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Differential cross sections for electron scattering from ' Ce have been measured for excitation ener-

gies less than 3.3 MeV over a range of effective momentum transfer of 0.4 to 3.1 fm '. The data have

been analyzed to extract transition charge densities. These densities are interpreted in terms of a

quasiparticle-phonon model and self-consistent finite Fermi system theory to disentangle the collective

and noncollective modes of excitation.

PACS number(s): 25.30.Dh, 21.10.Pc, 21.60.Cs, 27.60.+j

I. INTRODUCTION

Electron scattering is well suited for examining the
spatial properties of nuclear wave functions due to the
purely electromagnetic character of the reaction mecha-
nism and the well-understood relationship between the
measured cross section and the nuclear charge and
current densities. The ground-state charge and transition
charge densities of the nucleus provide the meeting
ground between theory and experiment. Shape
differences in these densities make it possible to discrim-
inate between collective and noncollective modes of exci-
tation for transitions of the same multipolarity.

Nuclei in the mass region N=82 near the partial pro-
ton shell closure of Z=58 provide attractive cases for the
investigation of certain aspects of nuclear structure by
electron scattering. One of the goals in this experiment
was to test various nuclear structure calculations avail-
able in this region by comparing their predictions to tran-
sition charge densities of low-lying collective excitations.

Earlier inelastic electron-scattering measurements [1]
from magic nuclei unambiguously revealed the surface
nature of the low-lying collective states of natural parity.
Such behavior was predicted by structure calculations
employing both the Hartree-Fock (HF) approach with
effective forces [2] and the finite Fermi system (FFS)
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theory using the coordinate representation technique for
calculation of the nuclear response function [3—5].

Efforts have been made to disentangle the contribu-
tions of collective and noncollective modes of excitation
for transitions of the same multipolarity. A comparison
of low-lying quadrupole excitations in Sr, Y, and Zr
established [6] the strong single-particle nature of these
states, which had previously been thought to be collective
vibrations. Recently, the low-lying states in ' Nd have
been investigated by inelastic electron scattering [7,8],
and it has been found that the extracted transition charge
densities indicate a quite different microscopic structure
for these states. On the basis of a quasiparticle-phonon
approach, it has been shown that this difference can be
understood as arising from the interplay between collec-
tive and single-particle excitation modes. The compar-
ison of ' Ce with ' Nd has indicated that the two addi-
tional neutrons above the closed shell N=82 strongly in-

crease the interplay between different components in the
wave functions of excited states [9].

Previous electron-scattering experiments on ' Ce have
been restricted to the low-momentum-transfer region
(tI,s (0.6 fm '). Pitthan [10] has probed the low-lying

region, while more recently Richter and collaborators
[11]have focused on the high-excitation region (6.0—11.5
MeV) searching for M 1/M2 strength. We have present-
ed in a separate paper [12] the results of a search for
high-spin states in ' Ce. We reported the identification
of a 12 state at an excitation energy of 6.31 MeV in

Ce; this transition was found to have only 8% of the
calculated single-particle strength. The absence of strong
transverse excitations was interpreted as evidence for
fragmentation of the single-particle strength.

We report here the results of the same high-resolution
electron-scattering measurements [12] concerning the
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low-lying excited states in ' Ce. In this mass region,
low-lying excitations for the odd-even nuclei exhibit exci-
tations with a large single-particle component, while the
corresponding even-even systems show strong collectivity
and significant pairing.

Transition charge densities of the low-lying excited
states are compared to the prediction of the
quasiparticle-phonon model (QPM) [13—15], which has
been successfully applied to the description of contribu-
tions of one- and two-phonon configurations to the tran-
sition charge densities of low-lying states in the N=82 re-
gion [7—9]. Our results are also compared with calcula-
tions from a self-consistent are also compared with calcu-
lations from a self-consistent finite Fermi system (FFS)
theory using a modified version of the density functional.

II. EXPERIMENTAL PROCEDURE

A. MIT-Bates data

The data for this experiment were obtained at the
high-resolution facility of the MIT —Bates Linear Ac-
celerator Center. The 900 MeV/c energy-loss spectrome-
ter system (ELSSY) [16] was used in a mode allowing a
solid angle of 3.3 msr and a momentum bite of +3%.
The beam energy was varied in the range of 100—370
MeV. Average currents of 25 —35 pA were used. Beam
current was monitored with an accuracy of 0.1% using
the signals from two toroids fed into integrating
amplifiers.

