
and neutron excess dependence is shown to be im-
portant.

Since this study is carried out within the frame-
work of a complex potential analysis, the form of
the potential U is presented here:

-U
-=Vf(r, a, R)

+f W,4a, —f (r, a„R,)+W„f(,a„,R,)df"

+ Vg, (k/m, c )a l ——[ f(t, a„,R„)].1 d

The form factor f is f(x, a, R)=(i+exp[(r R)/a)) '. -
Two types of potential analyses were performed,
differentiated by the treatment of the radius. For

a conventional one-channel analysis, the radius
was R = B,A' ' fm, a single fixed radius for all
terms of the potential. A second analysis cou-
pled the 0' ground and 2' first excited levels ex-
plicitly, in a vibrational model of the scattering.
For this the radius is written R =Ro[i+Z~P~F~O(8)]
for the deformable terms V and WD. The param-
eter P, determined the strength of the coupling.
For the terms not deformed, W„and V„A=A,A'l'
fm. The constant R, = 1.25 was used throughout
this work.

The potential strengths V and O'D are V= V,
—aE $V, and W-~= W, + n+- )W„where E is the
incident energy, z and z, are constant coefficients.
It is the comparison of the neutron excess depen-
dencies V, and 8', for the two analyses which is
the focus of this work, as well as the strength of
the vibrational coupling in the second analysis.

The four even-A isotopes of Se were chosen for
this study of fast neutron scattering for several
reasons. Most importantly, they form a set of
nuclei with very similar, apparently vibrational,
level schemes. The low-lying levels of all of
them seem to be one- and two-phonon multiplets,
with the two-phonon triplets separated in energy
from other excitations. The excitation energies
of the one-phonon states vary no moxe than about
15jg throughout these nuclei, as is shown in Fig.
1. In addition to the vibrational low-lying levels,
there are other strong similarities between the
level and decay schemes of the four isotopes, as
revealed in a study' of the Se(n, n'y) reactions, a
companion experiment of this one. The number of
levels below 3.5-MeV excitation energy varies
only from 24 to 2'7 for three of the nuclei and is
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FIG. 1. Low-lying level schemes of the four even-A Se isotopes, showing the one- and two-phonon multiplets in each
nucleus, and a few higher levels.

33 for the fourth, "Se.
There is, however, one property of these iso-

topes which varies in an unusual way from one
isotope to the next; that is the deformation ampli-
tude p, for the first excited 2' level. As deter-
mined from Coulomb excitation experiments, "
and assuming a uniformly charged sphere of radi-
us ~= 1.254'~' fm, the values range from P,
=0.175 for "Se to p, =0.28 for "Se. They become
progressively larger as one goes away from the
closed neutron shell N = 50, and in any case they
are inordinately large for a set of vibrational nu-
clei.

As on the whole the even-A Se nuclei appeared
to be quite similar, and the neutron excess varied
considerably for this set of isotopes, $(82) —$(76)
=0.065, the original concept of the experiment was
to study the f dependence, viz. , isospin dependence
in neutron scattering. %e expected that the small
changes in real and absorptive potentials common-
ly ascribed'*' to the isospin dependence would be
evident in this study. Extensive reviews of proton
scattering" seem to define the coefficient Vg of
the $ dependent term in the real potential to be
between 24 and 27 MeV. The corresponding coef-
ficient W, in the imaginary surface potential is
much more difficult to determine, partly because
proton inelastic scattering cross sections are not
very large. Nonetheless, Becchetti and Greenlees'
did propose in their analysis that W, /V, - —,. Later,
an extensive study of "quasielastic" scattering to

analog states in (p, n) reactions' seemed to suggest
larger values for W„with W, -V, for protons.
This analysis is comprehensive because it com-
bines analyses of proton scattering from the tar-
gets, neutron scattering from the residual nuclei,
and form factor determinations to fit the magni-
tude of the (p, n) cross sections. The results are
somewhat ambiguous, however, because some of
the fits to neutron scattering data are rather poor,
an unhappy result of all of the constraints imposed
upon the potentials.

