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ABSTRACT

Nuclear collective degrees of freedom are investigated through the study of the
radial dépendance of their wave function. Inelastic electron scattering is shown
to be the appropriate tool to extract such a detailed information. Some recent
results on spherical as well as deformed nuclei are discussed and the most recent
extensions to the mean field approach are compared to these data in order to
clarify the present status of our understanding of the dynamical properties of
complex nuclei.

INTRODUCTION

Low lying collective excitations have played a crucial role, since a long time, in the nuclear
structure studies because they dominate completely the low excitation energy spectrum
of the nucleus and are the first expression of his dynamical properties. Furthermore, they
are the way to exhibit important characteristics of a nucleus as the shape or the softness
which are mostly hidden in the ground state properties.

These excitations where exhaustively studied experimentally and their excitation energies
or transition probabilities are known in a quite impressive number of nuclei. However, it is
only in the last few years that progresses in experimental facilities as well as in theoretical
techniques, allows a detailed and reliable exploration of the structure of these states.

Figure 1 shows, for instance, the picture one is able to draw now of the ground state and
the rotational band of l"Sm (Pha88). The extracted densities are presented here with
an error bar including all the uncertainties. One can see that the radial behavior of these
states are known with great precision, even in the very inner part of the nucleus.

Such a precise information is a strong constrain for any theory trying to reproduce nuclear
properties. Furthermore it enlightens also striking features hidden in the macroscopical
data. As an example, let assume we want to understand the very complex transition region
of the germanium isotopes. To do so, we will observe the first excited states and focus, for
instance, on the second excited 2* state. What does the macroscopical data tell us about
his evolution along four even-even germanium isotopes ? First, the excitation energy shows



a very smooth variation with the increase of neutron numbers (figure 2). A more «let a;
data as the transition probability B(E2) has also a quite standard behavior and one
conclude that no major change occur in this chain of isotopes.
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Figure 1
Measured form factors and deduced transition charge densities for l l 3Sm

If we examine now the corresponding transition charge densities the picture is really d
ferent and, clearly, something important happens by going from 1QGc to ™(7e. Such an i
formation was totally hidden in the macroscopical data known before. These data [Ba^S.
together with the results of (p,t) and (t,p) transfer reactions (Ver78] have confirmed t l
picture of shape coexistence occurring in this transition region.

In this talk, I will first present briefly the electron scattering technique and give son
examples of experimental results. Next, I will try to describe the present status of o>
understanding of the dynamical properties of complex nuclei by comparison of these expe
iraental results with the phenomenological approach of the Interacting Boson Model ai.
with very sophisticated microscopical calculations based on the mean field approximate»

ELECTRON SCATTERING

In an electron scattering experiment an incoming electron is scattered by a nucleus of
given target and then analyzed and detected in a spectrometer. The interaction, the e>
change of a virtual photon, present the unique advantage to be perfectly known. Providin
the wave length associated to the electron is small enough, witch requires a high incidri.
energy, it becomes possible to probe fine details of the nucleus without the dependence.* «
any ambiguous reaction mechanism.
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Figure 2

Excitation energy, reduced tran-
sition probability and transi-
tion charge density of the sec-
ond 2* state in four germa-
nium isotopes.
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For simplicity, let us assume the Plane Wave Born Approximation (PWBA : the interaction
is due to the exchange of one single photon and the incoming and outgoing electron wave
functions are supposed to be plane) and the simple case of an elastic scattering on an
even-even nucleus (a J* = 0"*" ground state).

A compleat analysis will, of course, account for the distortions, by the coulomb field of
the nucleus, of the incoming and outgoing wave function and the dispersive effects due to
multi-photons exchanges. These corrections were tested very carefully and are perfectly
under control.

In the PWBA the measured cross section can be written as:

~ = 4* OMott frte |Fc(?)|
a

alt

where oMott and frte are just kinematical factors.

The charge form factor Fc(q) is related to the density p(r) by :

II
p(r) J0(qr) r'rfr

where jo(?r) is the zero order Bessel function.

Then it is clear that the experiment allows you to determine directly the charge density
by a simple Fourier transform :

= f
Jo



Since any serious nuclear theory should be able to determine the nuclear ground state wave
function *cs the theory can calculate easily the density:

and compare it to the experiment.

