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Elastic and inelastic scattering cross sections for 2.47 MeV neutrons bombarding '"' '"Sm nuclei were

measured. The efFects of the stable nuclear deformation on the scattering are unexpectedly pronounced. The

inelastic scattering cross secions to the 2+, 4+, and 6+ rotational levels of '"Sm are anomalously large, and

there is evidence for excitation of the 8+ level. The corresponding efFect on elastic scattering shows up as

large cross-section reductions for '"Sm compared with ' Sm at all angles beyond 60'. The same sort of
coupled elastic-inehstic dFects are evinced by the ' Sm cross sections, but are less marked. %'e show that

these deformation effects are not explained using the usual coupled-channel optical modeL The distribution

of inelastic scattering strength to many levels of several shape transitional nuclei shows marked

enhancements above statistical model expectations for the gcllective levels at the expense of cross sections to

higher excited levels. The total nonelastic cross sections for all of these nuclei are about equal, indicating

that deformation effects prmcipaHy redistribute the scattering strength to emphasize collective levels strongly

coupled to the ground state.

NUCLEAR REACTIONS 4"i~ ~ Sm(n, n), (n, n'), (n, n'y), E„=2.47 MeV mea-
sured 0(g). Coupled-channel model and statistical model analysis.

I. INTRODUCTION

I.ow energy neutron scattering from the samar-
ium isotopes, especiaOy the deformed nucleus

SID, has proved to be a fascinatglg study, yield-
ing results which have thus far eluded theoretical
description. The elastic neutron scattering angu-
lar distributions evince the effects of the varying
nuclear deformations of these isotopes. At all
angles beyond the forw'ard maximum the elastic
scattering cross sections drop dramatically from
isotope to isotope, a factor of 2 from '~'Sm to
'"Sm. These cross- section changes are much too
large to be accommodated by a realistic coupled-
channel model. However, the greatly enhanced
ineEastic scattering from rotational levels in '"Sm
is the most exciting near result of this study. %'e

shovred recently' that the measured inelastic scat-
tering cross sections cannot be explained using an
incoherent combination of direct reaction (DI) and
compound system (CS) processes. Our study con-
sisted of measuring scattering cross sections for
2.5 MeV neutrons incident on the nuclei'~"" ""Sm
and 'O'Nd. Most of this paper focuses on the elas-
tic and inehstic scattering measurements made
with neutron detection. A separate y ray detection
phase of this study enabled us to, investigate level
schemes and inelastic scattering cross sections
from many excited levels using the (n, n'y) reac-
tion; but only a few results of that work will be
reported here. '

Only recently have the effects of stable nuclear
deformations on neutron scattering been explored.

In the past the bulk of attention in fast neutron
scattering investigations has been. devoted to
spherical nuclides, including studies of collective
excitations in nuclei that are deformable, but not
deformed. Some exceptions are studies done on
Si (Ref. 3) and on the actinides. ' Results discussed
in this paper are for """'"Sm,w'hich range from
spherical to spheroidal in shape. Figure 1 shows
their lour-lying levels. The nuclide '4'Sm has an

almost harmonic excitation spectrum, character-
istic of a vibrational nucleus. It is presumed
spherical at lour excitation energies. On the other
hand, '"Sm can be thought of as statically de-
formed; it has the level structure of a deformed
rotor. The excitation character of "Sm is not
clearly either vibrational or rotational. By study-
ing an isotope set comprising such different col-
lective characters are have been able to make com-
parisons and inferences that would not be possible
by studying only one nucleus.

To add perspective to the Sm study presented
here, a recounting of recent deformation studies
with neutrons is useful. In 1971 Glasgow and
Foster' published the results of an extensive neu-
tron total cross section survey. A conclusion they
drew from this study was that the deformation of
the nucleus should be taken into account in the
average potential (the optical model potential) used
to describe the scattering of neutrons. That this
should be done had been suggested as early as
1958 by Chase, %ilets, and Edmonds. ' Deforming
the average potential includes coupling of the elas-
tic channels to exit channels other than just the
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FIG. 1. The lour energy portion of the level schemes
for ~4~5&~+Sm. The darker lines represent levels as-
sociated with ground state vibrational ( 4 Sm) or rota-
tional ( 2Sm) excitation modes of the nucleus.

elastic ones. The important channels are identi-
fied as collective excitation modes of the nucleus-
vibrations and rotations. Neutron total cross sec-
tion measurements of "~'"""Smby Shou et al. ,v

who used separated isotope samples, confirmed
that deformation effects could be substantial; that
work showed that a coupled-channel representation
of the neutron+8m interaction would produce ef-
fects of about the right magnitude. Independently,
and at about the same time, I.agrange' and Mondin
determined potential parameters for some of the
rare earth nuclei, including samarium, using a
coupled-channel computer program modified from
that authored by Tamura. ' The data base for this
determination included s- and p-wave strength
functions and some total cross sections for neu-
trons incident on natural abundance Sm. I ater,
when this potential was applied to total cross sec-
tion difference measurements-of Shamu et a/. , it
fitted the total cross-section and total cross-
section difference measurements beautifully. '0

Only the degree of deformation among the samar-
ium isotopes, the coupling strength, differed
markedly from one isotope to the next; the poten-
tials were essentially the same for all Sm isotopes.
The depths varied only with the small effects of
isospin and neutron bombarding energy dependen-
cies.

Next, studies of fast neutron scattering from
'4'Sm and "4Sm at 6.25 MeV (Ref. 11) and a more
complete study of x4s, aso. &42, x44Sm at7. 0 MeV (Ref.
12) were undertaken to determine the deformation
effects. on differential scattering cross sections.
The 7 MeV study resolved elastic scattering from
the first 2' level for all the isotopes except "48m.
The results shomed that as the degree of defarma-
tion increases the elastic scattering at large an-
gles decreases by roughly 40% for "'Sm compared
with '"Sm. For '"Sm the inelastic scattering an-

gular distributions shomed marked structure.
I,agrange's coupled-channel potential gives re-
markably good agreement" mjth these 7 MeV dif-
ferential cross sections, both elastic and inelas-
tic. The only deficiency in the model is its failure
to produce enough structure in the '"Sm-2' angu-
lar distribution.

