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The interference of Coulomb and nuclear excitation was studied by the scattering of 70.4-MeV '"-C ions

from the stable even Nd nuclei {'"Nd, '"Nd, "Nd, '"Nd, "Nd), The differential cross sections for inelastic

scattering from the low-lying 2+, 4+, 3, and 22+ states, as well as elastic scattering from these isotopes,
were obtained. In addition, the cross sections for exciting the 2+ (4.43 MeV} state of the "C projectile and

the 6 state in "Nd were also obtained. The differential cross sections for exciting low-lying collective states
of the target and projectile are compared with distorted-wave Born-approximation and coupled-channels
calculations. Standard distorted-wave Born-approximation calculations using known Coulomb matrix elements

fail to fit the data. The coupled-channels analysis, however, can account for these data and reveals the
importance of multistep processes in heavy ion reactions.

NUC I,EAH gEAg~oNS 142, 144, 146, 148, 1xNd(12C 12C) (12' 12gr) g 70 4 Me
measured o(g}. Deduced optical-model parameters in addition to p2 and p4 de-

formations by coupled-channel analyses. Enriched targets.

I. INTRODUCTION

The determination of nuclear matter and charge
distributions has long been an important stimulus
to the development of both nuclear structure and
nuclear reaction theories. Information om the mo-
ments of the nuclear charge distribution comes
from analyses of experiments involving electro-
magnetic probes (e.g. , electron scattering, Cou-
lomb excitation, muon atomic transitions, etc.),
whereas the primary source of information on nu-
clear matter distributions comes from analyses of
hadronic scattering experiments. From the near
perfect charge independence of nuclear forces, it
is expected that nuclear matter and charge dis-
tributions should agree to about 1%.

The known analytic nature of the Coulomb inter-
action simplifies the extraction of nuclear struc-
ture information from electromagnetic measure-
ments. On the other hand, analysis of hadronic
scattering experiments must proceed by first de-
termining a phenomenological interaction poten-
tial to represent the nuclear force. The nonunique
nature of the optical model together with the usual
uncertainties in the absolute value of light-ion
cross sections (10-20 /o) have limited the reliabil-
ity of deformation parameters obtained from light-
ion scattering experiments. Within these limita-
tions, there has been general agreement between

Coulomb-excitation B(E2) matrix elements and
quadrupole deformation parameters (P,) deter-
mined from distorted-wave Born-approximation
(DWBA) analysis of light-ion inelastic scattering
provided that geometrical factors are properly
applied. '

The availability of high-energy heavy-ion beams
has expanded the horizons for inelastic excitation
by hadrons. Differential cross sections for en-
ergies slightly above the Coulomb barrier display
interesting interference effects between Coulomb
and nuclear excitation, ' and the absolute normal-
ization of the cross sections can be obtained with
high accuracy by comparing with Rutherford scat-
tering at forward angles. However, even with a
proper treatment of the Hendrie scaling factors
for the nuclear interaction, ' the D%BA analysis
for quadrupole excitations by heavy-ion inelastic
scattering has required that nuclear deformation
parameters be considerably smaller than Coulomb
deformation parameters. ' This failure of the
single-step DWBA method has been attributed to
strong two-step processes such as quadrupole re-
orientation in the case of 2' state excitation' ' and
double E2 transitions in the case of 4' state ex-
citation. ' Proper treatment of multistep proces-
ses by the coupled-channels method" (CC) has re-
vealed that heavy-ion inelastic scattering is quite
sensitive to quadrupole moments of excited states
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if the bombarding energy is above the Coulomb
barrier. ' ' To explore such effects further, we
report herein experimental results and analysis
of 70.4-MeV "C scattering on five even Nd iso-
topes. These isotopes span a deformation region
from near spherical ('"Nd with P, = 0.10) to very
deformed ('"Nd with P, = 0.3). Thus the Nd nuclei
offer an excellent opportunity to study Coulomb-
nuclear interference effects as a function of nu-
clear shape. In addition, the static quadrupole
moments for the Iow-lying 2' states are large and
increase steadily from "'Nd (Q, = -0.39 e b) to
'"Nd (Q, = 2.00 e b)." The sensitivity of heavy-
ion inelastic scattering to static quadrupole mo-
ments can consequently be systematically investi-
gated.

II. EXPERIMENTAL DETAI LS

The 70.4-MeV "C" ion beam was provided by
the Oak Ridge isochronous cyclotron (ORIC). The
extracted beam was magnetically analyzed to de-
termine the beam energy" and then guided by a
number of quadrupole magnetic lenses onto a tar-
get located at the center of a scattering chamber.
An overall uncertainty of +140 keV should be placed
upon the beam energy determination of 70.4 MeV.

Targets of '"Nd '"Nd, '"Nd "'Nd and '"Nd
were made by vacuum evaporation of enriched
rare earth oxides onto 40-p, g/cm' carbon backings.
The oxide powders were obtained from the Sepa-
rated Isotopes Division of the Oak Ridge National
Laboratory, and the enrichments were 98.2ND for

Nd, 97.51%%uo for 44Nd 97.46 jg for ~ Nd 95 44%
for '"Nd, and 96.13% for "'Nd. Target thicknesses
ranged from 140-180 pg/cm' as determined from
the energy loss of 5.8-MeV n particles from a
natural "'Cm n source.

