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In the heavy-ion excitation of nuclei near closed shells, an amplitude involving single-
particle degrees of freedom interferes with a collective, core-polarization amplitude
which has a large Coulomb component. Thus details of the nuclear structure and of the
microscopic reaction mechanism may have significant effects on the observed Coulomb-
nuclear interference pattern. Calculations are given which demonstrate such effects and
resolve the outstanding problem in the heavy-ion excitation of ' O.

A nucleon added to a closed-shell nucleus inter-
acts with the core and distorts it. This "core-
polarization" mechanism is a basic aspect of nu-
clear structure. It underlies the existence of de-
formed nuclei and has the particular consequence
that about half the quadrupole moment of a "sin-
gle-particle" nucleus is due to the motion induced

by the extra nucleon upon the core. '
The consequences of core polarization have

been studied in light-ion reactions. A number of
papers have shown how "valence" amplitudes in-
volving single-particle degrees of freedom inter-
fere with collective core-polarization amplitudes
(see particularly Love and Satchler'). However,
this has not been done for heavy ions. Here a
new feature arises since the "core" amplitude
has a sizable Coulomb component. This provides
a well-known background against which the inter-
play between collective and single-particle ampli-
tudes can be observed.

In order to discuss such effects, we give a for-
malism for the heavy-ion excitation of nuclei
near closed shells and apply it to the excitation
of the 2,+ (1.98 MeV) state of "Q. By accounting
for the valence and core degrees of freedom for
"0, we overcome the difficulties met by previous

studies of this system. ' ' In our doing so, two
particular results emerge: (a) It is important
to use a complex interaction to calculate the va-
lence amplitude. (b) The reorientation process
~nd thus the sign of the 2,+ quadrupole moment—plays an important role and depends on the de-
tails of the 2,' wave function. In light of these re-
sults, it will be of interest to study the heavy-
ion excitation of other nuclei near closed shells
for which there is relatively little information
available.

Consider the excitation of a target A by a struc-
tureless projectile a where A. consists of a core
and valence particles (generalizations are straight-
forward). We assume that the target states can
be written as

@n +~etc 4c 9 0 (0+ @ay

where the cp,
"describe the valence particles

when the core is in the state (,. The core ground
state is denoted by g, and thus 4'„ includes the ef-
fects of core polarization. We also assume that
the effective interaction V,„is given by the inter-
action of a with the valence and core nucleons
separately, V,„=V,„+V„. Then the matrix ele-
ment Ms„=(4 s I V,„l4 ) splits into a valence and
a core part,

valence (+ 8
I v I+ n)

I,„-"= &q,'y, l v., l e„)+&+, I v., l q, q, &+ &e, I v.,le„&.

We neglect (0'elv, „14'„)since it is second order in the particle-core coupling' and should be small
compared to Eg. (2). However, (4'slv„ I+ ) can be significant if the states have large deformed compo-
nents which is the case for "ID.

We specify the core interaction according to the macroscopic collective model. Thus

V„=gyp 4m%, *(EA, p)
' + ' U„(r„) Ygp (r'„), "Z,e 1 R, d

2X+ 1 y„",eRc.„, dz„ (4)

where 9R,(EA, p) is the electric multipole operator for the core and U„ is the optical potential for the a
+ c system. Note that Eg. (4) does not necessarily imply a purely vibrational model.

The valence interaction V,„ is specified microscopically as a sum of nucleon-projectile interactions
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which we take to be the optical potentials U;,(r;,)
for nucleon scattering on system a at the energy
E, /A. It may be noted that this prescription,
when used in folding calculations of the real part
of the total optical potential, overestimates the
strength by about a factor of 2." On the other
hand, this prescription is analogous to the one
used conventionally in heavy-ion transfer reac-
tions, since the real part of the nucleon optical
potential is similar to the shell-model or average
binding potentials. Likewise, it has been used
successfully for heavy-ion inelastic scattering by
Broglia et al." This suggests that the folding
procedure for the elastic and inelastic interac-
tions is sensitive to different regions of the nu-
cleon-nucleus potential. (Using the prescription
of Rickertsen and Satchler, "we have found that
the inelastic form factor only decreases by about
2(P/o }W.e use nucleon-nucleus optical potentials
mainly in order to estimate the imaginary part of
the valence interaction which is usually ignored
(see Satchler). "

