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Inelastic scattering of ' C projectiles from ' Nd has been studied at an incident energy
of 70.4 MeV. The differential cross sections for exciting low-lying collective states of
the target and projectile are compared to distorted-wave Born-approximation (DWBA)
and coupled-channels calculations. Standard D%BA calculations using known Coulomb
Inatrix elements fail to fit the data. Coupled-channels calculations, however, can ac-
count for these data and show a strong sensitivity to target and projectile reorientation
matrix elements.

The scattering of heavy ions with energies
slightly above the Coulomb barrier has produced
many examples' ' in which inelastic cross sec-
tions exhibit pronounced Coulomb-nuclear inter-
ference effects. Most of these data could be fit-
ted by a single-step distorted-wave Born-approx-
imation (D%'BA) calculation only if nuclear de-
formation lengths were allowed to take on values
which differed by 35-50% from their correspond-
ing Coulomb deformation lengths. Such large dif-
ferences between charge and matter distributions
are not expected and are more likely symptomat-
ic of an inadequate representation of the reaction
mechanism. A further indication that the DWBA
method is deficient for heavy-ion inelastic scat-
tering is the failure to account for projectile ex-
citations in the reaction "Sr(~"Ne, 2ONe*(2+, 1.835
MeV))"Sr and the reaction' "Ni("0,"O*(2', 1.98
MeV))"Ni even when Coulomb and nuclear matrix
elements are allowed to vary independently. A
coupled-channels (CC) analysis of the latter re-
action has revealed that multistep processes play
an important role in projectile excitation. In or-
der to clarify the importance of processes ne-
glected in first-order DWBA, we have undertak-
en a study of multistep processes in the scatter-
ing of "C by the even Nd isotopes. In this Letter
we present the results for "Nd to illustrate
these effects. The remaining data and analysis,
with emphasis on systematics, will be published
elsewhere.

A 70.4-MeV "C'+ beam from the Oak Hidge iso-
chronous cyclotron was magnetically analyzed
and tra, nsported to a 100-pg/cm' ' 4Nd, O, target
evaporated onto a 40-pg/cm' carbon foil. Mag-
netic rigidities of the scattered particles were
measured with a position-sensitive proportional
counter located at the focal plane of a quadru-
pole-single-dipole magnetic spectrograph. With
this arrangement we measured the absolute yields
for exciting low-lying 2' (696 keV), 4' (1314 keV),
and 3 (1511 keV) states in '"Nd, for exciting the
2' (4.43 MeV) state of "C, and for elastic scat-
tering. Figure 1 displays differential cross- sec-
tion data for elastic scattering and for excitation
of the collective 2', 3, and 4' states in '"Nd.
Figure 2 contains the data for inelastic excitation
of the 2' state in "C.

The optical-model search program GENOA was
used to obtain the elastic-scattering fit shown in
Fig. 1. The parameters are V, =20.0 MeV, z,
=1.315 fm, a0=0.562 fm, % =12.1 MeV, y' =1.341
fm, and a' = 0.433 fm. Also shown as dashed
curves in Fig. 1 are differential cross sections
calculated using these optical-model parameters
in the macroscopic collective-model DWBA for-
malism. ' Both DWBA and CC calculations in-
cluded 200 partial waves, and integrations were
carried out to 50 fm in steps of 0.1 fm. Coulomb
and nuclear deformation lengths were taken to be
equal and related to previously measured excita-
tion transition probabilities B(E2;&)' and B(E3;&)'
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FIG. 2. Excitation of the 2 (4.43 MeV) state in the
' C projectile and the 3 (1.51 MeV) state in '4 Nd at
70.4-MeV lab energy. The curves are CC calculations
which illustrate the sensitivity of the calculation and
the data to the sign and magnitude of quadrupole mo-
ments. Couplings included in the calculations for ~2C

are shown as an inset in this figure whereas the coup-
lings used for the 3 state in ' Nd are shown in Fig. l.
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FIG. l. 70.4-MeV ' C elastic and inelastic scattering
from '44Nd. The dashed curves are DWBA calculations,
and the solid curves are CC calculations including the
couplings shown as insets. Known matrix elements
(Refs. 6 and 7) are used throughout with P4