Angular distributions for elastic scattering on
the various Nd targets were measured with a posi-
tion-sensitive solid-state detector (PSD) located
on one of the moveable arms of a 76-cm-diam
scattering chamber. Beam wandering on the tar-
get was minimized by proper control of the quad-
rupole lenses and by positioning a slit system
prior to the target. The beam preparation system
was operated to limit the beam divergence to
+0.2 at the target and the absolute beam direction
was determined to 0.1 by making detector mea-
surements on both sides of the beam. A 15-aper-
ture brass collimator was located immediately in
front of the PSD. Each aperture was 0.50 wide,
centered at 1.0' intervals, and one setting of the
PSD spanned a range of 15 . This particular setup
was used in the elastic scattering measurements
for the '"Nd and '"Nd targets. The elastic scat-
tering data on the '"Nd, '"Nd, and '"Nd targets

were acquired using a 25-aperture collimator with
0.60' openings centered at intervals of 0.63' which
covered a range of 15.8". The relative solid angles
of the monitor detector and all apertures of the
multislit array were determined to 1.5% accuracy
by measuring Q. -particie yields from a '"Cm
source placed at the target position. The arm on
which the 15-aperture PSD was mounted, was
moved in 10' intervals to obtain complete angular
distributions, and an overlap of five angles was
measured each time. The 25-aperture detector
was moved in 10.75 intervals to provide for an
overlap of eight angles. The results from the
overlapping regions of the angular distributions
generally agreed within statistics. At the smallest
angles studied, the finite height of the slits cor-
responded to an increase of —0.2' in the effective
polar angle. Preliminary optical-model calcula-
tions for elastic scattering indicated that elastic
scattering for ~, & 30' deviated from Ruther-
ford scattering by less than 1%. Scattering at these
angles was therefore used to absolutely normalize
the data. We estimate the error on the absolute
uncertaj. nty to be 5%.

A conventional b, F--F- telescope was used on the
left side of the beam to survey for possible con-
tributions from reaction products to the energy
region containing elastic events. The telescope
consisted of Si surface barrier counters 70 p. m
thick for the b, F, element and 408 p. m thick for the
F- element. From the telescope information it was
deduced that no significant contributions from
other nuclear reactions were present in our elas-
tic scattering data. The overall energy resolution
obtained for the elastic scattering measurements
using the multislit arrangement was -300 keV.
This was insufficient to separate elastic scatter-
j.ng from the first 2' states of x48Nd and x5oNd

However, from the BRS data discussed below, we
were able to separate these states and thereby
correct for inelastic contamination. Further de-
tails on the experimental method and data reduc-
tion have been treated in more detail elsewhere. "

Inelastic scattering measurements were made
using a Q1D magnetic spectrograph" with a posi-
tion-sensitive gas proportional detector" at the
focal plane. Care was taken to operate the beam
preparation system and the BRS in a dispersion
matching mode, to locate the focal plane, and to
control other factors contributing to energy reso-
lution. Factors related to target thickness and
target nonuniformity appeared to limit the reso-
lution to 115 keV. With this resolution, the low-
est 2' state in '"Nd appears as a shoulder on the
low-energy side of the elastic peak. A sample
'"Nd spectrum is shown in Fig. 1(a). This spec-
trum was unfolded by using the elastic peak line
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shape from '"Nd [Fig. 1(h)] taken at the same
angle to represent the true peak shape in "Nd and
'"Nd. Treatment of the detector signals as well
as the method of data reduction has been described
previously. " The main innovation in this work
was the addition of precision elastic scattering
data described above, which were used to abso-
lutely normalize the BRS data. Errors related to
beam monitoring, target variations, solid angle
variations, etc. , which arise when normalizing
BRS measurements at different angles were there-
by eliminated. In this manner the absolute cross
sections for exciting the low-lying 2', 4', 3, and

2; states in the even Nd isotopes were measured
over the angular range -20' —8, —-85'. In addi-
tion, the absolute yields for the 6' state in '"Nd
and the 2' (4.43 MeV) state of the projectile "C
were measured.

III. ELASTIC SCATTERING AND OPTICAL-MODEL ANALYSIS

The differential cross sections for 70.4-MeV "C
elastic scattering from the five even Nd isotopes

are shown in Fig. 2. They are plotted as ratios
to Rutherford scattering on a linear scale to em-
phasize the oscillations before the exponential
falloff near 50'. Statistical errors are smaller than
the size of the data points. %e note that the os-
cillations dampen with increasing mass or, more
importantly, with increasing P, deformation. This
effect had been noted previously with 12-MeV deu-
terons, "but it is much more pronounced with
heavy-ion beams. A logarithmic plot would more
easily reveal that the slopes of the exponential
falloff are almost identical for '"Nd, '"Nd, and
'"Nd but become progressively steeper for "'Nd
and '"Nd. These effects result from the removal
of elastic flux by the excitation of highly collective
states, especially the ground-state rotational band.

A conventional optical-model analysis using vol-
ume absorption of these data would search to find
a set of real and imaginary geometry parameters
(r„a„r', and a') common to all isotopes and at-
tempt to account for cross section variations by
varying the real and imaginary well depths (V and
W). However, the variations from isotope to iso-
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tope shown in Fig. 2 cannot be explained within the

philosophy of the conventional optical model be-
cause of the strong coupled-channels effects al-
luded to above. Instead, the approach we took was
to search for a common real potential (parameters
V, r„and a,) and to allow the imaginary potential
(parameters W, r', and a') to account for varia-
tions from isotope to isotope. It was hoped that
the subsequent coupled-channels analysis, with
the collective states explicitly included in the cal-
culation would reveal a common imaginary po-
tential. " As we will see below, this hope was
essentially realized and lends strong support for
the coupled-channels (CC) approach.

We used a six parameter model which is de-
scribed in detail in Ref. 13. Starting with the
"shallow" potential for "C on "'Pb from Ref. 13
and using the automatic search program GENOA, "
we searched for a fit to each set of elastic scat-
tering data in the following patterns: first search
on V, r' and a', then search on 8', ro, and ao, and

finally search on V and W; This strategy yielded
the excellent fits shown as solid curves in Fig. 2.

TABLE I. Optical-model parameters providing the
minimum g fits shown in Fig. l.