The 7 MeV experiment investigated the scatter-
ing at an energy where an extremum in the total.
cross section difference (o'"- o'")/o"' had been
observed. ' Another extremum is at about 2.5
MeV, the energy where our interest in the samari-
um isotopes has centered. At this energy one ex-
pects compound system elastic and inelastic scat-
tering to be important in all three isotopes,"""Sm. If the direct inelastic scattering am-
plitude is also sizable an extreme interaction mod-
el, either direct reaction or compound system
formation, should not by itself be expected to re-
present the results. We shall discuss the problem
of combining different reaction mechanisms after
discussing the experiment and presenting the mek;
sured differential cross sections. Combining cal-
culated intensities incoherently, a procedure usu-
ally used successfully, "will not work' for de-
formed "~Sm.

This study at 2.5 MeV incident energy mas begun
with the expectation that the incoherent combina-
tion mentioned above mould successfully describe
the measured cross sections, since the coupled-
channel model had worked reasonably mell for Sm
at 6.25 MeV (Ref. 11) and V.O MeV (Ref. 12) where
statistical model contributions are negligible.
But the present study ends by revealing a strong
evolution of the inelastic scattering mechanism
from one which in spherical nuclei is insensitive
to nuclear dynamics or the nature of the excited
levels to one which is dominated by collective ef-
fects in soft, deformed nuclei; that is, nuclei
whose shapes vary significantly with modest
changes in excitation energy.

That the dynamics-insensitive statistical (CS)
model is the preponderant description for lom en-
ergy scattering has been evident for more than 10
years. '"""Its success has resulted in the use of
(n, n') and (s,n'y) reaction studies as powerful
tools' ~' for the assignment of spins to excited
levels of nuclei. The effectiveness of this de-
scription at 1om neutron energies has been reas-
serted'~ in a popular review of recent develop-
ments in neutron physics, and this effectiveness
js exemplified jn a recent study of xooMo x6 Thjs
nucleus has a 1arge 2' deformation-amplitude, "
P, =0.25, and a level scheme so compressed from
that of the other Mo isotopes that some authors
consider it deformed ze,~9 In spite of this, the
inelastic scattering cross sections to individual
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levels seers to be indistinguishable from these
predicted by the C3 model. "

In the present experiment a markedly different
behavior is seen. A rather dramatic and pro-
gressive evolution of scattering mechaaism oc-
curs away from the traditional behavior" to one
in which collective properties of nuclear excita-
tions dominate the scattering. This evolut:ion of
scattering mechanism wj.ll be evident as we ex-
amine inelastic scattering to many levels of each
of the nuclei xeWd wsgm and x528m %e include
some (n, n'y) cross-section measurements' so that
cross sections are presented for many levels of
each nucleus.

Il. EXPERIMENTAL PROCEDURE AND DATA

UNCERTAINTIES

Both the neutron detection and y-ray detection
phases of this experiment were performed using
the University of Kentucky compressed beam-
pulse time-of-flight (TOF) facility. The TOF
facility is discussed elsewhere" and only aspects
particular to this experiment wjl. l be dhaeussed
here. Neutrons were produced using the 'H(P, n)'He
reaction. Proton beam bursts from the 6.5 MeV
Van de Qraaff accelerator were bun, ched to -1 ns
and directed through a 3.69 mg/cml molybdenum
foil into a stainless steel cell containing about —,

atm of tritium gas. A 3 cm diam by about 5 cm
high scattering sample was located on the beam
axis 12 cm from the end of the gas cell. Neutron
flux emanated from the cell with an average ener-
gy of 2.47 MeV and an energy spread of 70 keV
over the scatterer. The neutron detector, located
3.9 m from the sample, observed scattered neu-
trons at 13 angles from 20' to 156'. The detector
consisted of a 1.3 cm thick by 11.3 cm diam liquid
selntillator mounted on a, photomultiplier tube.
Pulse shape discrimination of neutrons from y
rays was used. The time resolution of the system,
as can be seen in the TOF spectrum of Fig. 2, was
good enough to resolve well the fix st excited state
of '"Sm at 122 keV excitation energy from the
elastic scattering peak. The relative detector ef-
ficiency as a function of energy was measured by
counting neutrons from the 'H(P, n) source reaction
directly at various energies and angles where the
reaction cross section is well known. A separate
TOF spectrum from a fixed plastic scintillator
detector which viewed the tritium neutron source
throughout the experiment was used as a monitor.
For the y-ray measurements a 35 cm' Ge(Li) de-
tector was used; the experimental procedures
concerning the Sm(n, n'y) study are those in regu-
lar use in this laboratory"" and will, be reported
in detail later, when, the level and decay sebegxe
studies are presented. '
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FIG. 2. Sm+n time-of-Qight spectrum for 2.47 MeV
neutrons incident. The spectrum has been smoothed
and background contributions have been subtracted. The
three peaks are identified with elastic scattering and
scattering from the first hvo excited levels of '~28m.

TABLE I. Masses and dimensions of the isotopicaQy
enriched samples.