——0.053 de-
duced from the CC analysis.

by the relation"
4w

pg R =pg Rc=8, ,g, fB(EX;&)]'~, (1)

where Rc and Z, are the Coulomb radius and
charge of the target, respectively, R„ is the op-
tical-model radius for the target, and Pzc and

P~ are Coulomb and nuclear deformation param-
eters, respectively. As can be seen in Fig. 1,
the DWBA calculations fail to fit the data for the
2+ and 3" states of "~Nd. Satisfactory fits could
be obtained if nuclear deformation lengths were
taken to be about 65% of their Coulomb counter-
parts, but the CC analysis below reveals that
these parameter variations are masking multi-
step effects and fail altogether to account for the

4' excitation. Shown in Fig. 1 as a dashed curve
is a sample DWBA calculation for the 4+ state
with P,c = 0.06 and P,"= 0.08.

We now turn to the CC method, " results of
which are displayed as solid curves in Fig. 1 for
the ' ~Nd states and by the curves in Fig. 2 for
the 2' state of the "C projectile. These CC cal-
culations were performed using the automatic
search program ECIS.' Throughout the analysis
P&cRc was kept equal to Pz"R„. Starting with
GENOA optical-model parameters, searches were
made with ECIS to obtain a mimimum-X fit to
elastic scattering by varying 8' and a'. At this
stage only the coupling of the '"Nd 2' state to
the ground state was included because coupling
to this state represents the major influence on
elastic scattering. The 0+ —2' coupling strength,
represented by a P, deformation parameter, was
obtained from the measured' B(E2;&) using Eq.
(1). The self-coupling strength (reorientation ef-
fect) was taken equal to the measured' 2' quadru-
pole moment, Q, + = —0.6l Q~, I, where Q,« is the
value consistent with the B(E2;&) in the rotation-
al model. Values of W =10.88 MeV and a' =0.414
fm resulted from this procedure. With this new
optical potential (new values of W and a') a CC

305



VOLUME 36, NUMBER 6 PHYSlCAL REVIEW LETTERS 9 I'EBRUAR Y 1976

calculation involving all the couplings shown sche-
matically in the upper inset of Fig. 1 resulted in
0+, 2', and 4+ predictions represented by the
solid curves of Fig. 1. The couplings between
the various states were assumed to be those of
the rotational model, except for the quadrupole
moment term, where the actual experimental
value of Ref. 6 was used. The deformation pa-
rameter P, was varied until a fit to the 4+ data
was obtained. We find that P, = 0.053 gives the
fit shown. Coupling to the 4' state plays a sig-
nificant role in achieving the excellent fit to the
2+ data. A CC calculation for the 3" state is al-
so shown as a solid curve in Fig. 1 and included
the couplings indicated in the lower inset of the
figure. Matrix elements for the 0+ -2+, 0+- 3,
and 2'-2+ transitions were taken from beefs. 6
and 7. The 3 -3 L=2 matrix element was es-
timated by deducing an intrinsic quadrupole mo-
ment from that of the 2+ state and assuming the
3" state to have K = 0. The sensitivity of the cal-
culation to the magnitude and sign of Q,- is illus-
trated in the bottom half of Fig. 2. An analogous
situation holds for excitation of the 2' state of
the projectile. For the projectile CC calcula-
tions, we used" P, = 0.6 and included the coup-
lings shown as an inset in Fig. 2. In Fig. 2 we
show results for three assumed values of the "C
2'-state quadrupole moment. A positive quadru-
pole moment for the 2' state (an oblate ground-
state shape in a, rotational model framework) is
clearly preferred by the large-angle data (0,
& 50'). A value Q,+ =+0.51Q~ I gives the best
overall fit.

In summary, it is encouraging that a conven-
tional CC analysis can account for heavy-ion in-
elastic scattering without the need for large dis-
crepancies in Coulomb and nuclear matrix ele-
ments. The most important feature of the above
observations is the sensitivity of heavy-ion in-
elastic scattering to quadrupole moments, a

finding that is further supported by our data on
the other Nd isotopes. This sensitivity is much
more marked than for light-ion inelastic scatter-
ing" and provides an alternative method to Cou-
lomb reorientation for measuring the sign and
magnitude of quadrupole moments.
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