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Optical potential and nuclear deformation for even Nd isotopes from fast neutron scattering
I
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Deformation effects in differential cross sections for neutron scattering from '""' """Nd have been
studied at an incident energy of 7 MeV, where measurements and calculations of total cross sections show
maximum differences for different deformations. Differential cross sections were obtained for elastic
scattering and inelastic scattering to the first 2+ states of the five isotopes. The experimental cross sections
are compared to the predictions of surface excitation models using coupled-channels calculations. The
parameters of the model are adjusted to fit low energy scattering properties and total cross sections for
incident energies from 0.7 to 14 MeV as well as the present data. The large set of data tightly constrains all
parameters, including the quadrupole deformation parameters. These are compared to those obtained using
other probes of the nuclear surface.

QCggoNS 142, i44~ f46, i48, i50~d (n n) (n ~i ) E 7 0 MeV mea
sured 0- (E„,0); 0= 20-160'; 40= 5 . Enriched targets. Deduced coupled-
channels optical potential parameters, quadrupole deformation parameters.

I. INTRODUCTION

There has recently been much interest in study-
ing the effects of nuclear deformation on neutron
scattering. Detailed analyses of measurements
of neutron elastic and inelastic scattering from
nuclei with jV= 50 or Z= 50 single closed shells'
from Se isotopes, ' from nuclei in the rare-earth
region, ' and from several actinides' have proved
that neutrons are powerful probes for investigating
nuclear surface properties. These analyses use
a nuclear surface deformation formalism for ex-
tracting the size of the deformations, and one must
make sure that the choice of the optical potential
parameters leads to reliable values of the defor-
mation parameters. The basis of the analysis
which was developed in a recent study with the
"'~"'~"'~"'Sm isotopes' is that an average poten-
tial exists which describes neutron scattering for
these nuclei at the entrance of the rare-earth re-
gion in the absence of deformation effects. Then
when these effects are added they can be included
through the direct coupling of inelastic scattering
channels, the coupling coming through excitation
of collective surface vibrations or rotations. A
central idea is that the deformation of the nucleus
does not alter the scattering potential except as
provided by the coupling. In this case the deter-
mination of the scattering potential and the defor-
mation parameters, or parameters of the collec-
tive excitations, can be separated. The deforma-
tion parameters obtained from the analysis are
properties of the target nucleus; they do not mask

the changes in the average scattering field. The
test of this is the inclusion of both spherical, de-
formable, and stably deformed nuclei in a com-
mon analysis, involving a single complex poten-
tial; the only potential changes are those asso-
ciated with changes of nuclear size and symmetry. '

The study reported here is for 7.0 MeV neutron
scattering from ' ""' ' ~ Nd. The advantage
of this Nd work is that it includes nuclei which are
clearly spherical, including neutron-magic ' 'Nd,
and '"Nd. The advantage of the "' '"Sm study'
was the inclusion of '"Sm and "Sm, which have
several well defined rotational bands at low ex-
citation energies, ' with E2 transition strengths
characteristic of a deformed rotor. ' But the ques-
tion of the sphericity of "'Sm or its susceptibility
to deformation was not so clearly answered. The
spherical limit may not have been well represented
in that study. That ' Nd are spherical. is cle3r
from their level spacings at low excitation ener-
gies and other information. But that "'Nd is de-

. formed was not so clear at the beginning of these
deformation effect studies. Recent Coulomb ex-
citation studies, "however, show a well defined
rotational band. through at least the 8' level and
transition strengths between levels completely
analogous to those in '"Sm. In fact, the strengths
imply average mixing of vibrational bands into the
ground state band" of the same magnitude as that
in '"Sm. ' The large range of nuclear structures
in these isotopes is evident in Fig. 1, which pre-
sents the level scheme of each of them. One sees
there the one and two phonon spectra of ' 'Nd and
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FIG. 1. The low-lying collective states of the even
Nd isotopes. Excitation energies are given in keV.

several states of the ground state band of '"Nd.
Five distinct rotational bands are known' to exist
in ' Nd within an excitation energy equal to that
of the first excited state of semimagic '"Nd.
Thus, evidence from the level schemes and from
the E2 transitions correlates to indicate that in
these isotopes the full range from spherical to
deformed is well represented.