Attempts to determine the $ dependence in neu-
tron scattering are on the whole less conclusive,
largely because of the lack of accurate measure-
ments above an incident energy of 4 MeV. Below
that energy, level-scheme differences seem to
dominate the neutron scattering differences, ' and
it is unlikely that these can be ascribed directly
either to the $ dependence or to the isospin de-
pendence, two dependencies which may or may not
be the same. The most extensive higher energy
survey, that of Holmquist and %iedlirig'o at 8 MeV,
suggested a neutron-excess coefficient V, only half
that obtained in proton scattering. Other experi-
ments and analyses were reported' yielding coef-
ficients as small or smaller than that of Holmquist
and %iedling. On the other hand, a very limited
survey" of the Ni region at an incident energy of
9 MeV produced a coefficient V, = 22 MeV, in
good agreement with the one found for proton
scattering. Confidence in this last result is
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strengthened by the fact that the analysis also
gave a good fit to asymmetries from polarized
proton scattering from Co, one of the target nu-
clei of the neutron scattering experiment.

To our knowledge, definite statements about the
$ dependence of the absorptive potential in neutron
scattering come only from the analysis of s-wave
neutron strength functions by Newstead and Dela-
roche. " The data show two trends, a gradual in-
crease in S, from element to element as A in-
creases in the region A -90-140, and a very sharp
decrease within a set of isotopes as the neutron
excess increases. The first trend implies a very
small 8'„but the second requires" a very large
W„with W, /Wo ratios ranging from 3 to 5.

The questions of interest in this study, then,
were the effects of strong coupling to 2' levels,
and the neutron excess dependence of the real and
imaginary potentials used to describe the scatter-
ing. Incident energies of 6, 8, and 10 MeV were
chosen for the measurements. These energies
were deemed high enough to avoid difficulties of
interpretation caused by small differences in low-
lying level schemes and uncertainties associated
with compound elastic contributions to the elastic
scattering cross sections. They were low enough
to permit measurements with good resolution with-
in limited data-taking periods.

II. EXPERIMENTAL SYSTEMS AND PROCEDURES

A. Experimental system

A fast neutron scattering program is performed
at the tandem accelerator laboratory of the Centre
d'Etudes de Bruyeres -le-Chattel. The character-
istics of the neutron time-of-flight facility de-
veloped for these measurements have not been ex-
tensively presented before, and thus will be de-
scribed in some detail in connection with this ex-
periment. Future reports of experiments in this
series should then require only brief descriptions
of changes needed for particular measurements.
The measurements are carried out in a thin-walled
rectangular neutron "hall" 30 m && 50 m. The
beam line enters parallel to the long axis of the
hall but off center, to permit flight paths for neu-
tron detection at least to 18 m at all angles be-
tween 0 and 160'. The beam extension terminates
over the center of a cylindrical "pit" in the floor,
which extends 3 m below floor level and has a
radius of 5 m. The neutron source is mounted at
the end of the extension, close to the center of the
pit"

Deuterons or protons accelerated in the 14-MeV
tandem accelerator are obtained from a pulsed ion
injector, operated at 120-kV preinjection voltage.
The 120-keV ions are chopped and bunched into
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FIG. 2. Deuterium gas target cell and assembly.

bursts of repetition rate 2.5 MHz and width 1 ns
full width at half maximum (FWHM). The average
current is usually about 3 p. A." The beam termi-
nates in either a deuterium or tritium gas cell,
since neutrons are generally produced either from
the 'H(d, n)'He or 'H(p, n)'He neutron source re-
actions. The deuterium gas cell is 3 cm long and
at 1 atm pressure. The gas is isolated from the
accelerator vacuum system by a 5-p.m-thick
Havar foil. To improve the cooling of the window,
the deuterium gas is circulated through a cooling
system and returned to the target cell through a
small tube aimed at the window. Figure 2 shows
the details of construction. The stainless -steel
gas cell is lined with tantalum and has a beam
stop, also in tantalum. This material was chosen
to reduce unwanted neutrons from (d, n) reactions
and also to minimize neutrons from drive-in tar-
gets formed at surfaces struck by the beam.