The focal plane was instrumented with two vertical
drift chambers, the first of which was positioned approxi-
mately at the focal surface, two transverse arrays con-
nected in series, two Cerenkov detectors, and the associ-
ated readout electronics [17]. The instrumentation is lo-
cated outside of the spectrometer vacuum and is separat-
ed from the spectrometer vacuum by a thin Kevlar-
reinforced Mylar window [18].

This experiment used ' Ce targets with thicknesses of
4.97 and 22.85 mg/cm, isotopically enriched to 99.7%.
Additional data were taken on either BeO or BeAl, ' C,
and ' Ce to establish focal-plane parameters and energy
calibrations using differential recoil from the various nu-
clides, and to measure background. The ' C targets were
also used to establish normalizations.

The scattering angle ranged from 40' to 101', corre-
sponding to a range of effective momentum transfer q, ff
[=q(1+3Ze /2ER)] between 0.4 and 2.5 fm ', where q
is the elastic momentum transfer, E is the incident ener-
gy, and R is the nuclear rms radius. One additional mea-
surement was performed at 155' and at a beam energy of
190 MeV (q,&=2.0 fm ') to investigate the transverse
contribution to the form factor.

As part of the current experiment, effort was devoted
to a continuing program of energy-resolution enhance-
ment, primarily through studies of beam-tuning systemat-
ics and data-acquisition software refinement. This pro-
gram resulted in attaining maximum resolutions of
Ap/p =4X10 and routinely gave 6X10 . This was
essential for studying an excitation region with many
closely neighboring states.

B. Saclay data

The data were collected in the HE1 experimental hall
of the ALS (Accelerateer Lineare de Saclay). Scattered
electrons were analyzed using the SP900 magnetic spec-
trometer [19]. The standard focal-plane detector of this
spectrometer was employed, which consists of a verti-
cal drift chamber, two plastic scintillator planes,
and a Cerenkov counter. The energy-loss system
STRADIVARIUS [20] was used to obtain high resolu-
tion at high beam currents. For the optimum momentum
resolution (typically b,E/E = 1 X 10 ) the scattering
chamber was connected directly to the spectrometer
without intervening vacuum windows employing a sliding
seal. The spectrometer acceptance solid angle ranged
from 0.1 to 5.0 msr.

The beam current, which varied from 5 to 15 pA, was
measured to an accuracy of better than 1% by two
ferrite-core toroid monitors and a Faraday cup. The
scattering of the incident electrons with energies E=200,
300, and 500 MeV was measured for a range of scattering
angles 8 corresponding to effective momentum transfers
0.4 q,& 3.1 fm

Errors due to the nonuniformity of the target thickness
were minimized and excessive heating of the target was
avoided by continuously wobbling the targets relative to
the beam. Additional cooling of the target was provided
by a supersonic jet of hydrogen gas directed at the beam
spot. The relative efficiencies of the detector channels
were checked by measurement of the smooth quasielastic
spectrum from ' C. The stability of the detector system
was examined periodically by measurement of the ' Ce
elastic-scattering cross section at a forward angle.

III. DATA REDUCTION

A. Extraction of cross sections

Cross sections were extracted from the experimental
spectra using a line-shape fitting code. A typical experi-
mental spectrum and an associated line shape for the
Bates data is shown in Fig. 1. The peak integrals extract-
ed from the spectra were corrected for straggling, brems-
strahlung, and Schwinger radiative effects according to
the prescription of Bergstrom [21]. In addition, on-line
diagnostic spectra were accumulated so that corrections
could be applied to compensate for the misidentification
of good events and instrumental deadtime. For forward
angle data, these corrections were normally of the order
of a few percent and dominated by the computer dead-
time correction. At backward angles, where the counting
rate is low, instrumental and computer deadtime is negli-
gible and the correction is dominated by the subtraction
of spurious background events. All the data were also
corrected for folding over the spectrometer acceptance
and for multiple scattering in the target. The resulting
cross sections were analyzed simultaneously with previ-
ous measurements [10] at low-momentum transfers. The
inelastic cross sections were determined relative to the
simultaneously measured elastic-scattering cross sections.
Absolute cross sections were obtained by normalizing
these data using the results of a high-precision elasti~-
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FIG. 1. Spectrum and line-shape At of 190-MeV electrons scattered from ' Ce at 45'.