142Nd "4Xd '4'Nd 148Nd 150Nd

V {MeV)
ro (fm)
ao {fm)
W {MeV)
r' {fm)
a' (fm)
r~ {fm)
cT„{b)

{fm)
y~/X,

15.07
1.354
0.481

10.78
1.335
0.446
1 ~ 25
1.256
1.517
1.5

17.15
1.292
0.691

12.97
1..334
0.428
1.25
1.266
1.516
1.3

18.l8
1.307
0.640

16.29
1.353
0.367
1.25
1.295
1.523
3.3

30.24
1.300
0.522

30.23
1.108
0.853
1.25
1.560
1.555
1.8

25.04
1.323
0.474

32.39
1,015
1.028
1.25
1.667
1.561
1.9

The parameters, together with X' per point, cal-
culated total reaction cross sections 0„, and strong
absorption radii R, are summarized in Table I.
The strong absorption radius is defined by:

(ply) L(L+ 1)
«-

(A.in ~A. its) 1+ 1+ ')
where I. is the partial wave number for which the
transmission coefficient is ~, Q Z]Z2e'!hv
k is the c.m. wave number, and A, and 4, are
the atomic masses of the projectile and target,
respectively. We note that the total increase in

R, from '"Nd to "'Nd is larger than expected
from an A' ' size variation. Again, because of the
strong coupling to the collective excitations, it is
not clear what significance can be placed on these
apparent size variations. The strong coupling ef-
fect is also obvious from the increase in total re-
action cross section o„, with increasing P, de-
formation of the target. These results should
serve as a warning to the use of global optical-
model parameters for estimating total reaction
cross sections. From Table I, it is evident that
if an optical-model representation for '"Nd is used
to estimate the total reaction cross section for
70-MeV "C incident on '"Nd, the estimate would
be low by 400 mb.

The parameters for the real well in Table I are

0.2
148Nd

TABLE II. "Common real potential" optical-model pa-
rameters. The real potential parameters are V= 20.0
NeV, r0=1.315 fm, and a0=0.562 fm.

'48Nd

OI
10 20 30 40 50 60 70 80

8, fn. (deg)
90 100

FIG. 2. Elastic scattering data for 70.4-MeV ~ t" from
the even Nd isotopes. The curves are optical-model
calculations with the parameters from Table I or Table
II.

W (MeV)
r' (fm)
a' (fm)
r, (fm)
cr„{b)
x'~

11.6
1.341
0.414
1.25
1.249
1.9

12.1
1.341
0.414
1.25
1.271
1.6

16.3
1.341
0.414
1.25
1.322
3.4

147.5
l.007
0.763
1.25
1.547
1.8

119.5
1.040
0.774
1.25
1.609
2.8
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similar for all five isotopes. A simple average
together with additional searches yields the fol-
lowing "common real potential": V= 20.0 MeV,
~, = 1.315 fm, and a, =0.562 fm. With this potential
fixed, we again searched on elastic scattering da-
ta, this time varying W, r', and a'. The resulting
imaginary well parameters are summarized in
Table II. Only for "Nd is there a significant in-
crease in X' relative to the best fits in Table I.
These "common real geometry" fits are in fact
indistinguishable from the best parameter fits
shown in Fig. 2. It is this potential (with the ap-
propriate imaginary part) that provided the start-
ing point for the DWBA and CC analyses described
below.

IV. INELASTIC SCATTERING- DWBA ANALYSIS

Figure 3 shows the states which were excited in
the inelastic scattering of the 70.4-MeV "C ions
from the various even Nd isotopes. The inelastic
scattering data from each of the even Nd isotopes
were first analyzed using the distorted-wave Born
approximation (DWBA) with simple collective mod-
el form factors. " The DWBA code DWUCK" was
used with 250 partial waves and an integration ra-
dius of 50 fm.

The spectroscopic results from the DWBA an-
alysis of 2' and 3 states are shown in Table III
and are compared with previous results. "'"" In

all cases excellent fits to the data could be
achieved but only by using quite different values of
Coulomb and nuclear deformation lengths (P,R).
Representative fits are shown in Figs. 4 and 5.
Also shown in these figures are the separate con-
tributions of Coulomb and nuclear excitation. It is

evident that the absence of a well-defined inter-
ference minimum in the 2' angular distribution
(Fig. 4) is due to the dominance of Coulomb ex-
citation in the region of "grazing" collisions (8,
=50'). For the l=3 transitions, however, Coulomb
and nuclear excitation are comparable, and a well-
defined interference minimum results (Fig. 5).

DWBA calculations for excitation of 4' states
gave poor results regardless of the values of P,
and I3,". This is not surprising since multiple l = 2

excitations (0'-2'-4') are likely to be important.
Coupled-channels analysis of the excitation of 4'
states will be described in Sec. VB.

V. INELASTIC SCATTERING —COUPLED-CHANNELS

ANALYSIS

The fact that the low-lying 2' and 3 states were
well described by DWBA calculations only if the
nuclear deformation lengths were 35-50 ~/o smaller
than the corresponding Coulomb deformation
lengths is suggestive that the DWBA does not pro-
vide an adequate description of the reaction. Such
large differences are not commonly found in light-
ion scattering where the reaction mechanisms are
generally better understood. In an earlier publica-
tion' we have shown, for "Nd, that this apparent
inequality is removed when higher-order pro-
cesses neglected in DWBA calculations, particular-
ly reorientation, are included by performing cou-
pled-channels calculations. Presented here is the
systematic analysis of our survey of all even-A
Nd isotopes; the success of this analysis, de-
scribed below, for nuclei spanning the transition
region from spherical to deformed, strongly sup-
ports this point of view.
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FIG. 3. The low-lying collective states of the even Nd isotopes which are strongly excited by 70.4-Me& 2C inelastic
scattering.
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TABLE III. Deformation parameters deduced from the present DWBA analysis for the even
Nd isotopes in comparison with the deformation parameters deduced from previous Coulomb
excitation experiments.