The choice of incident energy V.O MeV for the
present experiment is in the region in which mea-
surements and calculations" show maximum
changes in total cross sections (&r,) similar to
those observed for the Sm isotopes" with changes
in deformation. It is also an energy high enough
so that compound system or statistical model con-
tributions to the excitation of low-lying collective
levels are negligible; thus, reaction mechanism
ambiguities" are avoided. This paper presents
an analysis of scattering cross sections similar to
that presented' for the Sm isotopes, one which
couples directly the 0' and 2' states through neu-
tron scattering. A preliminary report of the pres-
ent measurements and a preliminary version of
this analysis have already been presented. '

II. EXPERIMENTAL PROCEDURE

The differential cross section measurements
were carried out using the four detector neutron
time-of-flight facility of the Centre d'Etudes de
Bruyeres-le-Chatel. The experimental system
used is essentially that described in Ref. 3. Only
a brief description of details appropriate to this
experiment is presented here. The incident V.O

MeV neutrons were produced from the 'H(d, n)'He
reaction. The deuteron beam from the tandem
accelerator was pulsed and bunched into bursts
of 1 ns full width at half maximum (FWHM). The
beam entered a 3-cm long deuterium gas target
filled at a pressure of 1.3 atm and separated from
the evacuated beam extension by a 2.5-pm thick
nickel foil. Neutrons were scattered by cylindrical
samples located at 0' with respect to the deuteron

beam axis and 13.6 cm from the center of the gas
target. The scattered neutrons were detected by
an array of four detectors separated from each
other by 20'. Each detector consisted of a 12.5-
cm diary. eter, 5-cm thick NE 213 liquid scintil-
l.ator optically coupled to an XP 1040 photomulti-
plier tube. The flight path from the sample to
each detector was 8.12 m. The total energy spread
at the neutron detectors was about 120 keV. This
was sufficient to resolve the first excited 2' state
from the ground state easily for ' " ' ~ 'Nd.
For "Nd the 130 keV energy separation of these
two states was about the energy resolution; yields
for the two scattered neutron groups were sepa-
rated by line fitting procedures.

The scattering samples consisted of about 40 g
of powdered Nd, O, and had an isotopic enrichment
greater than 94%. The five samples were matched
to the same number of molecules (0.112 mole);
each of them was contained in a polyethylene con-
tainer of 2.5 cm diameter and 5.0 cm height. Be-
cause the Nd, O, powder is quite hygroscopic, it
had been carefully dried and then sealed into the
polyethylene containers with the powder exposed
to air for less than 30 minutes to avoid water con-
tamination. Background time-of-flight runs were
made with a water sample and an empty container
at each angle in order to subtract oxygen- and con-
tainer peaks from the time-of-flight spectrum.

Yields of scattered neutrons mere obtained with
eight settings of the four detector array, with
seven runs of -three hours each at each setting.
These run durations were sufficient to achieve a
precision of better than 3% for elastic scattering
at most of the 29 angles between 20' and 160',
with data taken at 5' intervals. The yields from
the Nd, O„water, and container were corrected
for neutron attenuation, and the corrected back-
ground runs were subtracted from the sample runs
to provide Nd spectra free of C and 0 contaminant
peaks. The procedure could be tested at back an-
gles, mhere the C and 0 peaks were kinematically
shifted away from Nd peaks. The subtraction left
a clean spectrum, free of statistically significant
distortions. Spectra for ' 'Nd before and after
subtraction of contaminant contributions are shown
in Fig. 2 for 125', at which angle the background
was relatively the largest; here the oxygen and
'"Nd differential cross sections are near a local
maximum and minimum, respectively. Net yields
were obtained by fitting a line to the residual
background in the neighborhood of a scattering
peak and then adding the yields above the line.
Yields were also obtained by fitting standard line
shapes to the peaks, to check for consistency of
the yield extractions. For '"Nd; with the ground
and first excited states not well resolved, line
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with backgrounds, counting statistics, neutron
monitor instabilities, and sample positioning.
These combine to yield an uncertainty ranging
from 2 to 10% for elastic scattering yields. The
normalization uncertainty includes contributions
from attenuation and multiple scattering correc-
tions and from the energy dependence of the neu-
tron detector efficiency. Altogether they comprise
an uncertainty of about 5%%ug.