Isotope
Mass Enrichment Diameter Height

{g) Pk) (cd) (cm}

'48smtp,
'"Sm,p,
1528~ p

68.35
47.66
57.63

96.4
87.4
99.5

2,0
2.0
2.0

4.8
3.8
4.7

The three Sm seatterers used in these measure-
ments were enriched samarium oxide samples
(Sm, O,) contained in polyethelene cylinders. The
samples had had all water driven from them by
heating the Sm~O3 powder to 800'C for 12-16 h. '
Table I gives the masses and dimensions. Be-
cause elastic scattering from the oxygen and from
the polyethelene obstructed samarium eHstic and
inelastic TOF peaks at some angles, scattering
measurements were also made on a water' sample
and an empty container at each of the angles where
samarium oxide scattering was observed. This al-
lowed for the subtraction of the oxygen and carbon
scattering contribution after proper normalization.
The normalizations of the two types of background
runs were corrected for the different attenuations
of the different samples. For angles beyond 40'
the scattering from hydrogen in the water sample
was kinematically shifted out of the region of the
TOF spectrum of interest. The spectrum shown
in Fig. 2 is one that has been smoothed. That is,
each data point of Fig. 2 represents an average
over several original channels, the averaging in-
terval being much smaller than the width of any
structure present in the data. Also, container and
oxide contributions have been subtracted after
smoothing them. A peak fitting program which
uses a doubl, e-Qaussian line shape for each peak'~
was implemented to unfold yields from overlapping
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from carbon and oxygen occur in the same part of
the TOF spectrum as the peak for inelastic scat-
tering to the 2' level gf '"Sm at angles beyond 80'.
For angles smaller than 40' the hydrogen elastic
scattering made extraction of the '4'Sm-2'
yield impossible; this was also trge for '"Sm at
20'. At 20' and 30' inelastic scattering from the
"~8m-2' level cou1d not be separated with any pre-
cision from the enormous elastic peak. Errors in
our multiple scattering and attenuation corrections
are believed to introduce uncertainties of about 1%
each in the corrected cross sections. These cor-
rections take into account the wide (I"=124
keV) "0+n compound nucleus resonance, "which
is manifest in the Q total cross section as a large
dip at 2.35 MeV. The attenuation and multiple
scattering corrections are made with two methods.
One uses an approximate, analytic procedure de-
veloped by Engelbrecht" and the other uses a
Monte Carlo method originally developed at
QRNL ~' and extended by Velkley et a/. 27 The two

methods gave corrected cross sections which
agreed with one another to within 1%, or correc-
tions which agreed to within 4Q.

FIG. 3. Elastic scattering differential cross sections
for 2.47 Mev incident neutrons on ~4@~~~i@sm. Cross
sections are plotted in center-of-mass coordinates. The
curves are Legendre polynomial fits to the measure-
ments.

peaks, as in, Fig. 2. The oxygen scattering mea-
surements from the water sample were also used
for absolute cross section normalization by com-
parison with the known "Q total. cross section at
2.47 MeV." AU cross sections were corrected
for dead time losses, geometry, neutron attenua-
tion, and multiple scattering effects.

Uncertainties in our data are of two sorts. The
normalization uncertainty is due to the uncertainty
in the oxygen total cross section and the uncertain-
ty of the energy dependence of the detector effi-
ciency. These are combined rms to give a nor-
malization uncertainty of 5%. Statistical uncer-
tainty and imperfect background subtraction give
uncertainties in the peak yields which vary from
angle to angle, called the relative uncertainty.
Neither elastic nor inelastic cross sections plotted
in figures of this paper show the normalization un-
certainty. The relative uncertainties for the mea-
sured elastic scattering differential cross sections
are typically the size of the symbols used in. plot-
ting them in Fig. 3. The relative uncertainties in
the inelastic scattering angular distributions are
about 7% for "' "Sm and about 9% for i 'gm. The
latter is most affected by background subtraction
uncertainties because the elastic scattering peaks

TABLE D. Legendre polynomial coefficients for the
fits of the ~4@~+'~528m+n elastic and inelastic (2') mea-
sured differential scattering cross sections. Units are
mb.

'4'Sm

Order Elastic 2'
'"Sm

Elastic 2'
1528m

Elastic 2'

400
832

1051
985
610
312
170
58.2

386
845

1066
977
638
340
167
48.7

39.0
10.1
3.80

353
796
997
894
577
311
154
48.9

47.8
22.1
7.55
3.40

-24.6
-19.9

III. MEASURED CROSS SECTIONS AND KOLFENSTEIN-
HAUSER-FESHBACH CALCULATIONS

Elastic scattering differential cross sections for
2.47 MeV neutrons bombarding """""'Smare
presented in Fig. 3. The solid curves are Legen-
dre polynomial fits to these data; the attendant
Legendre polynomial coefficients to these fits and
the fits to the inelastic scattering data are given
in Table D. The systematic effects of the varying
nuclear deformation on the scattering are indicated
by the pronounced differences of the back-angle
cross sections. These differences. are much more
dramatic than was observed at higher energies. "
Moreover, they cannot be explained as compound
elastic scattering or isospin dependent differences
in the potential, as we shall show.
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Spherical optical model representations of the
measured elastic scattering cross sections were
attempted first, using the computer code ABACUS g
(revised). " We refer to these as "one-channel"
calculations since no explicit coupling between
channels is included. The purpose of these one-
channel calculations was twofold. First, to show
that the average potentials necessary to represent
the data demonstrate that in the deformed region
the effect of channel coupling is a major influence
on the potential (which includes the coupling im-
plicitly), especially at 2.5 MeV incident energy.
The influence of strong coupling on one-channel
potentials for higher incident energies has been
explored in some detail in an earlier publication,
dealing with 6-10 MeV neutron scattering from the
highly deformable Se isotopes. " Secondly, the re-
quisite scattering amplitudes, q„generated to fit
the elastic scattering cross sections wer@ used in

a Wolfenstein- Hauser- Feshbach" (WHF) calcula-
tion to predict contributions to the scattering from
compound system (CS) processes, both elastic and
inelastic cross sections, for all three Sm isotopes.
Although for the "'Sm+ n interaction chanpel cou-
pling is strong, as we shall show, it is not incor-
rect or inaccurate to derive the amplitudes g, from
a one-channel model which fits the elastic scatter-
ing cross sections. The values of g, are highly
constrained by requiring that a model provide a
good fit to the elastic scattering cross sections,
independent of the particular optical modet, used-
one-channel or coupled-channel. That this is, in

fact, true is shown expIicitly in the Appendix to
this paper.

The calculated compound elastic cross sections
used have included the level width fluctuatiqe cor-
rection of Satchler" and Moldauer. " The value
1.7 for the correction factor is determined in this
laboratory to be most satisfactory in describing
low energy neutron. scattering cross sections in.

the mass region A, -QQ and other mass regions. '
The compound elastic contribution is small, about
ll mb/sr for '"Sm and 3 mb/sr for '"Sm so that
uncertainty in this correction factor is relatively
unimportant. The calculated inelastic cross sec-
tions, on the other hand, were not corrected for
either the possible enhancement of the in.elastic
scattering due to channel correlation effects or
the loss of inelastic scattering due to the enhancing
of the CS elastic scattering. Moldauer has ex-
plained" that these effects approximately cancel
in the inelastic channels.

The derived one-channel fits to elastic scatter-
ing, including the CS contributions, are shown in

Fig. 4 for "~'"Sm; for visual clarity the '"Sm
fit is not shown, but its agreement with the mea-
surements is comparable to those for ""'"Sm.