Next, we require the form factors Es„"(r,„)
which give the reduced radial dependence of the
excitation interaction. The valence term will be
calculated microscopically, while the core con-
tribution will be determined empirically. Thus
using r„= r,„in Eq. (4), we obtain

~(„„) 4mZ, e EB~
+aA

signs of the core form factors are fixed consis-
tently with the valence ones by requiring the ma-
trix elements in Eq. (5} to have the same signs
as the total E2 matrix elements of Ref. 14.

It can then be shown explicitly that the valence
and core terms combine constructively for both
the 0'-2, ' and the 2,'-2, ' transitions. This re-
sult can be understood in general for the 0'-2, '
transition within the vibrational model. ' Howev-
er, for the 2, -2,' transition it depends on the
details of the 2,' wave function. In this case the
sign of the microscopic form factor is deter-
mined by the large weight given to the contribu-
tion of the 1d,&22sz, component.

We have considered the case of "0+ "Ni meas-
ured at E&b = 63 MeV. ' Optical parameters were
fixed by fitting the elastic data. ' E2 matrix ele-
ments were taken from Flaum. " The nuclear de-
formations were then fixed as in Ref. 5. The sin-
gle-particle states were bound at half the two-
neutron separation energy in a well taken from
the analysis of Cooper, Hornyak, and Roos."
The n-"Ni optical potential used for the valence
interaction was taken from Becchetti and Green-
lees. ' Our main results are summarized in
Figs. 1 and 2(a).

One sees in Fig. 1 that the total nuclear form
factors are roughly doubled from the core ones
alone over the grazing distances of 10-12 fm.
The 2,+-2,' form factors (not drawn) show the
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Here EB„ is the reduced electric multipole ma-
trix element corresponding to Eq. (3). The nu-
clear deformation lengths (PA}s„are taken to be
proportional to the Es„ in the usual way. For
the case of valence neutrons, Coulomb excitation
data directly give the values of the E&„. Thus
for 'O, we can fix E&„' '~ without specifying
the details of the core polarization. Equation (5)
has essentially been used in previous studies of
"O, but was not identified as being only the core
part of the total form factor.

In evaluating the valence interaction we take
wave functions for the 0' (g.s.) and 2, ' (1.98
MeV) states of "0 from the analysis of Lawson,
Serduke, and Fortune. ' With the approximation
r;,= Ir;, —r,„I in the nucleon-nucleus interac-
tion, the valence form factor reduces to a sum
of single-particle integrals (see Ref. ll). The
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FIG. l. (a) Heal and (b) imaginary parts of the form
factors for the reaction Ni( 0, 0(2&+)) at Ei~b =68
MeV. The core-polarization form factors were ob-
tained macroscopically with deformation parameters
derived from electromagnetic properties. The real
and imaginary valence form factors were calculated
microscopically using a neutron optical potential for
the effective interaction.
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same general features. In Fig. 2(a), the curve
which results from the first-order core ampli-
tude shows the well-known discrepancies com-
pared to the data. ' The last maximum is under-
predicted and the interference minimum appears
at more backward angles, Including the valence
excitation increases the maximum by a factor of
3 and shifts the minimum 2' forward. Without
the imaginary part of the valence form factor,
there would have been a factor of 2 increase but
no shift. Including the second-order reorienta-
tion amplitude shifts the minimum an additional
1' forward and shifts and decreases the back-
ward-angle cross section, bringing a reasonable
agreement with the data. If the sign of the reori-
entation amplitude were reversed, the interfer-
ence minimum would move 1 backwards and
there would be a severe disagreement with the
backward-angle data.