electron-scattering experiment performed at Saclay [22].
The backward angle measurement showed that the

transverse contributions to the form factor at forward an-
gles are negligible. The ratios in ~F

~
/~F ~, where F

and F are the transverse and longitudinal form factors,
respectively, were observed to be 1.2'7o for the 2&+ state
(E„=1.596 MeV) and 4.0% for the 3, state (E„=2.464
MeV). This result is in accord with the recent NIKHEF
electron-scattering results [7,8] on ' Nd. At the forward
angles corresponding to the first minimum of the longitu-
dinal form factor (q,tr=1.0 fm '), the transverse com-
ponents of the cross section for the quadrupole states of

Nd were measured to be less than 2% of the longitudi-
nal form factor. Calculations with QPM have shown that
the transverse form factors of all the quadrupole states
reach their maximum value near the minimum of the
charge form factor. For the states of other multipolari-
ties in ' Nd, QPM calculations [8] predict the transverse
contribution to be of the same order as for the quadru-
pole states. We will therefore neglect the small trans-
verse components of the natural parity ' Ce states in the
subsequent analysis.

B. Transition charge densities

15

JLI ]( +):rg B ji+~(q&r)
p=1

15

JLi(r)= g C„jL(q„r),
p=1

(2)

where q„Ro is the pth zero of jl (x). The lower com-

Cross sections extracted from the electron-scattering
spectra were analyzed using a distorted-wave Born ap-
proximation (DWBA) phase-shift code [23]. A Fourier-
Bessel expansion (FBE) of transition densities was used to
extract structure information from the experimental
cross sections. The FBE expands densities as a series of
spherical Bessel functions. The expansions used within a
cutoff radius Ro are

15

p( r) = g A „q„'ji (q„'r),
p=l

ponent of the current JL L, is related to the upper com-
ponent and the charge through the continuity equation
[23]. For the densities in ' Ce we have used a cutoff ra-
dius R0=10.00 fm. The data determine the coefficients
up to that q„which is closest to q,„, the rnaximurn
momentum transfer covered by the data. The remaining
coefficients are determined by fitting additional pseudoda-
ta points in the region q,„q q, 5 with an uncertainty
determined by an exponential upper limit as discussed in
Ref. [23]. Model dependence enters through the use of
an exponential tail bias in coordinate space. The tail bias
ensures that the shape of the density is reasonable at
large radii.

IV. THEORETICAL DESCRIPTION OF LOW-LYING
NUCLEAR EXCITATIONS

In this section we briefly outline the two microscopic
models we have used here for interpreting the experimen-
tal data, the quasiparticle-phonon model (QPM) and self-
consistent finite Fermi system (FFS) theory. The self-
consistent FFS theory employs a modified form of the
density functional, from which both the quasiparticle
basis and the effective interaction are constructed with a
single fixed set of parameters for different nuclei. Howev-
er, this theory in its present realization does not treat in
detail the interplay between different modes of excitation.
This interplay is taken into account within the QPM, a
phenomenological approach in which the quasiparticle
basis is obtained from the Woods-Saxon average field and
a schematic form of the residual interaction is employed
with parameters adjusted to the experimental data for
each nucleus.

A. Qnasiparticle-phonon model

In the quasiparticle-phonon model, the excited states
in even-even nuclei are viewed as a combination of one-,
two-, . . . , n-phonon configurations built on the wave
function of the ground state +, treated as a phonon
vacuum. In the present calculation up to three phonon
configurations are included. Thus, the wave function of
the state with momentum J and projection M has the
form
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g B ( Jv)QJMi + g PL~ (Jv)[QLpi QL'p'i' ]1M

