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Inelastic electron scattering to levels of the ground-state band and the y band in ' Nd was

studied in a momentum transfer range of 0.5-2.8 fm . The extracted transition charge densities
were compared to microscopic Hartree-Fock-Boguliubov calculations. The overall agreement be-
tween the data and the calculations is good, indicating that the dynamic properties of the rota-
tional collective degrees of freedom in statically deformed nuclei can be well described in this mi-

croscopic model.

The nucleus ' Nd, with its well-developed rotational
bands, is an excellent testing ground for a microscopic
description of low-lying collective transitions in deformed
nuclei. Nuclear charge and current densities provide in-
formation about the dynamic properties of the various ex-
citation modes and hence will reflect difl'erences between
various collective excitations. Because of the well-under-
stood relationship between the measured cross section in
electron scattering and these densities, electron scattering
is the designated tool to investigate the spatial properties
of the nuclear wave function. Although much efort has
already been spent in the investigation of the ground-state
bands of deformed nuclei, such as ' Sm, ' ' Gd, and
also ' Nd, until now very little data for the y band have
been published in this mass region. The reason for this is
the high level density in deformed nuclei even at moder-
ately low excitation energies, which makes it difficult to
resolve states belonging to diferent bands. As a conse-
quence of the high resolution obtained in the present ex-
periment it was possible to extract transition densities for
the quadrupole and the hexadecapole states of the y band
in ' Nd. In this Rapid Communication these data and
those for the 2+, 4+, and 6+ states of the ground-state
band are presented. The data are compared with results
of a microscopic mean-field theory that describes ' Nd
taking into account triaxial deformations. The potentials,
collective masses, and moments of inertia used in the Bohr
Hamiltonian were calculated in the framework of the
Hartree-Fock-Boguliubov (HFB) method with a density-
dependent force without any free parameters. For more
elaborate information on such calculations, the reader is
referred to Refs. 1, 4, and 5.

The data were taken at the NIKHEF-K facility with
the magnetic quadrupole-dipole-dipole (QDD) spectrome-
ter. In order to be able to resolve the diferent states at
excitation energies up to 2 MeV the best possible resolu-
tion was needed. By means of software corrections (ray-
tracing algorithms) we were able to obtain an energy
resolution between 12 keV for the lowest incident electron

energy (112 MeV) up to 30 keV for the highest (450
MeV). The scattering angles ranged from 36' to 83',
corresponding to efl'ective momentum transfers q, tr=q[1
+1.33(Ztthc/EA 'I )] between 0.5 and 2.8 fm '. This q
range is large enough to permit the determination of the
ground-state charge density or the transition charge densi-
ties for many levels of interest. One additional measure-
ment at a backward angle of 154 and an energy of 80
Me V was performed to investigate possible transverse
contributions to the form factors.

The spectrometer acceptance solid angle was varied be-
tween 0.35 and 5.6 msr. The overall efficiency of the
event trigger system was checked before each measure-
ment by a short run on the elastic and inelastic scattering
to the first excited state of ' C, and was always found to
be larger than 98%. The collected charge was measured
with a toroid monitor with an accuracy of 0.1%. The tar-
get was a foil of 95% isotopically enriched ' Nd with a
nominal thickness of 10 mg/cm . For optimum resolution
the target was set in transmission mode. Most of the data
were taken in an event-by-event mode, to allow of-line
software corrections for kinematical broadening and spec-
trometer aberrations. For the smallest q values this was
not possible due to the high count rates and therefore data
were acquired on-line in spectral form. However, since
these low-q measurements were made at forward angles
with a small solid angle of 0.35 msr, the loss in resolution
due to the kinematical broadening and spectrometer aber-
rations was negligible.

Cross sections were extracted from the measured spec-
tra by a line-shape fitting technique with the program
ALLFIT. Uncertainties due to detector e%ciencies, target
alignment, and solid angle were corrected for by the
aforementioned efficiency calibration runs on ' C. These
runs were combined with a run on a natural boron-nitride
target and the runs on other Nd isotopes to provide the en-
ergy calibration with the usual method of recoil energy
differences. The only remaining unknown factor was the
uniformity of the target; its average contribution over the
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mation to be ascribed to a rearrangement of the average
and the pairing fields. The constraints were imposed by
means of the q20 and q22 (or p and y) variables. ' The
reason these constraints were used is that the first 2+ and
4+ levels are very collective levels corresponding to quad-
rupole deformations. Therefore, the HFB calculations
permit not only to calculate the deformation in the mini-
mum of the potential energy surface (PES), but also to
maintain the more or less large rigidity of the nucleus with
respect to quadrupole deformations. The force used in the
calculations is the D15 force, a variation of the well
known D 1 force' with improved surface properties. ' In
the calculation of the PES eleven major shells were used.

Figure 2 shows the PES of ' Nd. The static minimum
is located near P =0.3 and y=0, which gives a pure pro-
late deformation. The cuts in the PES plane along the
y=0' and y =60' lines are typical for well-deformed nu-
clei. Although the barrier for a spherical form of the nu-
cleus is relatively high along y =0', the minimum in the
PES is rather soft in the direction of increasing y for
P (0.3. This shallowness of the minimum indicates that

Nd cannot be described with only the HFB wave func-
tion corresponding to the minimum in the potential ener-
gy, i.e., a single Slater determinant.