III. RESULTS AND ANALYSES
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FIG. 2. (a) Time-of-flight spectrum for the '
Nd2 03

sample in a polyethylene container. (b) The same spec-
trum after subtraction of contaminant contributions.

Measured d iffer ential scatter ing cross sections
for each of the Nd isotopes studied are presented
in. Fig. 3 for elastic scattering and in Fig. 4 for
inelastic scattering to the first 2' state; the error
bars given include both relative and normalization
uncertainties. The curves shown with the data are
coupled-channels calculations to be discussed
later. Some interesting comparisons can be made
directly between these and other measurements.
The total cross section differences (b, fJ, ) for

shapes and the position of the elastic peak were
taken from neighboring runs with ' 'Nd and "'Nd.
With these constraints, accurate yields for the
two "Nd groups were easily obtained.

The neutron flux was monitored continuously
with a fifth NE213 scintillation detector, also op-
erated in the time-of-flight mode, which viewed
the neutron source directly. At regular time in-
tervals the scattering sample was replaced by a
calibrated proton recoil counter telescope which
subtended the same solid angle at the source as.
the sample. By comparing the scintillation moni-
tor yield to the flux as determined by the cali-
brated counter telescope, it was possible to as-
certain. that the detection efficiency of the time-of-
flight monitor had not changed during the course of
the rather extended experiment. The energy de-
pendencies of the scintillator detection efficiencies
were determined by counting neutrons scattered
from hydrogen in a small polyethylene sample and
comparing the yields to the well known differential
cross sections for yg-p scattering. " All scattered
yields were corrected for neutron attenuation,
multiple scattering, and angular resolution using
the analytic method developed by Kinney" to ap-
proximate the results of Monte Carlo calculations.

Uncertainties of the measurements include those
affecting the reproducibility of the measured
yields and those associated with normalizing the
corrected yields to the known z-p scattering cross
section. The yields have uncertainties associated
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FIG. 3. Differential cross sections for elastic scat-
tering from the even Nd isotopes. The results of
coupled-channels calculations are shown as solid lines
for the rotational model and as dashed lines for the
vibrational model.
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FIG. 4. Inelastic scattering cross sections to the
first 2' level for the Nd isotopes. Solid and dashed
lines represent the results of rotational and vibrational
coupled-channel calculations, respectively. Note that
the calculations have insufficient structure when com-
pared to the data.

"' "'Nd measured by Shamu et p/. " indicate that
around 7 MeV the total cross section increases
with mass number, or deformation, reaching a
difference of 8% between '"Nd and "'Nd. Our data
show' that this increase occurs entirely in the in-
elastic scattering channels. Only scattering chan-
nels are important, since other open channels,
such as (n, y) and (n, p), have cross sections too
small to contribute significantly. The 0, and Lo,
are presented in Table I, with b.o, =—o, —o, (144),

a difference with respect to the cross section for"Nd. Also given in this Table are our angle-in-
tegrated cross sections for elastic scattering
(o„) and the inelastic scattering to the first 2'
state (o„) of "' "'Nd and to the first 2' (o„) and
4' (g~,) states of" Nd; these values are deduced
from least-squares fits of I egendre polynomial
expansions to the present data. One observes that

. the values of a„are almost the same for the five
isotopes, and actually show a slight decrease with
increasing mass, of about 1.5 to 2%. Since o„ is
half of g„ this affects. the total cross section less
than 1/q. The inelastic scattering cross sections
measured (o„=o„or o„+o„), however, show the
sharp increase expected with increasing deforma-
tion and account for all of the total cross section
increase, as is apparent from the comparison of
ho, with b,o„=o„—o„(144), a difference with re-
spect to the inelastic cross section for" Nd. Im-
plied also in this comparison is the suggestion
that the inelastic scattering to all excited levels
other than the low-lying collective ones remains
almost constant from isotope to isotope.