Other analyses of "0 may be mentioned. Al-
though the complex nature of the microscopic in-
teraction is essential for our results, we do not
support the purely imaginary form factors con-
sidered in Refs. 5 and 6. Our total form factors
go in the direction suggested in Bef. 7 but are
not as large as those used empirically in Bef. 7.
It has been suggested that a strong two-step

FIG. 2. Angular distributions for the reaction 'BNi('80,
'Bp(2&+)}. (a) E&,b-—53 Mev. The data are from Ref. 5.
Curve (1) shows the result due to core amplitude, curve
(2) includes the valence amplitudes, and curve (8) shows
the effect of adding the total reorientation amplitude.
The A, =4 valence reorientation term was included but it
has little effect. (b) Coupled-channels calculation at 60
MeV compared to the data of Ref. 4.

transfer contribution "0-"0-"0*occurs as a re-
sult of the many intermediate channels. ' Howev-
er, several such transitions have been calculated
and were found to be rather small. '

The first- and second-order calculations in Fig.
2(a) demonstrate the relative importance of the
core and valence amplitudes and the effects of
the reorientation, but a coupled-channels (CC)
analysis should be compared with the data. This
requires readjusting optical parameters to fit the
elastic scattering. We will do this later as part
of a more systematic study. We have, however,
compared to the CC analysis of Bef. 4 for the
same reaction at 60 MeV. These authors used a
nuclear deformation which was 1.85 times larger
than normal for the 0'-2, ' transition and a reor-
ientation amplitude which was twice again as
large. We see that the factor 1.85 roughly sub-
stitutes for the valence amplitudes and that their
reorientation is too large. " We repeated the CC
calculation of Bef. 4 using the same optical po-
tential, normal deformation parameters, and the
present valence form factors. The result, shown
in Fig. 2(b), is in good agreement with the data.
Thus we firmly establish the importance of in-
cluding single-particle amplitudes based on com-
plex microscopic interactions and support the
conclusion that the shift of the interference pat-
tern depends on the sign of the quadrupole mo-
ment of the 2,' state. '~
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Shape-resonant enhancements in the kinetic-energy range 10 to 40 eV are predicted
to be a common feature in electron-molecule scattering. These features are usually
difficult to detect in elastic and total cross sections, but can emerge clearly in vibra-
tional excitation. A calculation of the e -CO2 symmetric-stretch spectrum, just con-
firmed experimentally by Tronc et al ., is given as an example. Such resonances can
be predicted by analysis of the corresponding inner-shell photoionization spectra.

The importance of shape resonances in the low-
energy portion ((10 eV) of the electron-molecule
scattering spectrum is widely appreciated. ' The

d-wave (l =2) resonance at 2.4 eV in e -N,
8

scattering is perhaps the most thoroughly studied
example. " Such resonances stand out clearly
above the nonresonant background, have widths
on the order of an eV, and are usually dominated

by a, single asymptotic angular momentum, which
imposes a well-defined angular distribution char-
acteristic of that /. In this Letter we emphasize
a new class of shape resonances, falling in the in-
termediate-energy range (10-40 eV), which have
emerged in the course of our current survey
studies of electron-molecule scattering, using
the multiple-scattering method (MSM). '' Com-
pared to their low-energy counterparts, these
resonances are broader, are usually barely de-
tectable in the elastic or total scattering cross
sections, and often are composed of significant

contributions from several asymptotic angular
momenta, whose mixture can vary significantly
within the resonance. These properties are con-
sistent with the picture of a quasibound state ly-
ing near the top of its centrifugal barrier. These
weak resonances are, however, very sensitive to
changes in the molecular geometry and can there-
fore couple significantly to nuclear motion. %'e

have found that these features are thereby en-
hanced in vibrational excitation and appear prom-
inently, all the more so because the nonresonant
background is negligible in the vibrationally in-
elastic channels.

Experimental evidence is sparse, possibly be-
cause shape-resonant structure in the 10-40-eV
range was not expected and measurements were
concentrated instead in the low-energy range.
Several years ago, Pavlovic et al. ' reported a,

broad enhancement in e -N, vibrational excitation
in the 15-35-eV range. We have shown' that this

1236 1979 The American Physical Society