Therefore, a dynamical treatment is necessary to deter-
mine the dynamical deformation of both the ground state
and excited states. To this end a Bohr-like Hamiltonian'
was used in the following form:

J2
(PO~P2) + 2 ~OOPO+ 2~02130132+~22P2+Z

(3)

Here the collective variables po and p2 are related to
the Bohr parameters p and y by po=pcos(y) and
p2 =p sin(y). This Hamiltonian is the Gaussian overlap
approximation of the Hill-Griffin-Wheeler equation. It is

pt. =(0lpl» = Z &00(qO, q2)+IK(qo q2)~-o"
QI'K" (r)dqodq2, (4)

with AI~ being the collective wave function coming from
the Bohr Hamiltonian diagonalization and with

gVo V2(„)

YIK(n ) + ( )KY*—(n )-
(«)'"" ' ' . l2(i+a«)l'" dQ.

(s)

Here pq~, (r) is the spatial HFB charge density folded
with the finite size of the nucleons and corrected for
center-of-mass eA'ects. The variables qo and q2 refer to
the q 2o and q 22 variables mentioned earlier, respectively.

To calculate the transition charge densities two approx-
imations were invoked. ' First, a sharp angular overlap
between the HFB wave functions was assumed. This has

diagonalized including the PES as collective potential and
using the inertia parameters which were calculated in the
cranking approximation' starting from the HFB quasi-
particle wave functions.

Figure 3 shows the collective wave function for the
ground state. The maximum of this 0~+ wave function is
located at a smaller P deformation than the minimum of
the PES. The dynamical y deformation is y=15, to be
compared to y =0' for static deformation. This shift
from a prolate shape to a triaxial shape confirms the
necessity to perform these calculations in a dynamical
framework.

At this point transition densities for transitions between
the ground state and excited states can be calculated.
Specializing to even-even rotational nuclei, the transition
density can be written as

0. 0 0. 1 0. 2 0. 3 0. Lt 0. 5
0.0 0.1 0.2 0.3 0.4 0.5

FIG. 2. Contour plot of the calculated potential-energy sur-
face of ' Nd. The inset represents cuts in the PES along y=O
and y=60 .

FIG. 3. Contour plot of the ground-state wave function of
Nd as obtained from the fully dynamical calculation.
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been justified for well-deformed nuclei. ' Second, the
overlap of the wave function of the ground state and the
wave function of the excited state is also assumed to be
sharp.

In Fig. 1 the results of the theoretical calculations are
compared with the experimental transition densities. As
can be seen, the overall agreement is good. Both the
strength and the structure of the transition charge densi-
ties of the 2~+ and 43+ states are very well reproduced,
whereas the agreement for the other states is not as good.
For the ground-state band of ' Sm similar good agree-
ment between experiment and calculations was obtained. '

We emphasize that no parameter of the nucleon-nucleon
interaction or of the PES has been adjusted to optimize
agreement with the experiment.

A closer look reveals that in general the quadrupole
states are slightly overestimated whereas the hexade-
capole states are slightly underestimated. Although the
shift of the transition charge densities inward in case of
the y band is reproduced, the calculated shift is slightly
less than seen in the experiment. Moreover, the calculat-
ed ratio of the transition charge densities of the y band
with respect to the ground-state band is larger than seen
in the experiment, leading to a somewhat larger discrep-
ancy for the 23+ state. The fact that both 4+ transition
charge densities peak more outward than those of the 2+
states is an evidence of a positive hexadecapole moment
for ' Nd. This confirms the results of previous theoreti-
cal calculations by Gotz et al. '

The agreement for the 6~+ state of the ground-state
band is not as good as for the other states. To investigate
this deviation between theory and experiment, calcula-
tions along the lines of the Davydov-Filippov formalism'
were performed. These calculations single out values of P
and y in the PES plane, which are subsequently used to
calculate the corresponding transition charge density.
Thus an indication is obtained as to what the possible
reason for the discrepancies between the calculations and
the experiment may be. The results of these static calcu-
lations are shown in Fig. 4 together with the experimental
transition charge density of the 6~+ state. It turns out that
a larger value of P andjor y than found in the dynamic
calculation leads to a better agreement with the data.
This indicates that the PES as determined in the HFB
treatment is possibly not soft enough in the direction of in-
creasing P or y deformation. To draw final conclusions on
this point, however, is premature before the inAuence of
these larger values for P and y on the other states present-
ed is investigated. Such an investigation will be per-
formed and the results will be published in a future, more
extensive paper on '5 Nd.

In conclusion, the results of an electron-scattering
experiment on ' Nd have been presented. Transition
charge densities of the 2~+, 4~+, and 6~+ states have been
obtained, together with those of the 23+ and 43+ states,
which are confirmed as members of the y band. The tran-
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sition charge densities are compared to theoretical calcu-
lations in a dynamical, triaxial HFB framework, where no
parameters were adjusted. The potential energy surface is
that of a prolate deformed nucleus, the minimum lying at
P =0.3 and y=0'. To describe the transition charge den-
sities a fully dynamical calculation has been performed,
thus accounting for the softness of the minimum in the
direction of increasing y. The calculations reproduce both
the shift inward of transition densities of the states of the

y band and the positive hexadecapole moment of the nu-

cleus, but more importantly, the overall agreement be-
tween the calculated transition densities and the data is
good. The deviation observed for the transition density of
the 6+ state of the ground-state band from the calculated
one can possibly be ascribed by means of Davydov-
Filippov calculations to a larger softness in the P and y
direction than predicted.

Two of the authors (U.G. and M.G.) wish to acknowl-
edge the hospitality of the experimental nuclear physics
group at the Vrije Universiteit. This work is part of the
research program of the Foundation for Fundamental
Research of Matter (FOM), which is financially support-
ed by the Netherlands' Organization for Scientific Re-
search (NWO).

FIG. 4. The results from the statical Davydov-Filippov calcu-
lations are compared to the experimental transition density of
the 6~+ state of "Nd (curve with error band). The dilferent
curves represent different positions in the Py plane: solid,

P =0.27, y =20'; dashed, P =0.27, y =30'; dotted, P =0.34,
y=30 .
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