+ g g TLiL'i' (Jv)l. I. QLpi QL'p'i'1J'M'QL"p"i ]"JM g. s.
LI I JILtt II

(4)

with the definition (N =Z), e~ is the nuclear matter Fermi energy, and

[QII, QI'. „; Jz~= g &LpL'p'IJM&QI. „QL„"

where Qlt„,. is the phonon creation operator with angular
momentum L, projection p, and the RPA root number i.
Phonons are constructed as a linear combination of pairs
of quasiparticle creation a and annihilation a opera-
tors with the shell quantum numbers jm —=In, l, j,m & as
follows:

1 A l+x+f+=, f'*=
1+h 2~x+ 1+h ~x+

rf+x+ =fD(r r')f—'+(r')x+(r')dr',

1
D (r —r') =Sir —r') —

2 exp
4m.z 'I r —r'I

—Ir —r'I

R

(10)

N, Z

Q,„;=-,' g [QJJ'[ixj~~iri ~ ]I,„
JJ

(6)

After the diagonalization of the Hamiltonian on the
basis of the wave function (4), the set of eigenvalue equa-
tions is obtained. Solving these equations we obtain a
spectrum of excited states and the contributions of
different configurations [i.e., coefficients R; (Jv),PI; (Jv),
and TI;r.;l (Jv)) to the structure of each state. A de-
tailed description can be found in Refs. [7—9].

B. Self-consistent finite Fermi system theory

In a companion paper [9] the transition charge densi-
ties of one-phonon states in ' Ce were calculated using a
simplified version of the FFS theory [4,5]. In that paper
a single-particle basis in the Woods-Saxon potential and
density-dependent effective interaction were used when
solving QRPA-type equations in the coordinate represen-
tation. Contrary to the QPM, these calculations were
characterized by the completeness of the particle-hole
basis and a more realistic effective interaction.

In the present paper we apply a new version of the FFS
theory which allows us to describe both ground and ex-
cited states self-consistently. For this purpose we used a
density functional approach in a form close to that which
was suggested in Ref. [24]. The corresponding interac-
tion energy density is represented as a sum of four terms,
omitting for simplicity the usual kinetic energy term with
the bare nucleon mass,

int ~main+ ~Coul+ ~sl+ pair &

where

c„„=3e~po[a "+.x.+f+—+o" x f" +a'+x+f+f' x+

+a'x f' f'x ].
Here x+ =(p„+p )/2po, p„i i

is the neutron (proton)
density, 2po is the equilibrium nuclear matter density

The first and second terms of c „.„are the contributions
of the volume isoscalar and isovector interaction energy.
The last two terms are generated by the surface finite-
range density-dependent forces.

The energy density of the Coulomb interaction cc,„l is
taken in the usual form, including the exchange part in
the Slater approximation. The term c,l comes from the
spin-orbit and velocity spin-dependent interactions. The
term c, „,is the pairing energy density generated by sim-

ple 5-function effective particle-particle forces.
Parameters of the density functional (a+, a+, h", 2+,

h +, etc.) were chosen by fitting excitation energies,
charge distributions, and the single-particle spectra for a
number of nuclei, both magic ( Ca, Ca, Pb) and non-
magic ( Zr, ' Gd, tin, and lead even-even isotopes).
The results of these calculations will be published else-
where [25].

A self-consistent quasiparticle basis and effective in-
teractions, obtained with this functional, are used when
solving the FFS equations for one-phonon excitations in a
mixed (r, A, ) representation, fully taking into account the
particle-hole continuum as in Refs. [9,26].

V. RESULTS

The experimental spectra were analyzed up to an exci-
tation energy of 3.3 MeV. Table I lists the excitation en-
ergies with spin and parity for all of the states analyzed
[27]. The excitation energies and the B(Ei(,) values of
the low-lying states with different J obtained in the
present experiment are presented in this table along with
corresponding QPM calculations and self-consistent FFS
predictions. Table II presents the properties of low-lying
states in QPM calculations. This table gives the results in
QPM with a one-phonon approximation and after mixing
between the one-phonon, two-phonon, and three-phonon
states. The two main configurations of the wave function
after mixing are shown in this table for each state.

The coefficients presented in the last column of Table
II correspond to R, P in Eq. (4). The contribution of each
configuration to the structure of excited states can be ob-
tained from the normalization relation
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TABLE I. The excitation energies and the B(EA, ) values of the low-lying states with different J ob-
tained from experiment, along with corresponding QPM calculations and self-consistent FFS predic-
tions.