Another direct comparison which can be made
is the one between the cross sections for the three
Nd isotopes which are isotones of "' "'Sm,
studied earlier, ' and the cross sections for those
Sm isotopes. For the three isotopes ~ ' ~ Nd

the average total cross section is o, =4588 mb and
the average integrated elastic scattering cross
section is o„=2173 mb. For the isotopes' ' '" "'Sm the corresponding averages are g,
= 4565 mb and o„=2180 mb. Isotone pairs have
such similar elastic scattering cross sections that
the data for both, at 7 MeV incident energy, could
be plotted on a single graph, and all of it would
seem to belong to a single nucleus.

The elastic scattering changes which are quite
striking are those with changing neutron number
and for back angle scattering cross sections,
whose sharp decrease with increasing deforma-
tion was noted in earlier studies. ' ' This decrease
is also shown in Table I for the cross sections
integrated over the angular range from 40 to 160

TABLE I. Comparison of neutron total, elastic and inelastic scattering cross sections at
7.0 MeV for the Nd isotopes.

Isotope o~ (mb) oct (mb) ocr ~40-160) (mb) ~,.~mb) ~4, ~mb) ~~,. ~mb)

Nd 4362 + 62 2200 + 114
~44Nd 4411+ 52 2252 + 90
i+Nd 4509 + 63 2146+ 128

4545 + 63 2206 + 125
Nd 4711+ 63 2167 + 169

7201 50
693+ 48
643 + 50
578 ~ 46
529+ 60

68+ 8 =0
110+8 =0
201+ 9 =0
237 + 17 —0
265 + 18 168 + 28

-42+ 11
0

91+ 12
127 a 19
323+ 46

-49+ 33
0

98+ 34
134+ 34
300~ 34

~Reference 11.
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[o'„(40-160)], beyond the forward peak. Thus, to
keep the whole angle-integrated cross section ap-
proximately constant, the forward angle cross
sections must increase markedly with deforma-
tion, and they do, approximately as the square
of the increasing total cross section. In fact, the
extrapolated zero degree cross sections are con-
sistent with %ick's limit, "which is proportional
to 0,'. All of these changes and the large inelastic
scattering cross sections were well represented
in a coupled-channels analysis for the Sm iso-
topes. ' Theoretical calculations to fit the present
results were in the same model, with the Nd iso-
topes treated as nuclei very similar to each other
except for changes in deformation in going from' 'Nd tp" Nd. The analysis was again carried put
using the coupled-channels nonspher ical potential
formalism of Tamura. " The real and imaginary
parts of the potential included the usual energy
and isospin dependencies, ' but other than that they
were the same for all isotopes.

The actual potential par ameters used in this anal-
ysis were obtained by means of the method described
inRef. 19, which avoids parameter ambiguities
often encountered in scattering analyses. It re-
quires a consistent representation of scattering
properties over the whole energy range from 10
keV to 14 MeV. The data set which was used in-
cluded these 7.0 MeV scattering data, cross sec-
tions for the same. nuclei measured in this labora-
tory for 4.08 MeV neutrons incident, "total cross
sections and total cross section differences, "and
the very low energy scattering properties. These
last properties include the s- (Ref. 21) and p-

strength functions and the scattering
length. " This analysis, based as it is on so many
scattering properties in addition to the present
data, gives us confidence that the scattering po-
tential parameters and the deformation param-
eters are well determined. Values of the potentia. l
parameters thus deduced are

V= 50.17 —18.00(X —Z)/A —0.22 E„,
W = 4.66 —9.00(N —Z)/A+ 1 10'„.

for E„&8 MeV,
W=O

W~ = 7.77 —9.00(N —Z)/A —0.05 E„
for E„&8 MeV,

W= -1.28+ 0.16 E„
and V„=8.50,

where all potential strengths and neutron energies
are in MeV and

a= 0.65, a= 0.58, and R, = R,= 1.25 A,'~',

with all geometric parameters in fm (see Ref. 18
for the notation).