Target J' {keV)

Previous Coulomb excitation
B(ZI)~ B{ZE)~ ' P', P.„-'
(e b&) (spu) ~c& (fm) pN

Present results
i 1~C ~1+N
(fm) {fm)

142

144

148

150

2 1572
3 2080
2' 696
3 1510
2+ 454
3 1190
2' 310
3 1020
2' 130
3 950

0.34"
0.24 e

0.4Q d

0.26
0.76 ~

0.24"
1.36 ~

~ ~ ~

2.65"

15.6
28.6
18.0
30.2
33.5
27.1
58.9

112.7

0.104 Q. 65
0.139 0.87
0.111 0.70
0.143 0.90
0.152 0.96
0.136 0.86
0.202 1.28

0.279 1.78

01Q 0 06 0 64 042
0.14 0.08 0.88 0.57
0.12 0.08 0.75 0.54
Q. 16 0.10 1.01 0.68
0.16 0.10 1.01 0.69
0.18 Q. 10 1.14 Q.69
0.21 0.14 l.33 0.96
0 15 0 ll 0 95 0 76
0.32 0.20 2.04 1.41
0.13 0.07 0.83 0.49

For B(g2)$, 1 spu=2. 95 x10 A~ e'b; for B{E3)f,1 spu=-4. 158 x 10 A2 e b .
i/3

N roA ~ a« ~o is given in Table I.'
PP deduced from Eq. (2) with Rc —-1.20&2~~3.

"See Ref. 22.
See Ref. 23.
See Ref. 25.

~See Ref. 11.
"See Ref. 24.

1000

500-
L

200-
E

100—
2."

50-
LIJ

20-

10
K

148Nd (12C 12CI }148Nd

EgEAg -70,4 gPy

E

Z
D

Ltj

100

50
144Nd (12C 12C

I

EBEAM = 70.4 MeV

~ TATE {1510ke'v')

-~ A~I=

UJ
lX
UJ
U
U

D

50 60

2+2-
310 keV

~ ——Nuclear Excitation Only

0 5 g —.—Coulomb Excitation Only

Coulomb- Nuclear Excitation

!Pz Rc --1.33 fm

P" R„=0.96 fm

o.i !
10 20 30 40 70 80 90

0.5

Z'
UJ
CC
LLI

C3

j --+

0.2

0.05

0.02

—-—COULOMB E XC iTAT ION ONLY

0.1
— ———NUC LEAR EXC I TAT ION ONLY

COULOMB + NUC LEAR EXC i TAT ION

P R =101 fm

PNR =068 fm

ec.m. {deg )

FIG. 4. Differential cross section for exciting the 2'
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tering. The solid curve is a DWBA fit to the data using
the potential of Table I and treating P2 and p2N as ad-
justable parameters. The separate contributions from
Coulomb excitation (dot-dash curve) and nuclear exci-
tation (dotted curve) are also shown.
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FIG. 5. Differential cross section for exciting the 3
(1511-keV) level in ' Nd by 70.4-MeV ~2C inelastic scat-
tering. The solid curve is a D%BA fit to the data using
the potentia1. of Table I and treating p3 and PN3 as ad-
justable parameters. Separate contributions from Cou-
lomb excitation (dot-dash curve) and nuclear excitation
(dotted curve) are also shown.
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TABLE IV. Deformation parameters and quadrupole moment measurements taken from
previous Coulomb-excitation experiments in comparison with theoretical predictions for Q2.

Nucleus (ke V) J'
Previous Coulomb excitation

a(El)~ a{El)&' P,Rc'
(e2 b') (spu) P ~) (fm)

Q2

(e b)

Theory
I Qrot I

Qt"
(et ) (e b)

142

144

146

150

C

1572 2+

2080 3
696 2+

1510 3
454 2'

1190 3
310 2'

1020 3
130 2'
950 3
400 4'

4430 2+

0.34'
0.24'
0.40'

26h
0.76"
0.24'
1.36 ~

2.65'

~ ~ ~

0.0042'

15.6
28.6
18.0
30.2
33.5
27.1
58.9

112.7

5.18

0.096
0.123
0.102
0.126
0.140
0,120
0.186

0.626
0.802
0.668
0.825
0.991
0.790
1.230

~ ~ ~

0.03 ~

0.55

~ ~ ~

0.191'
1.574

0.257 1.707

s ~ ~

0.39'

0.72'
~ ~ ~

1.36~
s ~ ~

—2.00 ~

0.53

0.57

1.056

1.475

0.06

—0.94

-1.50

@or g(E2)&, 1 spu = 2.95 x 10 Sg2 e b; for g(E3)&, 1 spu =4.158 x 10 Vg~&e b3.

p, deduced from Eq. (2) and assuming R(.- —-1.2~2
I Q~t I

= (—2/7)[(tS&/5)] [B(E2)tj ~ and is the spectroscopic quadrupole moment as given

by the rotational model.
"See Ref, 28. Quadrupole moments deduced by Rezwani et al. using the method of potential

energy surfaces.
'See Ref. 22.
See Ref. 23.
See Ref. 11.

"See Ref. 25.
'See Ref. 24.
~ See Ref. 27.

Analysis of the data was performed using the

coupled-channels code ECIS. All calculations in-
cluded 200 partial waves and the integrations were
carried out to 50 fm in steps of 0.085 fm.

A. Optical potentials

Optical-model parameters for use in the coupled-
channels calculations were determined by search-
ing on the elastic scattering data with 0'-2' cou-
pling included for each target nucleus. These cal-
culations employed rotational-model form factors
and the previously measured transition rates and

quadrupole moments"'"'" shown in Table IV.
For "'Nd a quadrupole moment half that of '"Nd
was used since there was no previous measurement
of this quantity. The Coulomb and nuclear defor-
mation lengths were held equal in these searches.
A more detailed description of the relations be-
tween various matrix elements and deformations
will be given below. Starting with the "common
real potentials" shown in Table II (but with x'
= 1.341 fm for all cases} and searching only on W

and a', the potentials shown in Table V were de-
termined by minimizing X' for each target. It is
evident that inclusion of the 0'-2' coupling greatly
reduces the large differences in the imaginary po-

TABLE V. Imaginary well parameters resulting from
a CC fit to elastic scattering in a calculation which cou-
ples the ground state and the lowest 2' state in the rota-
tional model. The imaginary radius is fixed at r =1.341
and the real potential is V= 20.0 MeV, ro-—1.315 fm, ao
=0.562 frn, and rz ——1.25 fm.