Sm(n, n)
Spherical Model Calculation

I 000

E

Cy

ba

10
20 50 80

8 {c,m.3

ll0 l40

FIG. 4. Spherical-optical (one channel) model repre-
sentations of the ~4@ ~@Sm elastic scattering cross sec-
tions. The potential depths and form factors used to
calculate these cross sections are given in Table IQ;
the calculations are discussed in the text. The syxnbols
represent the measurements.

The potential depths and form factors for all three
isotopes are given in, Table ID. These potentials
are ones which best reproduce the elastic scatter-
ing; they overestimate the total cross sections by
about 6%. The parameters are not unique, and we
were able to obtain other equally good fibs using
different potentials and geometries. However, as
stated above these potentials should all be ex-
pected to predict the same CS scattering cross
sections, and explicit tests show that they do.
The particular fits given in Fig. 4 and in 'Sable III
were chosen, because they use the same form fac-
tors as the coupled-channel calculations to be dis-
cussed later.

It was suggested by Glendenning, Hendrie, and
Jarvis'3 that scattering from an isotope set shouM
be described by a potential that differs from one
isotope to the next only in its isospin dependence
and its accountability for the nuclear deformation.
However, the depths of the real part of the scat-
tering potential we have derived from the spheri-
cal model would imply an isospin dependence of 1
MeV, twice as large as any previously suggested
value, and thus unreasonable. Furthermore, the
2.7 MeV disparity in the imaginary potential depths
is even further from expected behavior. Thus,
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TABLE III. Optical model parameters used in calculations discussed in the text. The po-
tential form is given by Eq. (1). The geometrical parameters were Ro= 1.25A, a= 0.65, and
a' = 0.58 for all calculations except the lighter curves in Fig. 9; they had R&= 1.23A~ ~. A is
the atomic mass number and all dimensions are in fm. All the calculations used a spin-orbit
potential depth of 8.5 MeV.

Model
Potential depth fjgeV}

Nucleus Real Imaginary Deformation parameters

One-channel
model

0+ 2t

CC model of
Ref. 12

0'-2'-4'-6'
CC model

0+ 2+ 4+

CC model

Fig. 4
not shown
Fig. 4

Fig. 8
not shown
Fig. 8

Fig. 9
{darker curve}

Fig. 9
g,ighter curve)

Fig. 9
(dashed curve)

sm
'"sm
'"sm
'4'sm
'"sm
'"sm

i52sm

'"sm

47.0
46.5
46.0

46.6
46.4
46.2

46.2

46.8

46.2

3.8
5.0
6.5

3.74
3.64
3.54

2.5

2.0

2.5

p2= 0.14
p2 = 0.17
p2= 0.22

p2= 0.22, p4-—0.02

p2= 0.27, p4= 0.02

p2= 0.23, p4= 0.02

these one-channel calculations seem to reveal the
effects of the nuc&ear deformation indirectly, in
that the measured elastic scattering cross sections
require one- channel potentials which are incon-
sistent arith known systematic dependencies.

As noted earlier, ' the effects of nuclear defor-
mation are most striking in the '"Sm inelastic
scattering measurements; they are evinced by the
familiar direct interact:ion (DI) structure of the

angular distributions and by the strong enhance-
ments over %HF expectations of the inelastic scat-
tering cross sections. That the cross sections
are unusually large is clear upon inspection of
Figs. 2 and 5. The neutron TOF spectrum (Fig. 2)
showers scattering peaks for the 2' and 4' levels
that are comparable in size arith the elastic peak;
and this is at an angle where the elastic scattering
is at a relative maximum. Figure 5 is a y-ray
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FIQ. 5. (n, g'y) photon spectrum for 2.47 MeV neutrons incident on Sm203. peaks in the spectrum are identified
with electromagnetic transitions between levels of ~I'm, as specified in the figure. Although the 416.6 keV peak is not
readQy evident in this spectrum, it is consistently present in the spectra for all angles where scattering was observed.
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FIG. 6. Inelastic scattering cross sections from the
first 2' levels of ~4@~~~~~2Sm for an incident neutron en-
ergy of 2.47 MeV. The cross sections are plotted in
center-of-mass coordinates. Solid lines are Legendre
polynomia1. fits to the measurements; dashed curves
represent theoretical calculations described in the text.
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spectrum from our ancillary "Sm(n, n'y) study.
One sees there prominent peaks associated with
the excitation of the 4' and 6' levels with 2.47 MeV
incident neutrons. A y ray associated with the
8'- 6' (416.6 keg) transition is also observed.
However, another transition is known of about the
same energy in '"Sm." We have corrected
the intensity of the 416.6 keV y ray to obtain

the cascade feeding to the 6' level.
Differential scattering cross sections for inelas-

tically scattered neutrons from the 2' and 4' levels
of '"Sm are shown in Figs. 6 and 7. Figure 6 also
show's the '~'"oSm-2' cross sections. The solid
curves are Legendre polynomial fits to these an-
gular distributions. Evident is the marked struc-
ture of the '"Sm-2' cross section, with the cross
section ranging over a factor of 3 from forward
peak to minimum; this structure fades for '"Sm,
and is absent for '"Sm. The fore-aft asymmetry
of the angular distribution is the signature of di-
rect scattering. Corripound inelastic scatter ing
mould be symmetric about 90', with little aniso-
tropy. The W'HF contribution to the 'O'Sm-2'
cross section is represented by the dashed curve
in Fig. 6; it comprises about 70% of the measured
cross section. For """Sm the WHF cross sec-
tions are not shown because they are small, less
than 15 mb/sr each. The angular distribution for
inelastic scattering from the '"Sm-4' level, Fig.
7, also demonstrates a DI pattern, the cross sec-
tion falling off abruptly in magnitude at angles be-
yond 120'. The WHF calculation for this level is
shown as the dashed curve.