A modified version" of Tamura's cpde" JUPITOB
1 was used for the calculations. Only quadrupole
deformations for the nuclear potential were con-
sidered here. The calculations were performed
with the coupling basis (0', 2'), assuming complex
form factors; the spin-orbit potential was not de-
formed and did not cootribute to the coupling. The
quadrupole deformation parameter P, wa, s the only
variable from isotope to isotope. The nucleus
'"Nd was treated as a rigid rotor, whereas the
nuclei ""'"'"'Nd were considered as spherical
vibrators. For "'Nd no clear indication of its
structural character or shape is available"'";
therefore, both vibrational and rotational calcu-
lations were performed.

The energy dependencies of the real and imagi-
nary parts of the potential given above are slightly
different from those used earlier, ' in order to
accommodate the new data set at 4.08 MeV inci-
dent energy, "and also provide a good represen-
tation for the 7.0 MeV data. Nonetheless, the real
potential strengths are almost the same for Nd and
Sm. But the imaginary potential depth for Nd is
slightly stronger than for Sm, if indeed this dif-
ference is significant at all. The very low energy
scattering properties found for the Nd isotopes
are compared to measurements in Table II, and
the agreement shown there is rather satisfactory.
The deformation parameters are tightly con-
strained to the values given in Table III, and com-
pared there to the values found earlier' for the
Sm isotopes. One sees almost the same values
for Nd and Sm isotones, as one might have ex-
pected on the basis of the very similar elastic
scattering and total cross sections demonstrated
above.

Our work on the Nd isotopes at 4.08 MeV has
indicated that, at that energy, compound nucleus
(CN) contributions can be substantial. " The
%olfenstein-Hauser-Feshbach formalism was
employed to calculate CN contributions to elastic
and inelastic scattering for ' ""~""' "'"Nd. Al-
lowances were made for resonance width fluctua-
tions. " As one would expect, CN effects were
largest fpr neutron-magic ' 'Nd. " In the present
work, CN calculations similar to those described
above were performed at 7 MeV. The CN contri-
bution to the scattering was found to be negligible
for both the elastic scattering and the inelastic
scattering to the first 2' state in all nuclei. The
maximum effect was 1% for the 2' state cross
section of the neutron closed-shell "'Nd. Since,
to first order, "P, ~(o„)'~', this means that the
error in our P, for "'Nd, the worst case, would
be about 0.5%. The details for our CN calculations
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TABLE II. Comparison of experimental values of low-energy neutron scattering parameters with calculated values at
10 keU for Nd.

Parameter
142Nd

Exp. Calc.
144Nd

Exp. Calc.
146Nd

Exp. Cale. Exp,

148Nd

Calc.
150NQ

Calc.

$0 (x104)

1(x10 )"

1.4 + 0.4 2.25 3.9 + 1.0 . 2.85 2.3 + 0.6

1.0 + 0.4 1.73 0.8 + 0.8 1.73 0.8+ 0.8 1.98 0.8 + 0.8 1.80 (rot.)
2.32 (vib. )

0.8 1.67

3.77 3.0 + 0.6 ' . ', 3.2 + 0.6 2.77
5.16(rot.)

R' (fm) 4.33 7.6 ~ 3.0' 4.42 8.7 ~ 3.4' 4.75 8.2 + 3.1 5.71(vib. )
8.15

Reference 21.
%e assumed a,= 1.25 A for the channel radius.

'Reference 22.
Reference 23.