142Nd 144Nd Nd Nd Nd

W (MeV) 13.80 10.88 15.52 10.77 17.64
a' (fm) 0.414 0.414 0.414 0.505 0.356
cr„(b) 1.244 1.261 1.318 1.390 1.325

tentials shown in Table II. In fact an "average"
imaginary potential with W= 13.7 MeV, a'= 0.421
fm fits all data quite well, increasing X' by only
16' for the worst ca,se as compared with the best-
fit parameters shown in Table I. Similar effects
of coupling on the elastic scattering of 50-MeV
a particles from Sm isotopes have been reported
by Glendenning, Hendrie, and Jarvis. " Subse-
quent calculations showed that coupling to excited
states other than the first 2' state had little effect
on the elastic scattering predictions so the param-
eters of Table V did not have to be changed when
other states were added to the calculations.



D. L. HI L LI& et al. l6

B. Inelastic transitions to 2', 4', 6+ states

Coupled-channels calculations for low-lying
even-parity states were done mostly within the
framework of the axially symmetric rotational
model. Coulomb deformations were deduced from
the relation

[B(Ef 0+ P) ]1/2 ~Pc
P (2)

using previously determined"'" B(E/)'s with Rc
= 1.2',' ' fm. Nuclear quadrupole deformations
were then fixed in the calculations by applying sim-
ple PR scaling, i.e.:

(3)

with R„=1.315'.', ' fm.
Form factors for both Coulomb and nuclear exci-

tation were then calculated using the rotational
model. " The 13,

"values for Nd isotopes obtained
by using Eq. (3) differ from those obtained from
the Hendrie procedure' by lfo for "'Nd and 2~io for
'50Nd.

Schematic representations of transitions included
in the calculations are shown in Figs. 6(a)
('""4"'"Nd) and 6(b) ('"Nd); only 0'-2' coupling
calculations were performed for "'Nd. The E4
matrix elements (0'i@I(E4)114') were determined
empirically as discussed below. Possible contri-
butions from P, deformations were neglected in the
final calculations.

Fortunately the quadrupole moments of the 2'

states have been measured"'" for '" '"Nd using
Coulomb-excitation reorientation. In these cases
the experimental reorientation matrix elements
(2'IIM(E2)II2') were used in the calculations. With
the exception of these reorientation matrix ele-
ments, all quadrupole matrix elements were ro-
tational-model expectations based on the meas-
ured"'" B(E2)'s. For "'Nd several values were
used as described below. In all cases the Coulomb
and nuclear excitations were assumed to have the
same relative matrix elements.

The results of the coupled-channels fits for '"Nd
are shown in Fig. '7. The quadrupole moment of
the 2' state (Q,} has not been previously measured
The fit (dashed curve) using the rotational model
described above with Q, =O is inferior to the rota-
tional-model calculation with Q, = -0.20 e b
= -0.36 ~Q„, ~. The nucleus '"Nd, which has a.

closed neutron shell, is expected to have a zero
or small quadrupole moment. The rotational-mod-
el calculation is therefore satisfying since the val-
ue of Q, required to fit the data is small.

The results for "~ "Nd are shown in Figs. 8-11
and in Table VI. The sensitivity of the 2' fits to
reorientation contributions is illustrated for '"Nd
in Fig. 8. The reason for the failure of DWBA cal-
culations to give consistent Coulomb and nuclear
shape parameters is immediately apparent since
even if Q, is relatively small (-0.39 e b), its ef-
fect on the 2' cross section at large angles is large
(=50Vo}. Clearly the unrealistically small nuclear

2'

0+

C»
2+

2+

2+

0

6 (c)

0+ 0

Coupling Schemes

FIG. 6. Coupling schemes investigate3 in the present coupled-channel analysis.
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deformations shown in Table II are symptomatic of
neglecting this very important contribution to the
scattering.

We have performed many calculations to investi-
gate in more detail this reorientation effect. Cal-
culations with and without reorientation for both
pure Coulomb and pure nuclear excitation reveal
the somewhat surprising fact that Coulomb reorien-
tation plays a small role in the effect even though
Coulomb excitation is comparable to or stronger
than nuclear excitation even at large angles (e.g. ,
see Fig. 4). The effect is therefore mainly due to
the "matter" quadrupole moment rather than to
the electric quadrupole moment. This observation
makes the success of the coupled-channels calcu-
lations even more satisfying —not only are P, and

P,", which are indicative of transition strengths,
consistent, but also the Coulomb and nuclear quad-
rupole moments, which are indicative of intrinsic
shapes, are consistent.

The sensitivity of the coupled-channels calcula-
tions to the excited-state quadrupole moments sug-
gests, of course, that this technique could be used
to conveniently measure quadrupole moments of
excited states. It must be noted, however, that,
as in Coulomb excitation, the inclusion of other

important matrix elements [such as (2'll M(E2)114')
and (0'IIM(E4) 114') ] contributes to the excellent fits
shown in Figs. 8-11 for the 2' states. These must
be accurately known before an attempt to measure
a quadrupole moment is made.

Data and coupled-channel fits for the excitation
of 4' states are also shown in Figs. 8-11 and Table
VI. These data, unlike the data for 2' states, could
not be described successfully by the DWBA calcu-
lations regardless of the relative magnitudes of
Coulomb and nuclear deformations. Furthermore,
the 4' data display distinct nucleus-to-nucleus
variations, particularly in the positions and depths
of the principal interference minimum in the re-
gion of the 40-50 scattering angle. Since more
than one matrix element contribute to the shape of
the 4' angular distributions [both (O'IIM(E4)114') and
(211M(E2)114') are important], it would be naive to
describe this minimum simply as Coulomb-nuclear
interference. As can be seen in Figs. 8-11 the da-
ta are well described by assuming a rotational-
model value for (2'IIM(E2) 114') and treating the P,
deformation as a free parameter (but demanding
that P, Bc=P,"R„). The sensitivity to the sign and
magnitude of P, is substantial as shown in Fig. 10.
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FIG. 7. Angular distributions for 70.4-MeV ' C elastic
and inelastic scattering from '42Nd. The curves are 0'-
2' CC rotational-model calculations for the indicated
quadrupole moments. The P2 deformation was obtained
from the measured {Ref. 22) B{E2)using Eq. {2). The
potential used is from Table V.