Enhancements of the measured angle-integrated
cross sections above WHF expectations for inelas-
tic scattering from '"Sm are indicated in Table IV.
There the neutron detection and (n, n'y) cross sec-
tions are compared with each other and contrasted
with results of our WHF calculations. The agree-
ment between the cross sections measured with
two different detection methods for the 4' level of
'"Sm is very good, and contributes to the cogfi-
dence with which the measurements are viewed.
As mentioned above, the neutron detection. results
are normalized to the known 0 scattering cross
sections, "whereas the (n, n'y) results are nor-
malized to a compilation" of y-ray production.
cross sections for the 846.7 keV line in "Fe; the
agreement shown in Table IV is one of indepen-
dently determined results. The measured cross
sections are a factor of 3-4 larger than WHF esti-
mates for the levels of '"Sm listed in Table IV.
This study presents clear and unambiguous evi-
dence of the dominance of direct inelastic scatter-
ing at low neutron energies. Since our first re-
ports'" of this dominance, similar observations
have been reported in the actinide region"" by
others.

FIG. 7. Inelastic scattering cross section from the 4'
(367 keV) level of 2Sm for an incident neutron energy
of 2.47 MeV. The dashed curve represents a theoretical
calculation described in the text.

IV. COUPLED-CHANNEL CALCULATIONS

The preceding section showed directly the ef-
fects of nuclear deformation on elastic and inelas-
tic neutron scattering. The elastic scattering an-
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TABLE Pf. Measured inelastic scattering cross sections for»4@ ~» Sm compared with CC
and ~F calculations. The CC cross sections are calculated for ~4 & asm using the potential
given in Ref. 12, and for»+8m using the potential represented in Fig. 9,by the darker curves.
All cross sections are in mb.

Measured Theory

Isotope {n,n') CC

»48Sm

'"Sm
'"Sm

2'
2'
2'
4+

6+

8+

504+40
491+ 30
600+ 40
271 + 30 263 ~ 35

61+10
7+ 2

352
227
140
94
23
0.6

277
439
533

65
9

629
666
673
159
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gular distributions vary systematically among the
Sm isotopes with varying nuclear deformation.
For the deformed rotor "2Sm scattering from the
ground state rotational band is enhanced, certainly
via coupling with the incoming channel. %e ex-
pected that these results should be understandable
within the context of a coupled-channel (CC) modeL
Such is not the case. As already discussed, poten-
tial parameters for a two- level model (0'-2') have
been determined for the Sm isotopes by Lagrange
to fit total cross sections from 0.4 to 14 MeV and
strength functions. ' Predictions of this model
agree well with the scattering measurements at
7 MeV,"and so we applied it to our results. The
potential, has the form

This model predicts that there is little difference
in the elastic scattering among the three isotopes;
in fact, the model predicts that channel coupling
has a small. effect on the elastic scattering at 2.5
MeV.

As seen in Table pf, the 2+ inelastic cross sec-
tions for aB three isotopes are also fairly well
fitted, to within about 25%, by the iwo-level La-
grange model and %HF cross sections added. The

Srn (n, n) with C.E. subtracted

E„=2.47 MeV

~ '
Sm a' Sm

V(r, 8}= —Vf(r, a, R)+fWn4a' f(r, a', R—)

~ d
+ V~o f —f(r, a, R,).dk

lOOO

Srn
i%8

52S C C col(

The form factor is givenby the expression f(r, a, R}
= [1+exp(r- R)/a] ' with R =R,(1+Ziz P & Y&,(8)) gen-
erally, and R=R,(1+P,Y„) for the 0'-2' model
discussed there. '~" The parameters of these po-
tentials are given in Ref. 12, and their particular
values at 2.5 NeV are given in Table QI. %e
stress here that the potential differs among 'O'Sm,
'"Sm, and" Sm only in its isospin dependence.
The attendant coupling strengths to this analysis
are P, =0.14, 0.17, and 0.22 for "~""'"Sm re-
spectively. CC calculations using this model, at
2.47 MeV for '"Sm and'"Sm are shown in Fig. S.
The points are our elastic data with the corrected
CS elastic contribution subtracted for both iso-
topes. The CC representation for "Sm is not
shown; it lies between the two curves in Fig. 8,
regardless of the choice of coupling scheme
chosen-vibrational or rotational.

The '"Sm angular distribution is well repre-
sented by the 0'-2' CC model. (solid curve) but the
'4'Sm (dashed curve) and '"Sm predictions fail.

JD
E

Cg

b
13

IOO
~ ~

lO

50 l IO l50

FIG. 8. Coupled-channel model representations of the
»4@»NSm elastic scattering cross sections. The potent-
tial depths and form factors used to calculate these
cross sections are given in Table III; the calculations
are discussed in the text. The symbols represent the
measured elastic cross sections with an enhanced com-
pound eEustic contribution subtracted at each angle.
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CC calculation is shown in Fig. 6 for "28m; the
%'HF cross section is not added to the CC predic-
tion in that figure. A significant deficiency of the
0'-2' coupled-channel, model is its failure to pro-
vide enough structure in the 2' angular distribu-
tion. The same problem arose with the 7 MeV
'"Sm(n, n') angular distribution. " This pronounced
structure could be the effect of the coupling of
other higher spin channels to the 2' channel. %e
stated in the previous section that the 4' and 6'
cross sections are unexpectedly larg@, and thus it
is not surprising that a model that does not explic-
itly consider that these other channels mould have
some weaknesses.

Our attempts to predict the elastic and inelastic
neutron scattering cross sections for '"Sm include
coupling the 0', 2', 4', and 6' ehanne1, s through
both quadrupole and hexadecapole deformation.
W'e shall demonstrate our conclusion, that n.o
choice of potential or deformation parameters
provides a good representation of the data. Be-
cause the CC calculations do not reproduce the
data well, we mill outline the general directions
taken in our exhaustive search for a satisfactory
fit. The constraints that define an acceptable fit
are as follows: (1) The total cross section at 2.47
MeV, 6.3 +0.2 b,"should be well reproduced since
it is linear in the scattering amplitudes; failure
to fit it implies incorrect amplitudes. (2) The
elastic, 2', and 4' angular distributions should be
reproduced. The 6+ inelastic cross section. need
only be fitted in magnitude; we have not measured
the neutron angular distribution for scattering to
the 6' level. The 8' was not included in our calcu-
lations.

One might suppose that the coupling strength pa-
rameters P„correspond directly to the nuclear de-
formation and can therefore be taken from electron
scattering or Coulomb excitation measurements.
In our calculations, however, the p's were treated
rather as initial values in a search, since the is-
sue in this analysis was obtaining any reasonable
description. of the measured cross sections, and
not specifying P parameters.