The tritium gas cell is a nickel cylinder, 3.0 cm
in length, with a nickel entrance window having a
thickness of 0.5 x 10 ' cm. As can be seen in Fig.
3, the cell is mounted behind a small cha, mber
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FIG. 3. Tritium gas target cell and assembly.
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C. Experimental procedure —Se measurements
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FIG. 5. Block diagram of the electronics used in the
neutron time-of-flight spectrometer.

pulses from the anode of the four photomultipliers
are mixed, after being properly shaped by con-
stant fraction discriminators. They then enter a
time-to-amplitude converter (TAC). Pulses from
an inductive beam pick-off cylinder are used to
stop the TAC. The output of the TAC is recorded
in a two-parameter mode with the linear output of
the photomultiplier. The identification of the de-
tector, as a particular one of the four, is given
by an auxiliary coincident pulse. The nominal elec-
tronic resolution is about 1 ns (FWHM), as checked
by coincident measurements with "Na y-ray
sources.

Differential cross section measurements for
selenium isotopes were made at 6-, 8-, and 10aa

MeV incident energies. Incident 8-MeV neutrons
were produced from the 'H(d, n)'He reaction. The
energy spread of the neutron beam due to strag-
gling in the entrance foil, energy loss in the gas,
time spread from target length, and finite size of
the scattering sample was 300 keV. It was small
enough to ensure good separation of the first ex-
cited level from the ground state for all the Se
isotopes. At 6- and 10-MeV energies, the inci-
dent neutrons were produced from the 'H(p, nPHe
reaction. The overall energy spreads were 180
and 150 keV, respectively. The largest contribu-
tions were from proton straggling in the windows
and the energy loss in the target gas.

Each selenium sample was in the form of metal-
lic powder with an isotopic enrichment greater
than 90%. Their compositions are given in Table
I; they were on loan from the USSR. Each of them
was contained in a polyethylene can of diameter 25
mm and height 50 mm. The cell-to-sample dis-
tance was about 12 cm at 8-MeV neutron energy
and 8.25 cm at 6- and 10-MeV energies. The
sample was placed at 0'with respect to the inci-
dent beam.

Measurements were completed over the angular
range from 20 to 150' at 16 angles for data taken
at 6-MeV incident energy, 24 angles at 8 MeV,
and 18 angles at 10 MeV. The smaller number of
angles used at 6 and at 10 MeV was the conse-
quence of limited availability of the separated
isotope Se samples. Angular settings were de-
termined with an accuracy of +0.2'. For each set
of four detector angles, runs were made with the
Se powder samples in polyethylene containers and
with the empty containers. The container runs
were later subtracted from the Se sample runs.
No correction for neutron attenuation was made
for the empty container runs, since the attenuation
was less than 6%, and the container yields were

TABLE I. Experimental conditions. Incident neutron energies are 6.00, 8.00, and 10.00
MeV; flight path is 8 m; sample is powdered metal; container is 25 mm & 50 mm, 1 mm
thick wall (polyethylene); cell-to-sample distance is 12.25 cm at 8-MeV neutron energy, 8.25
cm at 6- and 10-MeV neutron energies.

Sample
Isotopic composition of the samples

76 77 78 80

Total mass
of the

sample (g)

"Se
78S
00Se
82se

0.08
0.02
0.01
0.06

90.50
0.48
0.09
0.62

4.35
0.40
0.09
0.56

2.66
97.90
0.32
4.76

4.63
1.32

99.20
4.80

0.78
0.18
0.29

92.20

49.7
40.7
48.1
43.6
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small compared to the elastic Se yields whenever
the two groups interfered with one another.

D. Monitoring and absolute flux measurement

The flux of incident neutrons is monitored simul-
taneously by several methods. Its measurement,
though difficult, is extremely important if good
accuracy is to be attained with confidence in the
results. The integrated charge of the beam dur-
ing each run is recorded. Also, a liquid seintil-
lator (NE-213) with n-y discrimination is used in
the time-of-flight mode for monitoring the pri-
mary neutron beam. It views the target at 55' to
the incident beam. In experiments using the
'H(d, n)'He reaction for neutron production, we
count in addition the number of the protons pro-
duced by the 'H(d, p)'H reaction from the target
gas. The protons are detected by two surface-
barrier diodes facing each other and placed at 90
relative to the incident beam. They view the
source through windows in the target holder. The
proton and neutron monitoring systems were con-
sistent with each other to within 0.3/p during the
Se experiment.