'Reference 24.

will be presented elsewhere. "
The calculated differential scattering cross sec-

tions are displayed in Figs. 3 and 4 as dashed and
full curves for the vibrational and rotational types
of collective coupling, respectively. The agree-
ment shown in Fig. 3 between calculations and
measurements for elastic scattering is excellent;
there are slight discrepancies beyond 130 only
for "'Nd and '"Nd. For '"Nd these discrepancies
cannot be ascribed to an unreliable separation of
the elastic and inelastic (2') neutron groups since
the measured composite cross sections, pre-
sented in Fig. 5, are still smaller than the cor-
responding calculated values at backward arigles.
The fits to the inelastic scattering to the first 2'
level shown in Fig. 4 are not as uniformly excel-
lent as for the elastic scattering, but still give a
quite good representation of the measurements.
The general shape of the angular distributidn is
reproduced, and the average cross section, which
depends sensitively on the magnitude of the de-
formation parameter P„ is also well fitted for
each nuclide. The calculated curve for ' 'Nd with
the rigid rotor model has more structure, and thus
better represents the data, than that for the vi-
brational model. The elastic scattering calcula-

tions for '~'Nd with the two models are almost
identical. The general failure of these models in
reproducing such details as the amount of struc-
ture iri the inelastic scattering angular distribu-
tions has been pointed out before, ' and is a point
strongly confirmed in this experiment, as is
evident in Fig. 4. However, Brieva and Georgiev"
have recently shown that by using a realistic scat-
tering potential they could obtain more structure
in the cross sections for inelastic scattering to
the first 2' state of '"Sm at 7 MeV. They used in
their coupled-channels calculations a nucleon-
nucleus optical potential which was essentially ob-
tained by folding an effective nucleon-nucleon
interaction with the density distribution describing
the deformed target nucleus; they included ex-
change effects.

Although the 60, studies"" indicated strong
deformation effects as low as 2.5 MeV incident
energy and neutron scattering from Sm isotopes, "
also at 2.5 MeV were shown to be quite susceptible
to nuclear deformation, the sensitivity with which
the coupling parameter P, can be fixed is probably
best near 7 MeV. At low energies the analysis is
complicated by the fact that both direct interaction
(DI) and compound nucleus contributions are im-

TABLE III. Deformation parameters p2 derived in this experiment for the Nd isotopes. Also
given for comparison are the p2 values for the Sm isotopes (Refs. 3, 12, and 20). The associ-
ated uncertainties are believed to be +5%.

82 90

60 Nd

P2
62 Sm

P2

142
0.10

144
0.12

146
0.15

148
0.13

148
0.18

150
0.17

150
0.21

152
0.22

154
0.24
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FIG. 5. Measurements and calculations of the com-
posite cross sections for both the ground state (0') and
the first excited 2+ state of Nd.

portant. Moreover, the CN cross sections, which
are nearly nuclear dynamics independent, are dif-
ficult to determine since they depend on the dis-
tributions and correlations of the level partial
widths. " On the other hand, at 7 MeV the CN and
DI excitations are completely separated in the
excitation spectrum of the target.

The present work together with the earlier Sm
study' demonstrate that deformation effects are
quite strong in elastic and inelastic scattering,
and that a coupled-channels analysis provides a
good, neutron energy independent parametriza-
tion of all scattering properties. The comparison
of the currently determined P, values with those
from the Sm study in Table III shows that in this
mass region of transition from spherical to de-
formed shapes the quadrupole deformation pa-
rameter is very simile, r for isotones; hence p,
seems to depend most on neutron number.