The first calculation to be discussed is an exten-
sion of I.agrange's 0'-2' model by including the 4'
and 6' channels and p, coupling. Including the ef-
fects of these channels explicitly should necessi-
tate reduction of the imaginary potential depth
from the two-level model. It was reduced from
3.5 to 2.5 MeV. The heavy solid curves of Fig. 9
are the calculations thus obtained. One notes that
the fits to the elastic data are inferior to those of
the 0'-2' model. All of the experimental points
shown have calculated WHF contribution, s sub-
tracted from them to facilitate comparison of the
CC calculations with measurements. The coupling

I000

E

b

Ioo

IO

6'

50 90 I50 60 l20 60 l20

FIG. 9. Coupled-channel calculations for Sm dis-
cussed .in the text. The measured differential cross
sections, represented by the solid triangles and by the
error bars, have CS contributions subtracted. The 6'
cross section is represented by the measured value
(minus a CS contribution) divided by 4x. The solid lines
represent four-level calculations, the dashed curves
represent a three-level calculation.

strength P4. used here is not the one expected from
charged particle or electron scattering measure-
ments, but instead one that gives a better fit, P4
= 0.02. This four-level model fails to predict the
4' and 6' cross sections both by roughly a factor
of 3 and represents the elastic and 2' angular dis-
tributions poorly. W'ere P, to be increased, the
2' cross sections would become much too large.
Of course, the I.agrange potential parameters
were developed within the framework of a two-
level. model, so the failure of that potential to re-
present our cross sections may not be surprising.
However, if only the form factors (or geometrical
parameters) are retained and all other parameters
are permitted to vary over wide ranges, the best
fit that can be derived is no better and not much
different from the calculation just discussed. The
difficulty in fitting measurements for all of the
levels seems to be endemic to the model used.
Simply stated, the problem is that in order to in-
crease the predicted 4' and 6' cross sections one
must increase the coupling strengths, P, and P4,
and/or decrease W~, the imaginary potential.
However increasing the coupling strength general-
ly increases the total cross section. Furthermore,
the predicted structure of the elastic and inelastic
angular distributions, and especially the 2' angular
distribution, is sensitive to P, and P~. Increasing
the P's or decreasing 8'D will make the fit to the
angular distributions even worse than those of Fig.
9. The imaginary potential produces the calculated
inelastic scattering that is not explicitly produced
by the coupling. The effect of reducing 5'D is to
increase cross sections of explicitly coupled chan-
nels, which is desirable, but this also increases
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the total cross section to unacceptably high values.
In. another test of the CC model we altered the

form factors. The effect of the imaginary poten-
tial on the scattering can be reduced by decreasing
the imaginary radius in the form factor. This al-
lows the coupling strength to be increased, while
keeping the calculated total cross section close to
the experimental value. Our best fit using a dif-
ferent geometry is represented by the lighter solid
curves of Fig. 9. This calculation uses a much
larger P, than the Lagrange one, even when one
corrects" for the different form factor. The fits
to the 4' and 6' cross sections are improved, but
the elastic and 2+ fits are unacceptable.

Other approaches, such as including P, or adding
more channels, were tried to no avail. For in-
stance, the dashed set of curves in Fig. 9 show the
effect of deleting the 6' level to produce a 0'-2'-4
calculation. The 4' cross section is increased by
a factor of about 2. The point is, increasing the
model space worsens the fits. It is important to
realize that, although the 0'-2'-4' calculation
comes closer to fitting the 4' measured cross sec-
tion than does the four-level model, it is still well
below it. This is not so evident in Fig. 9 because
of the compactness of the logarithmic cross-sec-
tion scale.

Vge must conclude that neutron scattering at 2.5
MeV from the deformed nuclide '"Sm cannot be
understood as the in.coherent admixture of CC and
%HF cross sections. At energies where both di-
rect and compound system processes compete,
and in nuclei where the nuclear deformation ap-
parentl. y enhances correlations among channels,
the assumption that outgoing "flux" should be sta-
tistically distributed is a poor one. Introducing
these correlations explicitly in a calculation, or
using the methods of Engelbrecht and%'eidendhul-
ler et aE. ' and of Moldauer, "which allow direct
and CS processes to interfere, might explain the
observed inelastic scattering. However, the in-
terference effects will have to be quite large,
which is unexpected3' since many channels are
open and strongly coupled, ' as described below.
In the many-channel limit, all such corrections
become quite smal. l.

A recent neutron scattering experiment" on
' 'Th, also at 2.5 MeV incident energy, measured
2' and 4' inelastic scattering cross sections and
represented them with CC model calculations. Be-
cause of the large number of levels in, '3'Th below
2.5 MeV, the CS contributions to the 2+ and 4' lev-
els are negligible. The apparent success'~" of
the CC model in the actinide region may lend sup-
port to the hypothesis that the problem in the Sm
isotopes results from interference between. reac-
tion amplitudes.

In a companion '"Sm(n, n'y) study we have ob-
served' enhanced scattering to levels of the P, y,
and octupole vibrational bands, as well as the re-
sults shown for the ground state band in Table IV.
Andreev, Basenko, and Sit'ko3 have reported sim-
ilar findin. gs. Vfe have also made measurements
for scattering to excited levels in. '4sNd and ' Sm. '
After correcting the y-ray production cross sec-
tions for cascades from higher levels, and for
sample-size effects, "we obtain neutron inelastic
scattering cross sections for more than 15 levels
in each nucleus. The deviations of these measured
cross sections from %HF model expectations are
shown in Fig. 10, in which the ratio of measured
to %HF cross section is plotted as a function of
excitation energy for each nucleus. Included at the
bottom of the figure are deviations for "Zr, taken
from an extensive study" of neutron inelastic scat-
tering in "Zr and Zr, both rigidly spherical. In
that study some 27 cross section measurements
near 3 MeV incident energy showed an average
deviation of model from measurement of about
25%. The results for 94Zr alone in Fig. 10 are
better than this, consistent with the reassertion
of the dominance of the statistical model by
Sheldon and Feshbach, "and by others. " One sees
for ' Nd and x~sSm a systematic departure wj
developing enhancements for the low-1.ying collec-
tive levels at the expen. se of cross sections to
higher levels. The enhancements and depletions
are evident in "'Nd, but considerably more marked
in '4 Sm. The neutron separation energies of the
Nd isotopes are somewhat larger4' than those for
their isotones in Sm. This and other evidence sug-
gests that the Nd isotopes tend toward deformation
at a slower rate than their Sm isotones. Thus
"'Nd should be less deformable than "'Sm, con-
sistent with the different enhancements and deple-
tions of Fig. 10. Finally in '"Sm the enhancements
reach a factor of 4 for members of the ground
state band. A very interesting property of these
results for Nd and Sm isotopes is that the nonelas-
tic cross section, or sum of inelastic scattering
cross sections, is -1.2 b for all. of the isotopes,
'"Nd and '~s "O'"Sm. The message of the en-
hancements and depletions of Fig. 10 is that the
deformation effects simply account for a redistri-
bution of the absorbed flux, increasingly far from
%HF expectations as the deformability of the nuc-
leus increases.