The neutron flux was determined using the n-p
scattering cross section at 0' as a standard, "
measured with an angular spread of +6'. The
measurement was done with a proton-recoil coun-
ter telescope whose efficiency was calculated an-
alytically, taking into account the target and the
detector geometries. This calculation agreed
within 3' with experimental results obtained by
the associated particle method for 2.5- and 14.1-
MeV neutron energies. The overall accuracy in
flux measurements was about 5/g. The solid angle
of the counter telescope during a telescope run
was almost the same as that of the sample during
a sample run.

The neutron-detector efficiency is required for
the determination of the absolute differential cross
sections. It was measured by two independent
methods. In the first one, we counted directly
monoenergetic neutrons from the target produced
by the 'H(d, n)'He reaction. " In the second, an
(n-p) scattering experiment was performed using
a polyethylene sample (1-cm diam by 4-cm height).
These two measurements were found to be consis-
tent within 5% when the former were corrected for
deadtime in the counting electronics.

E. Data reduction, corrections and uncertainties

The data reduction process permitted off-line
adjustment of the energy threshold for neutron
detection. In these measurements, only scintil-
lator pulses which correspond to neutron energies
greater than 2.5 MeV at 6 and 8 MeV incident en-

ergies and 3.5 MeV at 10 MeV incident energy
were used. The measurements at 6 and 8 MeV
have also been reduced with a threshold set at
3.5 MeV; the deduced cross sections have been
found to be consistent, within the statistical ac-
curacy, with those using the threshold at 2.5 MeV.
This agreement gives confidence in the background
subtraction methods.

Yields in the peaks due to neutrons scattered by
the Se samples were converted to differential
cross sections. They were corrected for neutron
flux attenuation in the sample, multiple scattering,
and geometrical effects. To make these correc-
tions an analytic method due to Kinney" and a
Monte-Carlo method" were used. The corrected
values from the two correction procedures were
consistent within 3%, the largest differences oc-
curring near sharp minima. Uncertainties in the
measured cross sections due to finite-sample
corrections were ~2%. Other relative uncertain-
ties arose from counting statistics and background
subtraction. At most angles these uncertainties
ranged from 1 to 5%, but at some angles, near
90', neutrons elastically scattered by carbon had
almost the same energy as those from inelastic
scattering to the first excited level of the Se iso-
topes, and therefore they could not be resolved
experimentally. At those angles, the uncertain-
ties for the inelastic yields became as large as
15%. The absolute neutron detector efficiency was
estimated to have an uncertainty of 5/0. The above
uncertainties, along with that of the neutron flux
measurement already discussed, were quadratical-
ly added to give the experimental error. Absolute
cross sections are given with an overall uncer-
tainty varying between 7 and 20%.

III. RESULTS AND INTERPRETATION

A. Results

Differential scattering cross sections were mea-
sured at 6-MeV incident energy. The correspond-
ing for the shape elastic scattering for both "Se
and "Se are plotted together in Fig. 6. The inelas-
tic scattering measurements are plotted separately
in the lower panel of this figure. The compound
elastic contributions have been estimated and will
be discussed later. The curves are calculations
that will be presented in Sec. III B. The essential
results are directly evident in the data as follows:
one notes that the elastic scattering cross sec-
tions for all angles beyond the forward peak show
values for "Se lower than those for "Se by almost
a common factor. A potential representation can
reproduce such a difference only if the strengths
of the absorptive potentials are markedly differ-
ent for the two nuclei.
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an incident energy of 8 MeV, where elastic and
inelastic scattering cross sections were obtained
for all four Se isotopes. The results are presented
in Figs. 7 and 8. The shape elastic scattering
cross sections show the same behavior as ob-
served at 6 MeV; that is, the values for all angles
beyond the forward maximum are systematically
lower as one goes from "Se to "Se. The progres-
sion is quite regular as one goes from isotope to
isotope. This regular progression was pointed
out when preliminary results for these elastic
scattering cross sections were reported at the
Conference on Nuclear Cross Sections and Tech-
nology. " The inelastic scattering cross sections
to the strongly collective 2' states are also shown
in Figs. 7 and 8, and the values are nearly the
same for all four isotopes. If they were plotted
together they would seem to produce a single an-
gular distribution, this again in spite of the fact
that the p,

' values are markedly different for all
of the isotopes.