Experiment
J E„(MeV) B(EA.) (e fm )

QPM
E„(MeV) B(EA, ) (e fm )

FFS
E (MeV) B(EA, ) (e fm )

2+

3
4+

1.596
2.348
2.900
3 ~ 119
2.464
2.084

(3.04+0.08) X 10
(4.3+2.8) X 10'

(1.71+0.27) X 10'
(6.59+0.51)X 10
(1.98+0.14) X 10
(3.41+0.44) X 10'

1.62
2.25
3.05
3.36
2.27
2,08

3.60X10'
3.75 X 10'
3.87 X 10
4.42X10'
1.48X10'
3.61X10'

1.61

2.44
1.96

2.5 X 10

1.9X10'
2.0X 10

(%,(JM)~%'„(JM)) = g [R,(Jv)] +2 g [Pl; (Jv)] K (LiL'i')+6 g g [Tl;L,, l (Jv)] CJ (Li,L'i', L "i")=1,
LiLi' J'L "i"

(12)

where K (LiL'i ') and CJ.(Li,L'i', L "i") are the
coefficients related to the Pauli principle correction. The
K (LiL'i') value in this equation varies from 1 to 0; 1 for
the two-phonon configuration which does not violate the
Pauli principle and 0 for the configuration which is for-
bidden by the Pauli principle. In ' Ce the two-phonon
configurations [2,+3, ],[2,+I84,+]2+, and [2&+84t+]4+
have the smallest values of the coefficient K (LiL'i').
For some configurations this coefficient can be easily cal-
culated by comparing the P value in the Table II with the
contribution in percent described in this chapter.

A. 2+ states

Four 2+ states at excitation energies 1.S96, 2.348,
2.900, and 3.119 MeV have been observed and analyzed
in this experiment. Figure 2 shows the form factors and
the corresponding DWBA fits for these 2+ states. Figure
3 presents the empirically reconstructed transition charge
densities of these 2+ states. In this (and the following
figures) we compare to the experimental densities ob-
tained in the QPM calculations (solid curves) and those
obtained by FFS theory calculations (dashed curves).
The states at 1.596 and 3.119 MeV are characterized by

TABLE II. Properties of low-lying states with J =2+, 3, and 4+ and E, ~4 MeV in ' Ce in QPM
calculations: (a) in the one-phonon approximation with the wave function in Eq. (6); (b) in calculations
after mixing between the one-, two-, and three-phonon states with the wave function in Eq. (4) (only two
main configurations of wave function are shown for each state).

(a) (b)J" v E„(MeV) B(EA, ) (e fm ) E„(MeV) B(Ek) (e fm ) Main configurations

2+

3 1

4+

1.82

2.36

2.39

3.46

2.80

3.44

2.16

2.35

2.40

3.81

3.54 X 10'

1.04 X 10

2.05 X 10'

1.60 X 10

1.85 X 10'

4.52 X 10'

3 10X 10

6.58 X 10

7.63 X10'

3.96 X 10

1.62

2.25

2.31

3.05

3.36

3.88

2.27

3.31

2.08

2.29

2.35

3.14

3.36

3.80

3.60X 10'

3.75 X10'

1.37 X 10'

3.87 X10'

4.42 X 10'

2.20X10'

1.48 X10'

7.15 X 10'

3.61X10'

1.65 X10'

5.89 X10'

6.92 X 10

1.02 X 10'

1.58 X 10

0 9&Q,'+ +0 o9[Q,'-Q,'-1,+

0.68Q++ +0.68Q+~
22' 23+

0.70Q +~ —0.70Q +~

o 72Q,'++o 39[Q,'+Q,'+ ],+
o &0Q'+ —o 5o[Q,'+Q'+ ],+

4 l l

0.38Q++ —0.81[Q ~Q++ ] i
0.90Q,+ +0.38[Q,+~Q+ ],

l

0.97Q,+ +0.14[Q+~Q+ ]3

0.97Q+i +0.14Q+~
41 42

0.89Q+i+0.21Q ~
42 43

0.96Q +i —0.24Q +~
43 42

0.&3Q,'++0 &0[Q,'+Q,'+ ],+
o.56Q,'+ —o 42[Q,'+Q,'+ ],+

o.86[Q,++Q,++ ],+ —o 42[Q,++Q,' ],+



45 INTERPLAY BETWEEN SINGLE-PARTICLE AND COLLECTIVE. . . 2295

surface-peaked transition densities that indicate their col-
lective nature.

