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Elastic and inelastic form factors for electron scattering from the ground-state rota-
tional band of ' Ta have been studied for momentum transfers 0.4 fm ~ - q~~~ -2.7 fm '.
The data are shown to provide an independent check of the rotational assumption, thus
adding confidence that the experimental form factors are characteristic of a stable in-
trinsic state associated with the rotational band. 'The data are also compared to a Har-
tree-Fock calculation using density-dependent interactions.

The basis of all present models of deformed
nuclei is the assumption that there exists a sta-
ble deformed intrinsic state, Xz(r), and hence a
deformed intrinsic density p(r) = (X&(r)lp ~XX(r)).
From this intrinsic state one projects states of
good angular momentum I =K,K+ 1,K+ 2, . .., to
form the rotational band. An energy spacing of
the states that follows &(&+ 1) is assumed to im-
ply a stable deformation with X~ maintaining its

identity while undergoing collective rotations.
The first term of transition densities in an ex-

pansion in powers of 1/(J~') is provided by the
simple model of Bohr and Mottelson' and Rain-
water. ' In this model the wave function is under-
stood to factorize into the product of a wave func-
tion describing the intrinsic and static core and
a wave function describing the rotation. Assum-
ing axial symmetry, the rotational wave function
can be written as'

(uz (r, cp) =[(2I + 1)/16n'j'L'[D„z (p)Xz(r)+ (- 1) + D„z(y)X z(r)].

Using the formalism of the distorted-wave Born
approximation (DWBA) to account for Coulomb
distortion in electron scattering, one can relate
the Legendre projections of the intrinsic densi-
ties p~ (r) to the form factors F~(q, 8) in the ex-
pression for the cross section,

~, , tt(q, 8) =o~«(q)Z, I &I;,z;I., ollt, sc&E,(q, 8)l'

and

p~(r) =(2L y1)f'L'p (r, 8)P~(8) sin8 d8.

In this work we assume the distortion of the elec-
tron waves to be caused only by the spherical
part of the intrinsic charge density p, (r). Using
these distorted waves, the contributions to the
elastic and inelastic cross sections of the higher
multipole densities, p~(r), are derived as first-
order perturbations.

In the region of the deformed nuclei, there has
been an extensive study of the even-even nuclei,
using electron scattering by various groups. 4 '
From these measurements the parameters of de-
formed Fermi distributions were derived to char-
acterize the intrinsic density. The resulting de-
formation parameters and the various B(EL) are
in general agreement with values derived from
Coulomb excitation and muonic x rays. One con-

! elusion from electron-scattering data is that the
Fermi distribution is not adequate to describe
the q dependence of the form factors. The re-
sults of Ref. 5 also have been compared with
microscopic. models based on the Hartree-Fock
method and using various models for the nucleon-
nucleon interaction adjusted to fit the densities
of the spherical even-even nuclei "'Pb and "Ca.'
These calculations succeed rather well in predict-
ing IF& (q, 8)l for2L =0 and 2 for the rare-earth
nuclei and U and Th. ' However, when one
considers the higher multipoles, L =4, 6, these
microscopic models are progressively less able
to reproduce the data. A similar systematic dif-
ficulty is apparent in the results of Nakada e~ al.'
where electron-scattering results from "'SD1 are
compared to the Hartree-Fock calculations of De-
charge e~ al. ' The explanation of these discrep-
ancies is unclear, but they could be the result of
a breakdown of. the rotational model, of coupled-
channel effects, or of a poor description of the
intrinsic state. Experiments on the even-even
rotators cannot distinguish between these effects.

In contrast to the even-even nuclei where a
transition O'-I+ has only one contributing multi-
pole, pI(r), each transition in odd-even nuclei
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can have contributions from several multipoles.
For the case of '"Ta over the q range investigat-
ed, there are more measured cross sections than
there are multipoles that make significant contri-
butions. Therefore, the El. 's are overdetermined,
and it is possible to predict some of the cross
sections in terms of others. This can serve as
an independent check of some of the assumptions
of the analysis outlined above. In particular, our
results add confidence that the method of analy-
sis we have outlined yields a good determination
of the intrinsic shape of well-deformed nuclei
without the requirement of a polarized target to
separate the various multipoles.