Elastic cross sections were also obtained for
both "Se and "Se at 10 MeV incident neutron en-
ergy. The data are plotted in Fig. 9.

10

100 I I I I I l I

0 20 40 60 80 100 120 140 160

~c.rn. &~&g)

FIG. 6. Elastic and inelastic scattering cross sections
at an incident energy 6 MeV for ~ Se and Se. All curves
are coupled channel calculations as described in the text.

Qn the other hand, the inelastic. scattering cross
sections are almost the same for both nuclei, in
spite of the fact that one would expect them to dif-
fer by more than a factor of 2. The expectation is
based on the fact that the P, values for the two nu-
clei are known to differ by 50%, and direct excita-
tion of the states should be proportional to P, '.
Thus, the near equality of the inelastic scatterihg
cross sections requires an explanation. A sug-
gestion would be that compound system processes
are important, and they are completely insensitive
to dynamical properties of the excited levels. De-
tailed calculations carried out in connection with
our analyses show, however, that those processes
could account for less than 10% of the measured

B. Interpretation

As mentioned above, it should be noted here that
for the elastic scattering data the points plotted in
Figs. 6, 7, and 8 are not the measured values
themselves, but the measurements after estimates
of the compound elastic scattering cross sections
(CE) have been subtracted. The CE contributions
were obtained from Wolfenstein-Hauser-Feshbach
calculations" which included all known levels of
the Se isotopes up to an excitation energy of 4.0
MeV. The failure to include levels above this en-
ergy was partially compensated by also neglecting
the CE enhancement factors predicted by Satchler"
and Moldauer" and found to be necessary in re-
cent low energy experiments" where the CE con-
tributions can be well extracted. The CE correc-
tions to the data in the present experiment were
small and essentially insignificant except at the
minima in the elastic angular distributions. For
data at 6 MeV they ranged from 3 mb/sr at large
and small angles to 0.9 mb/sr near 90', and at
8 MeV they were about one-half as large. They
were found to be negligible at 10 MeV. As esti-
mates of the compound nucleus contributions to
the inelastic scattering to the first 2' states were
found to be negligible at all energies, the correc-
tions were not taken into account. Points on Figs.
6, 7, and 8, thus, show the experimentally mea-
sured values.

1. First analysis. Qur first analysis effort was
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FIG. 7. Elastic and inelastic differential scattering cross sections for 7 Se and Se at an incident energy of 8 MeV.
The dashed curves for elastic scattering are the results of a one-channel spherical potential fit to elastic scattering
only. The solid curves are coupled channel calculations.

concentrated on a conventional complex potential
representation of the elastic scattering differen-
tial cross sections, and on a search for consis-
tent potential parameters at the three incident en-
ergies. The description of that analysis was the
object of a report to the Conference on Nuclear
Cross Sections and Technology, "and only some
of the results are presented here for the sake of
the completeness of the present discussion. The
reader is thus referred to the above report for a
more detailed description of the parameter search
made. The parameters of the potential found to
fit the measurements at the three incident ener-
gies are given in Table II, and the corresponding
fits with this single-channel model are shown in
Figs. 7 and 8 as dashed curves. The fits are
shown for the 8-MeV data because the most exten-
sive set of data was obtained at that energy, and
accordingly the most extensive search of param-
eters was made there.