The first 2+ state, at an excitation energy of E„=1.596
MeV, has a strong surface peak with the maximum at 5.7
fm. In the QPM calculation the 2,+ state is expected to
have excitation energy of 1.62 MeV and
B (E2)=3.6X 10 e fm . The position and amplitude of
the experimental density are well reproduced, although
the amplitude of the interior peak is overestimated by
theory. The nature of this interior peak is connected
with the contribution of the (m2d5&z)z+ two-quasiparticle
configuration to the structure of the first one-phonon 2+
configuration, which is the main configuration (91% of
contribution) in the wave function of the 2,+ state. The
same feature characterizes calculations concerning the
neighboring even-even isotopes ' Ce (Ref. [9]) and ' Nd
(Refs. [7,8]). The contribution of the (n2d5&z) ~ two-

quasiparticle configuration to the structure of the first
one-phonon 2+ configuration in ' Ce is 25% smaller
than in ' Nd; consequently, the height of the interior
peak compared to the surface peak appears reduced.
This contribution in ' Ce is larger than in ' Ce. In

Ce it is equal to 15% because of additional neutron
contributions.

The surface peaks for collective states are produced as

a result of coherent interference of a large number of
two-quasiparticle components, while in the interior the
interference is mainly destructive, and as a result the den-
sity behavior in the interior is usually determined by one
or two main proton two-quasiparticle configurations.
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FIG. 2. Form factors for the 2+ states at 1.596, 2.348, 2.900,
and 3.119MeV. The curves show the DWBA fits.
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FIG. 3. Transition charge densities for the 2+ states at 1.596,

2.348, 2.900, and 3.119MeV. The solid curves are the QPM cal-
culations, while the dashed curve is the self-consistent FFS pre-
diction.
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The uncertainties in details of both approaches (QPM
and FFS theory), such as the single-particle energy
scheme, should be expected to produce a worse descrip-
tion of the experimental densities in the interior than at
the surface.

The self-consistent FFS calculation for the first 2+
state gives an excitation energy of 1.61 MeV and
B (E2)=2.5 X 10 e fm . The corresponding transition
charge density is shown in Fig. 3 by a dashed curve. In
principle, by varying some parameters of the density
functional one can bring the surface peak and B(E2)
value much closer to the experiment. For example, it
may be done by increasing the absolute value of parame-
ter a+, i.e., the attraction between nucleons, and by read-
justing the strength constants of the spin-orbit and pair-
ing interactions. We prefer to hold all parameters, as ob-
tained from the fitting procedure mentioned above, con-
stant. The contribution to B(E2) from the interior part
of the transition density is small, and the inhuence of the
variations of the density functional on this part is much
less pronounced.

The second and third 2+ states of ' Ce in the QPM
calculation are superpositions of the two noncollective
configurations (the second and third one-phonon 2+
modes). These two one-phonon 2+ configurations are
closely spaced in energy, being located at 2.355- and
2.388-MeV excitation, which results in substantial rnix-
ing. The amplitudes of these configurations add con-
structively in the second 2+ state at 2.25 MeV, giving a
B (E2)=3.8 X 10' e fm, while they interfere destructive-
ly in the third 2+ state at 2.31 MeV, producing a B (E2)
of only 1.4 e fm . The transition charge density of the
second QPM 2+ state exhibits a pronounced node in the
interior, indicating its noncollective nature. It resembles
closely the shape of the experimental density of the 22+

state at 2.348 MeV (Fig. 3). Three configurations
comprise the 22+ state; (mlg7/2, n 2d. 5/2 ) (61.5%),
(~lg7/2 )z+ (30.0%), (vr2d~/2 )z+ (8.5%). The large nega-

tive peak in the interior is caused by the first
configuration. The third 2+ state in the QPM is expected
to be very weak; this state is not observed in our experi-
ment, nor is there any other evidence for such a state at
the present time.