The present experiment was performed at the
400-MeV electron scattering facility of the Mas-
sachusetts Institute of Technology Bates Linear
Accelerator Laboratory. The high-resolution
spectrometer, whose performance' and design"
are described in detail elsewhere, was used to
obtain these data at laboratory scattering angles
of 90' and 45' over the effective momentum trans-
fer range 0.4 fm ' & q, ff & 2.7 fm '. Electron-
beam currents in the range of 10-60 ~ were in-
cident on natural tantalum targets ranging in
thickness from 4 to 25 mg/cm'. The spectrom-
eter energy resolution (&P/P= 1&'10 ' over the
entire momentum range studied) allowed a clear
separation between the members of the ground-
state rotational band up to and including I= '-,'.

The measured cross sections were normalized
to the elastic "C measurements published by
Sick and McCarthy. " However, in the region of
the minimum of the "'C elastic (0') cross section,
where good data are not available, we relied on
the constancy of the parameters of our apparatus
determined by this normalization. Our absolute
measured cross sections for the 0' are in good
agreement with those of Ref. 11.

Our experimental results at 90' are shown in
Fig. 1 where the "form fa,ctor" [F= (o'/vM, „)"']
has been plotted as a function of effective momen-
tum transfer qgf fp

' for each member of the
ground-state rotational band up to and including
the ~' state. The 45 data are also included in
Fig. 1 after suitable correction by comparing the
DWBA predictions at 45'and 90 for the same
q, ff using the Hartree-Fock densities described
below. The error bars indicated are statistical,
and errors due to the "C scattering cross sec-
tions of Ref. 11 have not been included. Where
no error bars are shown, the statistical uncertain-
ty is equal to or smaller than the symbols. A
comparison of cross sections measured at 160' at
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q f f —1.92 and 1.72 fm ' shows that the transverse
component of the cross section at 90 is small.
In addition a calculation" shows a broad maxi-
mum in the transverse component of the form
factors at q, ff 2 fm '. This corresponds to a
minimum in the Coulomb form factors and at this
value of q the transverse interaction contributes
no more than 10Pk to the cross section. No cor-
rection for transverse components is made for
the purposes of discussion which follows. The
solid curves are the result of a Hartree-Fock
calculation based on the density-dependent inter-
action. ' Since these codes at present are limited
to axially symmetric even-even rotational nuclei,
we have made the so-called "filling approxima-
tion" to allow application of this code to odd-A
nuclei. In this approximation the states of angu-

EFFECTIVE MOMENTUM TRANSFER(fm')

FIG. I. Experimental "form factor" [E= (o/g& ~~)i~~]

for the ground-state rotational band of ~Ta as a func-
tion of effective momentum transfer. All data points
were taken at 90' laboratory angle except those below
Q eff 0.8 fm which were takeo at 45 . The solid curves
are the theoretical calculation based on the density-de-
pendent interaction with filling approximation using the
Hartree- Pock method.
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lar momentum projection on the Z axis (0 and
—0) are assumed to be populated equally for the
odd orbit. The agreement between the data and
the theory is excellent for the ~' and the —,

' states
and deteriorates progressively as the angular
momentum increases. An examination of the con-
tribution of the separate multipoles shows that
the —,

'' and —,
"states are dominated by the E, and

E, form factors, respectively. For the higher
angular momentum states E, and E, are impor-
tant. The extracted intrinsic quadrupole moment
from the Hartree-Fock calculation is 7.1 e'b
which is in agreement with the measured values
of Q, =7.38+0.13 e b of McLaughlin e& al."and