We draw attention to the coefficient of $ in the
real potential V= V, —nE- )V„with Vy 9 3+1 8
MeV, and in the absorptive surface potential WD

= Wo+(y, E- )W„with W0=13.7 MeV and W, =43.2
MeV. The coefficient V, is less than half that
usually reported in proton scattering studies,
where values ranging between 24 and 27 MeV are
usually found. ' The value found here of 9.3 ~ 1.8
MeV is consistent with the value 13*6MeV re-
ported by Holmquist and Wiedling in their survey
of neutron scattering" at an incident neutron en-
ergy of 8 MeV, and with comparably small values
suggested in a recent review of neutron scatter-
ing. ' Thus, several neutron scattering analyses
lead to coefficients V, too small to be consistent
with those from proton scattering, if i-spin de-
pendence is to relate neutron scattering potentials
to those for protons. The coefficient W, in the ab-
sorptive potential is nicely consistent with those
determined from earlier potential fits to s-wave
strength functions within sets of isotopes. The
value W, =45 had been obtained in a fit to strength
functions for the Sn isotopes, for example, "so
that the reported strong neutron excess dependence
of W~ within sets of isotopes is found also in the
rather different set of measurements presented
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FIG. 8. Elastic and inelastic differential scattering cross sections for 8Se and 8 Se at 8 MeV incident energy. The
solid curves are coupled channel calculations made without any parameter adjustments after potentials were determined
by fits to 6Se and Se data. The dashed curves are one-channel spherical potential fits to elastic scattering only.

here.
In order to describe the inelastic scattering

cross sections, calculations were made in the dis-
torted-wave Born approximation (DWBA) formal-
ism using the potentials from the above elastic
scattering analysis for the incoming and outgoing
neutrons. Complex coupling derived from the
scattering potentials was used as the form factor
for the transition, and the calculations were made
with the code DWUCK. The results gave angular
distributions consistent with the measurements,
but the absolute magnitudes of the calculated cross
sections were too low by almost an order of mag-
nitude, when P, values from the Coulomb excitation
experiments" were used.

In summary, the above one-channel analysis
gave an explanation of the systematic differences
between the elastic scattering cross section for
the different isotopes as due to a large neutron
excess dependence of the absorptive potential.
The analysis treated the differences consistently
for all the measurements. The surprisingly strong

neutron excess dependence of W is consistent with
a similar strong dependence noted by Newstead
and Delaroche" in their explanation of the be-
havior of s-wave strength functions, but the large
values of 8' required to fit the elastic scattering
data resulted in DWBA calculations for the inelas-
tic scattering cross sections which were much too
small to fit the measurements. The inelastic scat-
tering cross sections, 10 times as large as those
expected on the basis of statistical model calcula-
tions, remained unexplained. Furthermore, the
neutron excess dependence of the real part of the
scattering potential is too weak to be consistent
with the usual assumption of the isospin depen-
dence in the scattering potential.

2. Second analysis. We turned next to an analy-
sis in which the strong coupling of the ground and
first excited states is explicitly taken into account.
The coupled channel code JUI ITGR of Tamura was
used for the calculations. The coupled channel
method of analysis has been extensively developed
by Lagrange" by including neutron data from a few
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keV to 20 MeV. The success of this method" en-
couraged us to include consideration of low energy
neutron data in the present analysis.

Calculations were made by coupling the ground
and first 2' states for each isotope. Some low en-
ergy properties thus obtained are listed in Table
III for "Se, together with measured values when
these exist." The calculated s-wave strength
function is probably a little too large, and the po-
tential scattering radius R too small. This may
mean that the potential as extrapolated to these
low energies is too absorptive, but the values cal-
culated are not far from those permitted by the
measurements. Total cross sections calculated
for several energies between 1 and 10 MeV are in
excellent agreement with measured values, when
the calculations take into account the isotopic
abundances of natural Se.

First tests of this coupled channel model for the
differential cross sections were made at 8 MeV
incident energy and the test results are shown in

FIG. 9. Elastic scattering results for Se and Se at
10 MeV incident energy. The solid curves are results of
coupled channel calculations.

Figs. 7 and 8. Also presented, as dashed curves,
are the results of the single-channel analysis dis-
cussed above, in Sec. IIIB1. For the three iso-
topes with A = 78-82, the coupled channel fits are
superior to the one-channel results, and small
changes are mainly apparent at angles beyond 100'.