One of the problem electron scattering had to face in the early days is that measurements
are always limited to certain momentum transfer q - qm»t- The charge density is then
determined by :

= f
Jo

where the second term is not measured at all. Until qmmf reach a value around 3 or 4
/m ~ ' this term cannot be neglected and one has to use certain models to infer the density
from the data. The error bar on this density is then certainly very big and essentially
unknown.

Measuring such high q data was very challenging because of the very small corresponding
cross-sections ( up to 10~"ar.cms) and such experiments were performed only with the
new generation of linear accelerators (MIT-Bates, NIKHEF or Saclay) providing high
currents, large acceptances and very well shielded spectrometers.

To go to inelastic scattering and to be able to investigate the dynamical aspects of the
nuclear structure one has to add to the previous experimental capabilities, % good energy
resolution to separate the excited levels. Such a constrain is especially important in the
deformed nuclei where the level density increase with deformation.

An energy resolution of ~& = 5.10~5 can now be reached.

THEORETICAL APPROACHES

Among the approaches aiming to reproduce, in a same general frame, the dynamical prop-
erties of the nucleus for a large amount of situations ranging from spherical to well deformed
I want to present here two complementary ones :

* a microscopical one using, as only ingredient, a given nucléon-nucléon interaction

* at the opposite, one taking only macroscopical collective degrees of freedom into account.
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Figure 3

Experimental and IBM transition
charge densities of the 2* levels.
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Interacting Boson Model

It is now well established that the Interacting Boson Model [IA87] introduced by A. Arima,
F. lachello and I. Talmi provides a simple and economical way to describe nuclear proper-
ties. In this last decade, calculations using this model have been performed with success,
for a large number of nuclei including all type of observed spectra with spherical, axially
deformed,7— unstable and triaxial geometry.

However, the model was not originally able to take into account any radial degrees of
freedom. It was suggested only later [lacSl] that such an extension was possible by in-
troduction of phenomenological boson structure functions. We demonstrate that this was
true for most of the measured transition densities.

I will not describe this approach in more details since that was done many times, for
instance during the previous Colloque Franco-Japonais in Seillac [GouS6].

I will show here (figure 4), as only example, how such an approach is able to reproduce
a targe series of transition densities, in the Osmium and Platinum isotopes and focus on
microscopical approaches based on the mean-field approximation.



Microscopical calculations

The Hartree-Fock calculations using an appropriate effective nucléon-nucléon interact ion
have demonstrate since a long time, that the concept of mean field was a very g<>o<
approximation to reproduce the ground state properties of spherical nuclei (DG80J.

To go further and to treat the whole dynamics of the nucleus one has to go beyond the Hi
approximation and that implies an important increase in complexity. Two main terhiuc
have been developed depending which nucleus is concerned. One is based on the Raiuiuu
Phase Approximation (RPA) and the other consist in calculating microscopically all t h >
ingredient of a macroscopic Bohr-like Hamiltonian. In next section we will examine hov
these technics applies to the data.

COMPARISON WITH THE DATA

We will, in this section compare some experimental results with calculations based on the
mean field approximation. We will distinguish three different cases :

Close shell spherical nuclei

In this case the low lying states are strongly collective and correspond to small amplitude,
fast oscillations which can be treated in the RPA framework. As an example, figure 4
exhibit a comparison between the experimental transition charge densities and the prédic-
tion of Gogny et al. in the case of the first excited J* = 3~ state in some closed shell
spherical nuclei.

It is a full self-consistent calculation. First, the ground state is described by an H ax tree
Foclt Bogoliubov (HFB) calculation using the Dl force. Next, with the same effective
interaction, an RPA calculation is performed on the particle-hole HF basis .

The overall agreement with experiment is good and the structure is reproduce well in
phasing even if too much structure is predicted in the inner part of the nucleus like in the
case of the ground state charge density.

So we can already draw the following conclusion : for closed shell spherical nuclei the RPA
gives a good description of nuclear dynamics.