The shape of the densities of the fourth and fifth 2+
states in the QPM calculation is determined mainly by
the contribution of the fourth one-phonon 2+
configuration to the wave function of these states. The
fourth one-phonon 2+ configuration is rather collective.
While the strength of the first one-phonon 2+
configuration is mainly concentrated in the first 2& state,
the strength of the fourth one-phonon 2+ configuration is
distributed over several states. 52% of its strength goes
to the fourth 2+ state at 3.05 Me V with
B (E2)=3.9 X 10 e fm and 25%%uj goes to the fifth 2+
state at 3.36 MeV with B (E2)=4.4X 10 e fm . The
smaller value of B (E2) of the fourth 2+ state compared
to the fifth is caused by a 2.5% destructive admixture of
the first 2+ one-phonon configuration to the wave func-
tion of the fourth 2+ state. Also, a visible contribution to
the structure of the fourth and fifth 2+ states comes from

B. 4+ state

The form factor and the transition charge density for
the first 4+ state (2.084 MeV) are presented in Figs. 4 and
5, respectively. In ' Nd the transition charge density of
the first 4+ state has not been extracted since this state is
located very close to the first 3 state and their peaks
were not resolved [7,8]. In ' Ce these states are well
separated.

The 4,+ state in the QPM calculation appears at 2.08
MeV with a B (E4)=3.6 X 10 e fm, and it is essentially
a pure first one-phonon 4+ configuration. The first one-
phonon 4+ configuration is less collective than the first
one-phonon 2 and 3 configurations. More than 96%
of its strength comes from the three two-quasiparticle
configurations (orig 7/2 ) + (53.8%), (mlg7/2, vQdq/2 ) +
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FIG. 4. Form factor for the 4+ state at 2.084 MeV.

the two-phonon configuration [2&+ 2~+ ] +, 30% and

50%, respectively. In Fig. 3, the shape and amplitude of
the fourth state in QPM are compared with the experi-
mental density of the 2+ state at 2.900 MeV. While the
extracted density for the level at 2.900 MeV does have an
interior maximum indicative of its noncollective nature,
the absolute positions of the peaks are not well repro-
duced by the QPM calculation. However, both the shape
and amplitude of the density of the fifth state in QPM are
in good agreement with the experimental density of the
2+ collective state at 3.119MeV.

Quite remarkable is the measured and predicted high
collectivity of the fifth-calculated, fourth-observed 24+

state at an excitation energy of 3.119 MeV. This is a
manifestation of the fact that the 1g7/2 and 2d, /2 energy
levels are closely spaced, while the 1h»/2, 3s»2, and

2d3/p orbitals are a few MeV higher. This strong collec-
tive 24+ state was also observed in ' Nd (Ref. [7]), and
was explained in terms of the single-particle subshell
structure.
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FIG. 5. Transition charge density for the 4+ state at 2.084
MeV. The solid curve is the QPM calculation, while the dashed
curve is the self-consistent FFS prediction.

(29.4%), and (m2d5&z) + (13.1%). The smaller degree in

collectivity of this first one-phonon 4+ configuration is
the main reason for the weak coupling of this
configuration to more complex ones. In general, the
agreement of the QPM results with the experiment is
rather good both in terms of excitation energy and in
terms of the shape of its transition density.

For the 4,+ state the self-consistent FFS calculation
gives E„=1.96 MeV and B(E4)=2.0X10 e fm . The
shape of the transition charge density for this state is
reproduced rather well, but the width and the height of
the surface peak are underestimated. This can be ex-
plained by the relative lack of collectivity of this state,
which makes it more sensitive to positions of single-
particle levels near the Fermi surface than the first 2+
state. As mentioned earlier no attempt was made to im-
prove the agreement with experiment by varying the den-
sity functional parameters.