The most impressive results of the calculations
are that, with a single set of parameters, one can
explain simultaneously the fact that the elastic
cross sections decrease regularly at angles be-
yond the first maximum as one goes from "Se
towards "Se, while the inelastic cross sections
remain essentially constant from isotope to iso-
tope. Both of these effects represent the inter-
play of the neutron dependence of W and the chang-
ing P,. For the inelastic scattering cross section,
the increase in W from "Se to "Se damps the ef-
fect of the coupling between the two levels gen-
erated by P„so that the increase in P, values is
just canceled by the companion increase in the
absorptive potential W. For the elastic scatter-
ing cross sections, the two parameters act in the
same direction; that is, the increases in P, and

W both transfer flux from the elastic channel to
the inelastic ones and thus decrease the elastic
cross sections. The effects are particularly evi-
dent in the Se isotopes because the p, values are
large and vary strongly from one isotope to an-
other, and the $ dependence of W is also strong,
as shown in the parameters of Table II.

The final points to be discussed in this analysis
are the neutron excess dependence of the scatter-
ing potential and the choice of deformation param-
eters. The introduction of strong coupling to the
first excited 2' level reduced drastically the W

values needed to account for the absorption to
other levels, but left W still strongly $ dependent.
In fact, the W reported in Table II for the coupled
channel analysis is quite consistent with those
needed for strength function analyses. " The co-
efficient V, in the real potential could not be signi-
ficantly less than the quoted value Vy 20 MeV,
even using other potential geometries; values of

V, ranging from 20 to 24 MeV were found to satis-
factorily represent most of the data. These val-
ues are quite consistent with the existing knowl-

edge of the isospin dependence. The strong cou-
pling to the first 2' levels enhances the anoma-
lously small V, found in the single-channel analy-
Sis.

The p, values used in this analysis are given in
Table III. The analysis was begun with values re-
ported from Coulomb excitation' after correcting
them for the different radii assumed in the two
studies. Also, the parameter searches were ini-
tially carried out for Se and Se only. For Se
the adopted P, is essentially the starting value.
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TABLE II. Potential parameters used in this study. Parameters which have been adopted without any adjustment are
labeled (A); those which have been optimized by p fitting to the data are labeled (0). Real potential is Saxon-Woods
shape; surface imaginary and spin-orbit potentials are Saxon-Woods derivative shapes; volume imaginary potential is
Saxon-Woods shape. The real parameters are denoted without any subscript, the surface absorption one with an s, the
spin-orbit ones with ls. and the volume absorption one with V.

Optical model calculation
Coupled channel calculations
(with complex coupling term)

Radii

p (fm) 1.25 (A)

R =R&=Ry =Rg&=Rp A fm

1.25 (A)

Diffusivenesses

a (fm)
a, (fm)
a» (fm)
ay (fm)

0.67 (A)
0.60 (0)
=a (A)
=a (10 MeV only) (A)

0.66 (0)
0.56 (0)

as (A)
=a, (10 MeV only) (A)

Real potential depth V = Vp —nE —gV)

Vp (MeV)

V& (MeV)

49.0+ 1.0 (0)
0 32+ p'ps Deduced from all the data
9.3+ 1.8 (0)

52 (0)
0.35 Deduced from 6- and 8-MeV data

20 (0)

Absorption potential depth

W, (MeV)
&s

W, (MeV)
W)/Wp
Wy (MeV)

13.7 (0)
0.02& 0 (0)

43.2 (0)
3.2 (0)
0.95 (10 MeV only) (0)

WD ——Wp+ o/~E —( Wg

9 (0)
0.25 (0)

38.2 (0)
4.2 (0)
2 (10 MeV only) (0)

Spin-orbit potential depth

Vls (MeV) 6.0 (A) 6.0 (A)

For "Se it quickly became apparent that larger
values than those implied by Coulomb excitation
results would be necessary, otherwise simultan-
eous fits to elastic and inelastic scattering would
be impossible. The p, values employed in the
coupled channel calculations shown in Fig. 6, at
an incident energy of 6 MeV, were about 6/p lar-
ger than those shown for calculations at 8 MeV.
The parameters cannot be fixed with greater cer-
tainty than this, because accurate total cross sec-
tions are not available for the separate isotopes.
Variations of P, of about 5/p make barely notice-

able alterations for the elastic scattering cross
sections, and alter the inelastic results about 10~~.