Deformed nuclei

In the case of deformed nuclei one has to handle with large oscillations and the RPA is
no more valid. For a correct description of the low lying excitations one has to treat the
internal as well as the collective aspects of nuclear motion in a unified and consistent



Figure 4

Experimental transition charge densities of the
3~ excited state in some spherical nuclei com-
pared to RPA calculations by Déchargé and Gogny

Surh an approach is used by Girod et al. [GG83] and will be compared here with the
rrsult of inelastic electron scattering. These calculations are completely microscopic and
the only ingredient of the formalism is again the effective nucléon-nucléon interaction Dl.
In a first step, the potential energy surface E(0,7) characterizing the nucleus is obtained
by a constrained HFB method. For the description of the nuclear dynamics, the complete
resolution of the Griffin-Hill-Wheeler equation is approximated by a Bohr-like Hamiltonian
of the following form :

_ 1 ~ "

where the collective potential V^8^, is deduced from the HFB energy E(0,7) by subtraction
of the zero point energy. The other ingredient of the potential are the vibrational mass
parameters /?vn=o.j an<^ tne rotational moments of inertia /*, IY and 1% calculated in
the cranking approximation, starting from the HFB quasi-particles wave functions. A
numerical resolution of this Bohr Hamiltonian , using a code due to K. Kumar [KB67]
gives the collective wave functions of the system. The transition charge densities can then
be obtained) from averaging an appropriate transition operator with the collective wave
functions of the initial and final states.

As an example, the figure 5 shows the HFB potential energy surfaces of 18*'19aO« and
"" Pt. . These maps exhibit the triaxial character of these isotopes and confirm the 7-
softness of "* Pt. Figure 6 shows the theoretical densities corresponding to these energy
map in the l"Oa compared to the experiment.

Even in the complicated case of such a triaxial nucleus, one can see that the agreement
between experiment and theory is quite good. Theory met now the same success in de-



y
scribing these excited states they reached a few years ago for drsrrihing the ground state
of spherical nuclei.
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Figure 5
HFB potential energy surfaces in the Os-Pt isotopes.

A large domain of different deformations was explored ( samarium germanium palladium
cerium ) and, most of the time, the agreement is of same quality. It is only in the
specific case of very "soft" nuclei as the germanium isotopes that, for certain states, this
HFB approaches seem to met some difficulties.
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Figure 6

Experiment*! mnd HFB tran-
sition charge densities of the
2f levels in tMO».
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We can then draw a second conclusion : for well deformed nuclei of reasonable softness
the mean field approximation provides a good description of nuclear dynamics.



Intermediate cases

Let us now come to the intermediate case of open shell spherical nuclei as lttSm and
HOCe. We were able, for these two nuclei, to extract experimentally the three first 2+
states. The measured transition densities exhibit a surprisingly important collectivity in
the second and third 2* states. Such a behavior was mostly unexpected because, on the
view of basic consideration as the seniority scheme, one should expect only one collective
2+ state in such semi magical nuclei.

In fact we tryed to reproduce these 2+ in the IBM framework and obviously it fails. The
first 2"*" state is the only one belonging to the subspace of the model.

In figure 6, we compared these data to the HFB calculations able to reproduce all sort of
collective excitations in this mass region (PhaSSj.

Again, if the first 2* was quite well reproduce, the theory predicts mostly no strength in
the second and third 2+. We tryed then an RPA calculation, which is not perfectly valid
because of the proton open-shell. Still, if the agreement between experiment and theory is
poor for the first 2* state, it becomes better for the second one and for the third, clearly,
the general behavior is the right one even if the details are not perfectly reproduce. This
can be understood because the pairing effects, which are missing in this calculation, play
an important role only when the excitation energy of the state concerned stands under
the pairing gap. In the case of these isotopes, this gap is of the order of 2 MeV, and the
calculation becomes quite valid for the third 2+ state with E* = 2.9 MeV.

TRANSITION CHARGE DENSITES
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Figure 7

Experimental.HFB and RPA
transition charge densities of
the three first 2+ states in 140Ce.
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CONCLUSIONS

Nuclear charge and transition charge densities can now be determinate very a c c u r a t e l v
even in the central region of the nucleus. The experimental uncertainties are liiinto
to a few percent all other the nuclear volume. This is sufficient to clearly estimate th-
limitations of our theoretical understanding.

As far as the mean field approach is concerned, the progresses these last years, are ver\
impressive. Microscopical approaches, using a unique effective interaction without a.m
adjustment, are now able to reproduce radial properties of ground states as well as excite*
collective states. This is true in spherical doubly closed-shell nuclei (RPA) and in a larg<
class of deformed ones (HFB+Bohr).

However, for some specific cases none of these two technics gives a complete description ol
the data. For these cases, a coherent description of all the data is still to come.
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