FIG. 8. Angular distributions for 70.4-MeV ' C elastic
and inelastic scattering from ~44Nd. The curves are CC
rotational-model calculations using the potential of Ta-
ble V and the couplings of Fig. 6{a). Coupling strengths
were taken from previously published measurements
{Befs.11 and 22) except for P4 which was adjusted to fit
the observed 4' cross section. The sensitivity of the CC
calculation to the value of g& is illustrated by the dotted
curve {q2=0) for the 2' state.
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FIG. 9. Angular distributions for 70.4-MeU ' C elastic
and inelastic scattering from 146Nd. The curves are CC
rotational-model ca1culations using the potential of Ta-
ble U and the couplings shown in Fig. 6{a). Previously
reported (Ref. 11) B(E2) and quadrupole moment values
were used for approximate matrix elements and p4 was
allowed to vary. Sensitivity of the calculations to p4 is
shown for P4-—0 (dotted curve) and for P4=0.05 (solid
curve) which provides the best fit.

The sensitivity to the magnitude of the matrix ele-
ment (2'IIM(E2)II4') is also significant as illustrated
in Fig. 11; since the magnitudes of these matrix
elements are not accurately known we have not at-
tempted to deduce the reorientation matrix elements
(4'IIM(E2)114') but have simply used rotational-mod-
el estimates.

A cautionary note with regard to the physical in-
terpretation of P4 should be made. The structure
of the angular distributions results from interfer-
ence between the L= 4, 0'-4' transition and the
l = 2, 0' - 2' -4' transition. Thus the deformation

P, is merely a parametrization of the magnitude of
(O'IIM(E4)II4') and the sign of P, is a representa-
tion of the sign of this matrix element relative to
the product (O'IIM(E2)II2')(2'IIM(E2}II4'). Thus the
necessity of including P, in the calculations does
not necessarily imply the existence of a perma-
nent hexadecapole moment. However, our value
of P, =+ 0.03 for '"Nd is in good agreement with
the Coulomb-excitation measurement of Simon
e$ aL ' (P4=+0.03+0.02).

The data and coupled-channels fits for the 6'
state in" Nd are shown in Fig. 11. The quality
and quantity of these data preclude a detailed an-

FIG. 10. Angular distributions for 70.4-MeU C elastic
and inelastic scattering from '4 Nd. The curves are CC
rotational-model calculations using the potential of Ta-
ble U and the previously reported (Ref. 11) matrix ele-
ments. The sensitivity of the analysis to the magnitude

and sign of the unknown hexadecapole deformation is also
illustrated.

alysis for this state but the data are well described
without inclusion of a direct [(O'IIM(E6)116')] exci-
tation term for this state. It is interesting to note
that P, plays a significant role in fitting the magni-
tude of the cross section for the 6' state.

C. Inelastic transitions to 3 states

The DWBA analysis for excitation of 3 octupole
states also leads to unrealistically large inequali-
ties between P3cRc and PfR„(see Table III). The
prospect that these inequalities might also be re-
moved by including reorientation transitions
[(3 II M(E2}II3 ) ] is perhaps more exciting than for
the 2' states since Coulomb-excitation reorienta-
tion measurements of 3 states are much more dif-
ficult due to the relatively weak Coulomb excita-
tion for l 4 2 transitions. In fact only two Coulomb-
excitation reorientation measurements have been
made; Barnett and Phillips" have reported a quad-
rupole moment for the 2.6-MeV level in "'Pb to
be -1.3 +0.6 e b and Joye eI, a/. " report a value of
-0.42 + 0.32 e b for the same level.

Coupled-channels analysis of 3 states presents
a problem relative to analysis of the positive par-
ity "ground-state band" states; octupole vibra-
tions obviously cannot be analyzed using a simple
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I IG. 11. Angular distributions for 70.4-MeV C elastic and inelastic scattering from '~ Nd. The curves are CC ro-
tational-model calculations using the potential of Table V and previously reported 0' —2' and 2' 2' matrix elements
(Refs. 22 and 11). Sensitivity of the calculation to the 0' —4' strength may be judged by comparing the dashed and solid
curves. Sensitivity to the 2' —4' matrix element is obtained by comparing the dot-dash curves with the solid curves.
The calculations include the transitions shown in Fig. 6(b) with the 0'- 6' transition set to zero.

rotational model. The calculations were therefore
done within the framework of the first-order vi-
brational model which is equivalent to a first-or-
der rotational model provided that the matrix ele-
ments (2'IIM(E2)112') and (3 IIM(E2)113 ) are included.
These matrix elements are not normally included
in the first-order vibrational model, but they may
be included in ECIS by input of the reduced matrix
elements. The calculations were performed using
the usual first-order Coulomb-excitation form fac-
tors, "while the nuclear excitation was determined
from

for direct excitation and

for reorientation transitions. Here, U is the com-
plex optical potential of Table V and the value of
Rg is taken to be either RN- roA2/3 or Rg- ~'A21/3

depending on whether R„ is multiplying the real
part or the imaginary part of the form factor.

The calculations included the 0'-2' and 0'-3
couplings as shown schematically in Fig. 6(e).
Previously measured"'"'" matrix elements
(0'IIM(E2) 11 2') and (2'IIM(E2)11 2') were used
(Table IV). For '" '"Nd previously measured" "
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E3 matrix elements (0' [IM(E3) 11 3 ) were used
initially and then slightly readjusted to optimize
the fits. For """Nd there are no previous mea-
surements so (0'[~M(E3) ~13 ) was treated as a
free parameter. Reorientation deformations for
the 3 states, P33 were also adjusted to obtain ihe
best fits to the data. The effects of
(2'll M(E3) I[ 3 ) matrix elements were found to be
negligible. For all calculations p~Rc =- p~R„and
P„Rc= P,",Rg for both L = 2 and L = 3.