This is within the experimental uncertainties of
those measurements. The parameters tabulated
in Table III are averages of 6-MeV and 8-MeV P,
values for ' Se and "Se, and the results from the
8-MeV analysis for "Se and ~Se.

The potential parameters of the present analysis
were extrapolated to 10-MeV incident energy,
where once again realistic values were obtained
from the total cross sections. " The elastic scat-
tering data and the corresponding fits (full curves)

TABLE III. Calculated (present work) and experimental (Ref. 28) s-wave strength functions
and scattering radius for 7 Se. Comparison of deformation parameters P2 derived from Cou-
lomb excitation (C. E.) experiments (Refs. 2, 3) and this experiment. The C. E. results are
corrected to a radius of 1.25A fm.

Low energy properties
Calculated Exper imental

Deformation parameters
A (C.E.)P, (n, ~')P,

Sp 3.6x 10

6.2 fm

(1.7+ 0.7) x 10 4

=6.8+ 0.2 fm

76
78
80
82

0.28
0.24
0.21
0.17

0.28
0.27
0.25
0.22
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are shown for "Se and "Se in Fig. 9. One modifi-
cation was required here from the trends indicated
at other energies: the surface absorptive poten-
tial 8"D would not suffice. To properly fit magni-
tudes at the broad maxima near 45 and 130', it
was necessary to have both surface and volume

(W~} components, as indicated in Table II.
In the present study, the analysis of most tran-

sitions to collective states treat the intensities in
terms of the shape parameters of the scattering
field, the "deformation parameters" P,. Very re-
cently Madsenp Brown, and Anderson" pointed out
that, when the contributions of valence neutrons
and protons to the transition intensities are sub-
stantially different, the intensity-determining pa-
rameters P, may require a different interpreta-
tion, since they would be $ dependent. Such P,
variations would be pronounced when either neu-
tron-magic or proton-magic nuclei are studied;
thus it becomes interesting to compare P, values
determined from nucleon scattering to those de-
termined from Coulomb excitation measure-
me~ts '8 The extraction of these parameters froxn
nucleon scattering data for such detailed compari-
sons must be treated with great care, however,
because the scattering field is also strongly de-
pendent on the neutron excess (. As has been
pointed out by Lagrange" and observed in the
present analysis, there is a strong 8'P, ambiguity
in the inelastic scattering cross sections. For-
tunately, changes in I3, act mainly for inelastic
scattering, and the elastic scattering cross sec-
tions are sensitive to small changes in 8'. Hence
simultaneous fits to elastic and inelastic scatter-
ing can resolve this ambiguity. To ascertain the

$ dependence of TV one needs neutron and proton
scattering from the same target, or else scatter-
ing from a set of isotopes, as in the present ex-
periment.

Using the above procedure, we determined that
acceptable fits to our data at 6-, 8-, and 10-MeV
incident neutron energies fixed P, values to be
slightly different than those inferred from Cou-
lomb excitation experiments, about 16-20/p lar-
ger for "Se and "Se. The departures noted are
significant; moreover, they are in the expected
direction, if one acknowledges that the incident
neutrons will interact most strongly with protons,
as discussed by Madsen etal. "

IV. SUMMARY

Differential cross sections for elastic and in-
elastic scattering to the strongly coupled 2' states
have been measured for the even-A isotopes of
Se at several incident energies. A conventional
optical model analysis of the elastic scattering
cross sections yielded a neutron excess dependent
term in the real potential anomalously low com-
pared to that found for proton scattering, a result
also reported in some earlier neutron scattering
surveys. A larger neutron excess dependent term
in the real potential was found when an analysis
was carried out in which the 2' states were expli-
citly coupled to the ground states„and thus the
second analysis yielded results consistent with the
existing notion of an isospin dependent scattering
potential. The need to consider coupling explicitly
for neutron scattering and possibly not for proton
scattering undoubtedly stems from the large neu-
tron inelastic scattering cross sections to collec-
tive states.

The analysis thus sheds more light on the prob-
lem of the isospin dependence in neutron elastic
scattering and also provides a good description
of the inelastic scattering. Small departures of
the deformation parameters employed in this an-
alysis from Coulomb excitation values for "Se
and "Se may reflect shell effects as one ap-
proaches the neutron-magic "Se.
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