V. CONCLUDING REMARKS

The effects of stable nuclear deformations on
low energy neutron scattering are unexpectedly
pronounced. The inelastic scattering cross sec-
tions to rotational levels of '"Sm are anomalously
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scattering compared to that expected from the %HF statistical model.

large, with correspondingly large effect on the
elastic scattering differential cross sections. The
effect on elastic scattering shows up as cross-
section reduction, s at all angles beyond 60'. The
same sort of coupled elastic-inelastic effects are
also evident in" Sm, but are much less marked
in that nucleus.

The deformation induced coupling is character-
ized by the coupling parameters P, and P„wpich
ultimately we would like to consider as character-
istics of the target nucleus, or at least of the neu-
tron-nu leus interaction. In the present study it is
clear that such attribution would be unreasonably

presumptuous, although precisely that sort of char-
acterization did seem reasonable in earlier studies
of total neutron cross sections for these isotopes, "
and also in a study of elastic and inel. astic scatter-
ing'2 at much higher incident energy. If, as we
suspect, the failure of the analysis in this work
reflects correlations between statistical, model
amplitudes induced by the presence of directly
coupled amplitudes, the problem may be particu-
lar to the 2-4 MeV incident energy region, where
both amplitudes are comparably large. Total
cross sections, which do not separate elastic and
inelastic scattering cross sections, may not be
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sensitive to such correlations. The differential
scattering cross sections at 7 MeV incident ener-
gy" contain n.o appreciable compound system com-
ponent.

Finally, w e would like to underscore the impor-
tance of the comparative technique of scattering
from both spherical and deformed isotopes, to see
directly the effects of stable deformations on both
elastic and inelastic scattering. In fact, this com-
parative technique was used earlier by Shamu et
al. in their exposition of deformation effects in
total cross sections. '" It was important also to
use both neutron and y-ray detection methods so
that the strong enhancements of neutron inelastic
scattering cross sections to many l.evels could be
separately observed. The relatively complete
data set enables us to see and measure coupling
phenomena that a more fragmentary study would
not have revealed. Future analysi. s efforts will be
directed towards testing models which specify cor-
relations induced by direct reaction amplitudes.

The authors gratefully acknowledge the loan of
the separated SmaQs samples from the Research
Materials CoBection of the Isotope Sales Center,
Oak Ridge National Laboratory.

%e discuss here three special aspects of our
%HF'0 calculations that are not of a routine na-
ture. These three considerations are designed to
make certain that the calculations are fully valid
within the context of a coupled-channel model, as
opposed to the usual one-channel calculations, and
also to provide a correction for unobserved ex-
cited levels; these considerations lead to small
corrections which are often ignored when a test of
the applicability of the %HF model is not one of
the central issues. Sections A and 8 detail: (1)
the method u-ed to estimate level densities for
'~ "0"'Sm so as to ascertain the number of unob-
served levels, and (2) the procedure used to ac-
-omodate the large number of levels (about 65 for
both 'MSm and '"Sm) in the calculations. Section
C discusses the method used by us to determine the
transmission coefficients needed for aB channels.
A detailed discussion of our methods is given be-
cause these calculated%HF cross sections were
subtracted from measured differential cross sec-
tions before attempts were made to represent the
scattering with the coupled-channel model. %e ex-
pect that the calculated cross sections are correct
to within about 10%, although a large error, 25%
or so, in these calculations would not really affect
the conclusions of this article. For instance, the
%HF cross section for scattering to the '"Sm-4'
level is about 8 mb/sr, whereas the measured

cross section is around 22 mb/sr. A 25% uncer-
tainty in the %HF calculation would increase the
overall uncertainty in the 4' direct interaction
cross section about 15%; but the CC model repre-
sentation of the data, Fig. 9, is deficient by a fac-
tor of 2.

A. Estimating the number of levels

The distributions of levels for the isotopes
'~@"" Sm were estimated using the Gilbert-
Cameron level density formula~ suitable for ex-
citation energies below 5 MeV. For these low en-
ergies it has the simple form,

p(E, Z) = [(2J+ 1)/2o )exp[- (J+ g) /2o ]p(E),

where

(Al)

8. Correcting the WHF calculations for many levels

The previous section showed that there are a
large number of levels in "OSm and '"Sm below
2.5 MeV. The first 10 or 15 levels of '"Sm and
'"Sm, and almost all of the levels in '"Sm, are
well established, and the statistical model predicts
that the cross sections for decay of the compound

(A2)

The excitation energy and spin of the level are E
and J; e', the spin cutoff parameter, T, the nu-
clear temperature, and E, are empirical numbers
taken from Ref. 42 and are given in Table V for
each isotope. This simple level density expression
assumes that the distribution of spins is energy in-
dependent and that even or odd parity l.evels are
equally likely. Table V also gives the fraction of
each spin present through spin J= 6 for the three
isotopes. Higher spin levels need not be consid-
ered because calculated cross sections to them
would be insignificant, as one can see in Table IV.