The results of the CC analysis for the 3 states
are shown in Fig. 12. The deformation param-
eters P, and P33 used in the calculations are given
in Table VII and the values used for J3, and Q, are
those of Table VI. Sensitivity of the analysis to
the 3 reorientation matrix element is illustrated
in Fig. 12 for '"Nd and '"Nd where the best fit
(solid curves) may be compared with calculations

Nucleus (ke V) J'
Present analysis ~

PiRc
P, (fm) (e b)

142

146

148

150

1572 2'
2380 2'

696 2'

1310 4'
2100 2'
454 2'

1040 4'
1470 2'
310 2

770 4'
1240 2'
130 2'

400 4+

740 6'
1060

0.096 b

0.023
0.102
o.o5'
0.068
O. 14O'
0 05
0.045
0.186
O.O15'
0.044
0.257'
O.O3'
0.00
0.040

0.626 b

0.150
O. 668 b

0 33
0.445
0 991b
O.922'
0.296
1 230
0 10'
0.291

vovb

O.2O'
0.00
0.266

-0.20
-0.20
—0.39
-0.72
—0.39
—0.72

1.O1'
-0.72
-1.36
-1.34

1.36
-2.00"

1.88'
2.O6'
2.00

~Throughout the CC analysis p~Rc= p~R~, where Rc
= 1.25A) and Rg ——1.315A)

See Table IV. P.Rc and P~ were deduced from Eq.
(2) using previously known B(E2)t values.

'Previous measurements of Q2 for -Nd a,re not avail-
able, and the value listed in this table is the value de-
duced from the present analysis.

"See Ref. 11 and/or Table TV.
~

P4 is adjusted to obtain the best fit to the experimen-
tal data.

~ The I = 2 reorientation matrix elements for the 4' and
6' states are given by Eq. (6), where Q4 and Qs are de-
duced from the rotational model. Q4

——-0.364t16m/5]
x [a(Z2) t]'" and q, = -0.4(16~/5)'"(a(Z2) t)'".

TABI E VI. Deformation parameters and quadrupole
moments used or deduced in the coupled-channel (CC)
analysis in describing the positive parity states observed
for the even Nd isotopes. The quadrupole moments QJ
were used to deduce the reorientation (self-coupling) ma-
trix elements for the 2' states in each of the CC calcula-
tions.

without reorientation (P33 0, hotted curves). A
distance-of-closest-approach scale (assuming
Rutherford orbits) is included at the top of Fig.
12 to draw attention to the systematic change in
the location of the interference minima near 50'
c.m. Although there is a dramatic change in the
qualitative features of the angular distributions,
including the reorientation terms (3 IIM(E2) [[3 ),
provides excellent fits with nearly constant di-
rect-excitation strengths for all the Nd isotopes.
The 3 reorientation deformation strength 13»Rc
increases rapidly with increasing mass of Nd much
like the behavior displayed by the static quadru-
pole moments Q, in Table VI.

i3. Inelastic transitions to 2 states

Coupled-channels cxlcul~iions for the higher-
lying 2' states (2;. ) were analyzed using the rota-
tional model descrii. d '~ Sec. IV 8 above and with
the couplings shown in Fig. 6(d). The matrix ele-
ments (0'~~M(E2) ~[22) and i2; ~~M(E2) ~~ 2z) were
treated as adjustable parameters with P, Rc
= P; Rc where P, is the deformation parameter
deduced from (0' ~[M(E2) l~ 2;) using Eq. (2). No
reliable measurements of the "interband" transi-
tion matrix elements [(2'll M(E2) [[ 2;)] have been
made so these have been set equal to zero in our
calculations although we recognize that they are
likely to be important.

The resulting fits are shown in Fig. 13 and the
deformations and quadrupole moments are listed
in Table VI. The fits are generally much less im-
pressive than for the lower 2' states (see Figs.
'I —11). This may be due to neglecting 2 —2; tran-
sitions, but efforts to improve the fits by including
reasonable transition strengths were not success-
ful.

Most disappointing, however, is the fact that
the best fits to these data (solid curves} are for
2; quadrupole moments with signs and magnitudes
equal to those for 2' states. The sensitivity to
these quadrupole moments is illustrated for '"Nd
in Fig. 13. It is expected that the most strongly
excited, higher-lying 2' states will be y vibrations
(K= 2), at least for the heavier Nd targets. The
relationship between the spectroscopic quadrupole
moment Q«with spin I and projection K on the
symmetry axis and the intrinsic quadrupole mo-
ment Q, is

I(I +1)
(I +1)(2r + 3)

One expects [see Eci. (6) J these 2; states to have
quadrupole moments equal in niagnitude to but of
opposite sign from the 2' quadrupole moments. It
seems unlikely that the 2; states observed are R
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= 0 states as seemingly implied by our analyses,
particularly for '"Nd where the 2' member of the

P band (K= 0) is known to lie at 840 keV (not the
state we observed).

This problem cannot be fully resolved until more
is known about competing mechanisms for excita-
tions of the 2; states. It would be interesting to
perform a similar experiment on a target where
a more complete set of pertinent matrix elements
[(&'ll M(E2) Il 2;)j has been determined experi-
mentally.

E. ' C projectile excitation

Excitation of "C to the 4.43-MeV, 2' state ap-
pears as a Doppler broadened peak in the spectra
of Fig. 1. The yield for this state was extracted
by assuming a smooth continuum to underlie the
peak. Within the uncertainties of this procedure,
we were unable to distinguish clear differences in
the differential cross sections from the various Nd

isotopes. Therefore, in Fig. 14 we show a com-
posite differential cross section for exciting the
4.43-MeV state of "C obtained by averaging data
from all the Nd targets. Although the errors are
large, a clear interference structure is apparent.