C. 3 state

In the QPM calculation for ' Ce, the
(m lg7&2, m ih» &2 )3 two-quasiparticle configuration is

found to lie lower in energy than the (~2d, zz, m. lh»&2)3
configuration by only 0.05 MeV. However, since the
(n2d, zz, n. lh»&2) configuration has a matrix element of
residual interaction 3.5 times larger than the
(m. lg7&z, m lh i &&2 )3 configuration, its contribution to the

first 3 state is larger.
The self-consistent FFS theory calculation gives an ex-

citation energy for the first 3 of 2.44 MeV with a
B(E3)=1.9X10 e fm . The corresponding transition
charge density is shown in Fig. 7 by a dashed curve. The
agreement with experiment is good. In this approach for
negative-parity excitations, uncertainties connected with
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CD

0
The form factor and the transition charge density of

the first 3 state at an excitation energy of 2.464 MeV are
shown in Figs. 6 and 7, respectively. The 3& state in the
QPM calculation is found at 2.27 MeV with a B(E3) of
1.5X10 e fm . The main contribution (80.3%) to the
structure of this state comes from the first one-phonon
3 configuration with a 12.9% admixture from the two-
phonon configuration [2,+3& ] . Although the two-

quasiparticle configuration (m2d5&2, m. lh» &2 ) contrib-
utes 68%%uo to the structure of the first one-phonon 3
configuration, the one-phonon configuration is rather col-
lective; it exhausts 5.7% of the energy-weighted sum rule.
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FIG. 7. Transition charge density for the 3 state at 2.464
MeV. The solid curve is the QPM calculation, while the dashed
curve is the self-consistent FFS prediction.
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particle-particle channel contributions are diminished be-
cause the QRPA-type equations [26] do not explicitly in-
clude the corresponding anomalous component of the
transition density. At the same time the particle-hole
channel, which in this case plays the most important role,
is adequately taken into account.

VI. SUMMARY AND CONCLUSIONS

In this experiment, electron-scattering cross sections
for the low-lying states of ' Ce have been measured for
excitation energies up to 3.3 MeV. The excellent energy
resolution made it possible to separate the form factors of
the low-lying states for the first time. For six of these
states, accurate transition charge densities were recon-
structed by means of a DWBA analysis using a Fourier-
Bessel expansion. For these levels, spin and parity as-
signments were confirmed. A systematic investigation of
the modes of excitation of low-lying states was per-
formed.

In this work, special attention has been given to the in-

terplay between single-particle and collective degrees of
freedom. To this end, the experimental results were com-
pared with calculations in the framework of the
quasiparticle-phonon model and finite Fermi system
theory. The QPM calculations, with many phonon
configurations contributing to the wave functions of ex-
cited states, made it possible to analyze the structure of
the extracted states. The self-consistent FFS theory
proves to be quite successful in a description of the first
excited collective states of each mu1tipolarity, which have
a dominantly one-phonon character. As for the higher-
lying states, it was found that the mixing with more com-
plicated configurations needs to be taken into account.
This mixing can be described microscopically with the
framework of FFS theory, and the corresponding calcula-
tion scheme is being developed now.

In general, the agreement between the experimentally
extracted transition charge densities and the theoretical
calculations in both the frequency of the excited states
and the shape of the corresponding transition charge den-

sities in the surface region is quite good. The poorer
description of the interior structure of the densities is at-
tributed to the destructive nature of the interference,
which is more sensitive to the details of the calculations
which have not reached that level of maturity yet. A
comparison of ' Ce with ' Ce indicates that the two ad-
ditional neutrons above the closed shell N=82 strongly
increase the interplay between different components in
the wave functions of excited states. In the open-shell
nucleus ' Ce, the interaction between one-, two-, and
three-phonon components is rather strong [9]. Due to
this interaction, one- and two-phonon configurations are
mixed in the wave function of the excited states, and only
the first 2+ state can be approximated by a pure one-
phonon state. In the half-magic nucleus ' Ce the mixing
is much weaker and the one-phonon approximation of
the FFS is reasonable. This conclusion is reinforced by
the fact that the results in ' Ce are very similar to those
of the neighboring half-magic ' Nd with two more pro-
tons in the open shell.

The study of these nuclei, together with the more ex-
tensive studies in the Zr-Sr and Pb regions, indicates that
while we do not yet have a precise calculational frame-
work to represent the features of nuclei with the accuracy
achieved by experimental technique, we do have a good
understanding of how their features develop as each shell
is opened from the magic nucleus, and we do have the
calculational framework to reproduce their gross features
rather satisfactorily.
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