Integrating the formula, Eq. (Al), over various
energy intervals gives a prediction for the number
of levels of al.l spins in those energy intervals.
We compare in Table VI the predictions of Eq. (Al)
with numbers of levels presently known. below the
given energies. Only levels through spin 6 are in-
cluded. Inspection of the table shows that agree-
ment is fairly good between Eq. (Al) and the data
below 2.5 MeV for '"Sm, belovr 1,5 MeV for '"Sm
and below 2 MeV for '"Sm. Above 2 MeV the cal-
culation predicts more levels than have been ob-
served for goth "Sm and ' Sm, as would be ex-
pected since as the excitation energy increases ex-
perimental sensitivity generally decreases. %e
therefore accept the predictions of Eq. (Al) as a
good estimate of the level density below 2.5 MeV
and use the results of Tables V and VI in Sec. B of
this appen. dix.
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'"Sm
508m

''2sm

0.54
0.555
0.55

0.7
—0.08
-0.08

21
26
27

4 50' 152sm

0.023
0.067
0.102
0.124
0.132
0.127
0.113

0.69

0.018
0.054
0.084
0.108
0.116
0.117
0.110

system to these low-lying levels is fair1y insensi-
tive to the character of any one level above.
Therefore using the level number predictions in
Tables V and VI should enable us to make very
good estimates of the%HF cross sections to the
low- lying levels of interest.

Because the computer code" that we used to cal-
culate WHF cross sections can handle only 25 lev-
els, a special method mas necessary to correct
the results for the many other levels. This mas
done rather than increasing the level capacity of
the program because it is much simpler and just
as accurate. - The correction procedure was basi-
cally to include all the levels, e.g. , 66 for "23m,
but to include them in a number of calculations
done separately. In each calculation the same 15
lowest energy levels were always included, togeth-
er with 10 additional levels. These 10 levels mere
grouped in energy intervals of width 10/p(E) Spin.
values were distributed according to Table 7;
even and odd yarities mere equally assigned. The
calculation was repeated enough times to cover all
of the presupposed levels, each time centering the
energy interval containing the new levels at an in-
creasing excitation energy, up to 2.5 Me&. In this

TABLE VI. Comparison of the number of levels for
0' 5 Sm determined both using Eq. (A] } and counting

known levels. Only levels up to spin 7 are included.

E (MeV} Known Calc. Known Cale. Known Calc.

&1.0
&1.5
&2.0

1.0 3
2.8 7
7.5 11

19 15

3.6 8
9.8 17

25 26
63 ~ ~ ~

3.6
10
26
66

TABLE V. Level density parameters from Ref. 42 and
spin dependent factor of Eq. (A1} evaluated for spins 4=0
through J'= 6.

may, the effects of these higher energy levels on
the lower ones were inferred. These separate,
25-level calculations gave the distribution of in-
elastic scattering cross sections as a function of
excitation energy. %'hen this distribution mas nor-
malized to the nonelastic cross section, the in-
elastic scattering cross sections to the low-lying
levels of interest were correctly determined.

This procedure is correct to within a few per-
cent, if compaxed with a%HF evaluation that actu-
ally inctuded 65 levels simultaneously. Our confi-
dence in this statement is partly based upon test
calcu1ations for a nucleus with 24 levels. Three
test calculations were done including 15 lom-lying
contiguous levels and 3 of the 9 remaining levels,
so that the 3 calculations inc1uded all 24 levels.
This mas compared with a single calculation in-
cluding a1.1 24 levels simultaneously. The o„cal-
culated in these tmo ways agreed with one another
to better than 1%.

c„(e)= &it' g (2l + 1)P,'(cos 8)
~
1 —q, ~

' (A4)

C. Transmission coefficients

The cross sect;ion for scattering through the
compound system to a particular channe1, is entire-
ly determined by the transmission coefficients and
the energies and spin-parities of the open channels.
That is the essence of the statistical model. The
transmission coefficients used to calculate CS
cross sections in this paper mere determined using
a one-channel optical model. However, one could
argue that a coupled-channel model mould be more
appropriate for these nuclei (""""'"Sm)and that
the scattering amp1itudes from the Qt model
should be used to determine transmission coeffi-
cients for the %HF calculations. %e shall demon-
strate the scattering amplitudes that are found to
represent the 13 measured elastic scattering dif-
ferential cross section. s and the tota1. cross section
are practically unique, independent of the optical
model used. The definitions and relations used in
this demonstration are those of Blatt and%eiss-
koyf. '3

The average transmission. coefficient associated
with the scattering amplitude of partial wave (j,l)
is defined as

r& -=1 (A3)

q, is the scattering amplitude averaged over fluc-
tuations in energy; it is gen, erally complex. T~

represents the fraction of incoming flux in channel
l absorbed by the nucleus. Following Ref. 43 and
ignoring the neutron's spin for illustrative pur-
poses, the elastic scattering differential cross
section and total cross section are given by
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c, = 2wa' g (2l + 1)(1 —Reg, ) . (A5)

Here again appropriate energy averages are indi-
cated by the solidi.

o„(e) can, when spin is included, be identified
with the differential elastic cross sections mea-
sured in this experiment and o, with the known
total cross section. Although these measured val-
ues do not uniquely determine the amplitudes q~„
they do severely constrain them. It has been sug-
gested, ' and we suggest here, that any optical
model which represents the elastic scattering and
total cross section will generate approximately
the same P„and hence Tj.

This supposition was tested for the case of 2.5
MeV neutrons on '"Sm. At this energy we found
T~ for the partial waves with I &4 to be negligible.
Transmission. coefficients from the one-channel
fit, shown in Fig. 5, and the coupled-channel fit,
Fig. 8, are given in Table VII. They can be seen
to be essentially the same. Disagreement in the
coefficients for the p waves is associated with
small differences in the calculated angular distri-
butions for elastic scattering. %e take the good
agreement in Table VII as justification for using

TABLE VII. , Comparison of transmission coefficients
determined using the one-channel model, Fig. 5, and the
coupled-channel model, Fig. 8. Optical model parame-
ters for these calculations are given in Table III.

one-channel
T{j,l)

coupled-channel

—02s

12'

2, 12'

2'

~22

yp 35

3

8

—,59
2'

—,5ii

0.93

0.51

0.99

0.20

0.20

0.12

0.20

0.00

0.01

0.93

0.56

0.57

0.98

0.24

0.25

0.12

0.23

0.00

one- channel optical model transmission coeffi-
cients in our VLF calculations which are combined
with CC cross sections in an effort to represent
the measurements.
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