In the treatment of geometry, the CC program
ECIS ' makes a distinction between target and pro-
jectile. Because geometry factors appear in the
potential as well as in the matrix elements, it is
not a simple matter to mock up projectile excita-
tion as a fictitious state in the target. To avoid
this complication, the calculations were performed
by interchanging beam and target. To obtain an
estimate of P, for "C from the reported" B(E2)

we used the relation:
2

[ff(E2) ]
x/2 2 c

5

(1+P, &„)'dA J (1+P, y „)'dQ

rather than Eq. (2) [which involves only the first-

10. Nd ( C, C') Nd

E8E&M
= 70.4 MeV

2 p STATES

COUPLED CHANNEL ANALYSIS

1.0

Nd (2380 ke

gy lg Plg~+eI

Nd ( 2100 ke

T
IR

————.+
z%~pt

Igg

~46 Nd (1470 keV )

b

~'$~gy~I
I

1 8Nd (1240 keV)

1Q ——~—y-I

TABLE VII. Deformation parameters for the 3 states
of the even Nd isotopes. Throughout the CC analysis
p1 RC p1RN and p lrRc = p trRN with Rc = 1.25&2 andC N C N - 1/3

RN ——1.315A 2

1.Q

Nd (1060 keV)

E+
Nucleus (ke V)

Direct
exc itation Reorientation ~

p3RC (fm) p33 p33Rc (

142
144
146
148
150

2QSO

1510
119Q
1020
950

0.13
O13b
0.14 b

0.14
0.12

o.s5b
0.85
0.92
O.93'
o.so'

O. 04
0.10
0.40
0,65
0.90

0.26
0.66
2.63
4.30
5.98

1Q 2Q 3Q 40 50 60 70 80 90
8, ~ (deg)

~Previous reorientation matrix elements were not
available; therefore P33 was adjusted to fit the large
angle 3 data.

The values P3RC and P3 were deduced from Eq. (2)
using previously known B(E3)t values (Table IV) and
were adjusted slightly to fit the magnitude of the cross
section at small angles.' Previous Coulomb-excitation values were not avail-
able; therefore P3 was adjusted to fit small angle 3 data.

FIG. 13. Differential cross sections for exciting the
22 states of the even Nd isotopes by 70.4-MeV ' C in-
elastic scattering. The curves are CC rotational-model
calculations using the potentials of Table V and includ-
ing the couplings shown in Fig. 6(d) but without the 2'

22 transition. The solid curves use deformation pa-
rameters and quadrupole moments given in Table VI.
The dashed and dot-dash curves for '+Nd illustrate the
sensitivity of the calculation to @2+. For the dashed curve"2'
q2+ = 0.0 and for the dot-dash curve q2+ -—+2.0 e b.

2 2
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in '"Nd on the elastic scattering so that the 0' 2'
coupling to Nd in Fig. 6(c) need not be treated ex-
plicitly in the calculation. The best fit to the "C
2' data, , assuming an oblate shape (P, &0), is
shown as a dotted curve in Fig. 14. The magnitude
of p, (-0.69) agrees with the reported" B(E2).
However, the value of P, is considerably smaller
than expected from PR scaling and the location
of the primary interference minimum is mis-
placed by almost 2'. If the value of ~Q, ~

is in-
creased from 0, the mismatch in phase becomes
worse. The best fit for a prolate shape (P, &0) is
shown as the solid curve in Fig. 14. This fit ap-
pears satisfactory, although the value of P,
(+0.405) is somewhat lower than expected from the
reported" B(E2), but the value of P,

" is consistent
with PR scalirg. The value Q, =1.0Q„, gives the
best representation of the phase. The fact that
the data are best fitted by a prolate shape is sur-
prising since "C is expected to be strongly oblate
in its first 2' state. Contrary to the conclusion
reported in our previous analysis, ' we cannot
claim definitive evidence for an oblate shape of
"C in its 4.43-MeV state. Additional experimental
and theoretical studies of projectile excitation
would be useful.

FIG. 14. Composite differential cross section for ex-
citing the 4.43-Me& state of the 70.4-MeV ' C projectile
by scattering from even Nd isotopes. The curves are 0'
-2' CC calculations in which the nuclear potentials pf,
p2, and q& ~ere varied to obtain the best simultaneous
fit to 0' and 2' data. Prolate (p2 & 0, solid curve) and
oblate (p2& 0, dashed curve) calculations are compared.

order term of Eq. (7)]. With re=1.25 fm, B(E2)
=(0.0042+0.0006) e'b' in Eq. (7) we derive P,
= -0.69+0.04 for an oblate shape and P, =+0.47
+0.03 for a prolate shape. Starting with these
values of P, , we attempted to fit the 0' elastic
scattering data of Fig. 2 (for '"Nd) and the 2' data
of Fig. 14 with a 0'-2' rotational-model calcula-
tion. In searching for a fit to the "C 2' data, P,
was adjusted to fit the magnitude of the forward
angle da, ta, especia, lly the maximum near 43'. As-
suming a value for Q„we adjusted P," to fit the
back a,ngle data, especially the maximum near 63 .
The magnitude of Q, had the most influence on the
location of the minimum near 50'. The potential
found to provide an excellent fit to the '"Nd elas-
tic scattering data under those conditions was V
=20.0 MeV, r, =1.314 fm, a, =0.51 fm, 5"=7.0
MeV, r' = 1.341 fm, and a' = 0.414 fm. This po-
tential, in contrast to the potential in Ta,ble V,
accounts for the influence of the low-lying 2' state

Vl. SUMMARY AND CONCLUSIONS

Using the coupled-channels approach, we have
shown that heavy-ion inelastic scattering at ener-
gies above the Coulomb barrier involves a variety
of multistep processes. We have successfully ac-
counted for the influence of these processes on
elastic scattering with a consistent nuclear poten-
tial for all Nd isotopes. In combination with pre-
vious Coulomb-excitation measurements, we were
able to extract new information on hexadecapole
deformations and to demonstrate a particular sen-
sitivity to the nuclear reorientation effect. We
conclude that these kind of data and analyses can
provide a rich source of information on collective
nuclear structure.
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