Q, = 6.82+ 0.06 e b of Powers e& al."
Only E„E„E„andE, contribute significantly

to the reported data. This has been verified by
obtaining best values for these form factors from
the 07/2 09& 0jh a, 0,&2, ai5/2 and then predict-
Ing 0 g7/ and comparing to experiment. 0„l,is
considerably more sensitive to E, and higher mul-
tipoles than are the other observed cross sec-
tions. Excluding &„/2there are five cross sec-
tions and only four significant multipoles. The
consistency of the rotational analysis for '"Ta
can be checked by using four of the cross sections
to determine the squared form factors of the four
multipoles and then using these to predict the
fifth cross section and comparing it with experi-
ment. The prediction is thus in the form of a lin-
ear combination of the four cross sections, the
coefficients involving only the Clebsch-Gordon
coefficients. Two of the four possible predictions
(no prediction is possible for o»„sinceE, con-
tributes only to o»,) are illustrated in Fig. 2.
Figure 2(a) shows the ratio (B) of the measured
a,h, to that predicted from 09/2 ass/2 and gas/2
Similarly Fig. 2(b) shows the ratio of the meas-
ured &»/2 to that predicted from 0'»» 0,~» and
0 y5/, . In the se case s and also in the case s of the
@9&2 and v»» (not shown) the data are consistent
with the fundamental rotational assumption (A = 1)~

One can therefore, with more confidence, inter-
pret the extracted best values of the form factors
E». .., E, (or their associated charge distribu-
tions) as characteristic of an intrinsic state as-
sociated with the rotational band, and the dis-
crepancies between the experiment and the Hart-
ree-Fock predictions are mostly due to an inad-
equacy of the Hartree-Fock results for the p, (r)
and p, (x) densities.
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FIG. 2. The ratio (R) of the measured cross section
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New data on resonances in the ' C+ ' 0 system are presented. A systematic pattern is
observed suggesting that theoretical models which have recently been formulated for the
mechanism of resonances appearing in the ' C + ' C system also apply to this system.
Furthermore, energies, spins, and widths for entrance-channel resonances predicted by
a recent microscopic calculation of "C+ ' 0 scattering agree very well with the data pre-
sented here.

Significant progress has been made recently in
understanding the mechanism responsible for the
appearance of correlated resonant structure in
several heavy-ion-induced reactions. ' ~ Most of
the theoretical descriptions have several common
features. A mechanism is postulated wherein the
contribution of a single partial wave in the en-
trance channel is enhanced over a broad energy
range (e.g. , shape elastic resonances). These
broad entrance-channel resonances then couple
to other degrees of freedom of the system which
have special states with longer lifetimes. The
various models differ in their description of the
broad entrance-channel resonances and the inter-
mediate degrees of freedom involved. Such coup-
ling to intermediate states fragments the broad
entrance-channel resonances into the intermedi-
ate structure which is observed. So far the most
extensive body of data on such resonances has
been available for the "C+"C system (see Befs.
1 and 2 and references therein). Besonances of
the same spin in that system are grouped in clus-
ters that form broad enhancement regions. This
systematic pattern is cited as evidence that coup-
ling of the entrance-channel resonances to the in-
termediate degrees of freedom is weak. '

The ' C+ ' 0 and "C+ ' C systems are similar
in many respects. Description of the elastic scat-

tering can be obtained by using similar optical
potentials. ' Hence, formation of molecular reso-
nances in the entrance channel is equally likely
in both systems and their coupling to other de-
grees of freedom should occur with similar
strength. Also, the level densities in the com-
pound nuclei formed and the number of channels
open for their decay are very close for both sys-
tems (at comparable energies). ' Therefore, in-
termediate states, once formed, are expected to
have comparable spreading widths in both sys-
tems. Many resonances were observed for "C
+ "0 reactions, ' "but a pattern similar to that
in "C+"C has not been reported yet. K the fol-
lowing we present new data. on "C+"0 inelastic
scattering that, together with other previously
published data, demonstrate that the systematic
behavior seen so far of resonances in "C+"C
also exists in the "C+"0 system.

%e have measured excitation functions for the
inelastic scattering of "0by "C at several large
center-of-mass angles. Natural carbon targets
were bombarded with "0 ions and the recoiling
"C ions were detected in the focal plane of an
Enge split-pole spectrograph at six angles be-
tween 4' and 10.6' in the laboratory (a c.m. angle
span of 14'). Figure 1 presents a summary of
our excitation-function data. Two clusters of
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