Since the nuclear shape parameters are well
fixed by fitting the present data as well as other
scattering data" and total cross sections over an
extended range of neutron energy, "we can com-
pare them to determinations from Coulomb ex-
citation and other nuclear excitation experiments.
But the charge deformation parameters and the
nuclear deformation parameters may not be really
equivalent. ""' Moreover, the nuclear deforma-
tion parameters cannot be directly compared
among themselves because of the different sizes

of the bombarding projectiles. However, as has
been pointed out, the deformation lengths from
different excitation methods should be comparable.
It is actually this quantity which determines the
strength of coupling between the 0' and 2' levels.
Values of the quadrupole deformation length P, R,
obtained in the present study are given in Table
IV along with other deformation lengths deduced
from Coulomb excitation, ""inelastic electron
scattering, "and inelastic scattering of heavy ions
in the energy region of interference between Cou-
lomb and nuclear excitation. "'"

Recently, a careful determination of Coulomb
and nuclear excitation parameters was completed
for ~ Nd by Thornton et p$. using ~ C ions. They
found that distorted-wave Born-approximation
(DWBA) calculations gave almost equal values of
the Coulomb and nuclear deformation lengths for
the first 2' level. This equality is confirmed by
the good agreement, observed in Table IV, be-
tween these values, the Coulomb excitation data,
and the nuclear deformation length obtained in the
present analysis. On the other hand Hillis et al. ,

"
in a study of scattering of "C ions from the five
even Nd isotopes, found that a single-step DWBA
analysis failed to fit their data. Their data were
then successfully described when they performed
coupled-channels calculations which included
strong two-step processes such as quadrupole
reorientation in the case of the first 2' state ex-
citation. For these latter calculations they as-
sumed equal deformation lengths for Coulomb and
nuclear excitation. Thus there seems to be some
ambiguity in the results from heavy ion experi-
ments, with rather strong dependence" on poorly
known matrix elements.

Nuclear charge deformation lengths were also
deduced from reduced transition probabilities
B(E2,0'-2') measured in Coulomb excitation ex-
periments. Deformation lengths were computed
assuming homogeneous charge distributions. For
the isotopes ' "' ""' 'Nd (Table IV, columns 5
to 8), we used the relationship

P, Ro= [B(E2)]~ '
0

where Z is the atomic number and R0= 1.2A' ' fm
is the nuclear charge radius. For large values
of P„Eq. (1) is not strictly correct since higher
order terms in P, must be included in the left-hand
side of the equation. " In addition, an hexadecapole
deformation (P») should be taken into account. Per-
forming a calculation including both E2 and E4
transitions for '"Nd, Wollersheim and Elze" have
derived the deformation parameters P, and P» from
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The deformation length obtained in their study is
given in Table IV. The M» value found by these
authors" is in excellent agreement with those de-
duced from various other works. "~ '

CONCLUSIONS

This study of neutron scattering in five Nd iso-
topes confirms and extends observation of the
marked effects of deformation-induced coupling
between neutron scattering channels. Strong ef-
fects of deformation on neutron elastic scattering
angular distributions, reported earlier for a few
Sm isotopes, are now extended to these Nd iso-
topes. Perhaps most remarkable is the range of
applicability of coupled-channels analyses using
simple collective excitation models of the cou-
pling, which appear to apply to nuclei ranging from
neutron-magic ' 'Nd to the rigid rotor '"Sm. '

When
the different nuclear structure properties of these
very different nuclei are accommodated in the
coupled-channels model, a single scattering po-
tential describes the scattering from all of them.

One defect of these surface excitation coupled-
channels models had been noted for inelastic scat-
tering to the first 2' level of "'Sm. The mea-
sured angular distribution for inelastic scattering
showed more structure than did the calculation.
We see that same detailed deficiency recur for
scattering in these isotopes, suggesting a minor
unresolved problem in the detailed character of
these coupled-channels analyses which could be
overcome by using a more realistic optical po-
tential than a deformed Saxon-Woods parametriza-
tion.

Nevertheless, the sensitivity of the scattering
to deformations and the values of deformation
lengths extracted suggest that neutron scattering
is a sensitive and reliable method of measuring
the susceptibility of the nuclei to E2 excitation,
provided that the analysis includes low energy
scattering properties as well as the total cross
sections and differential cross sections for elas-
tic and inelastic scattering.
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