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Photon-decay modes of the giant dipole resonance in even- A Nd isotopes
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The photon-decay modes of the giant dipole resonance (GDR) in the nuclei ' ' ' ' Nd were inves-
tigated via elastic and inelastic photon scattering. Considerable inelastic scattering was seen into the
first excited state of each nucleus. In ' Nd and "Nd, scattering into several higher levels was also
resolved and found to be quite weak. The data are interpreted in the context of both the dynamic collec-
tive model and interacting boson model. In these models, the photon decays of the GDR to excited states
are a consequence of the coupling between the giant resonance and collective surface degrees of freedom,
such as rotations and vibrations. The present data provide the first experimental test of the photon-
decay predictions of these models across an entire transitional chain. Both models give an excellent ac-
count of the data.

I. INTRQDUCTIl3N

This paper reports a photon-scattering study of the
photon-decay modes of the giant dipole resonance (GDR)
in the transitional chain of Nd isotopes. The motivation
for this work is to test nuclear structure models that pre-
dict these decay modes based on the coupling between
the GDR and low-lying collective levels. It has long been
believed that one of the primary mechanisms for the
damping of collective giant multipole strength is through
the coupling to low-lying collective degrees of freedom,
such as quadrupole or octopole surface vibrations. In
particular, there is considerable evidence that the GDR is
strongly coupled to collective quadrupole surface vibra-
tions and that this coupling often dominates the structure
of the GDR, especially in medium and heavy nuclei [l].
The consequences of this coupling are the mixture of sur-
face vibrational components into the GDR state, the
fractionation and consequent spreading of the GDR into
vibrational satellite peaks, and the acquisition of often
substantial branching ratios for photon emission from the
GDR to low-lying vibrational levels. Photon scattering is
an ideal reaction for probing the coupling of the dipole
and quadrupole modes, since photons strongly and selec-
tively excite the dipole mode and since inelastic scatter-
ing to vibrational states provides a direct measure of the
mixture of vibrational components into the wave function
of the GDR.

Historically, the first attempt to describe the coupling
quantitatively was the hydrodynamic model and its ex-
tension, the dynamic collective model (DCM) [2], where
the coupling is a consequence of the hydrodynamic result
that the frequency of the dipole mode of a liquid drop is
proportional to the inverse of the radius of the drop.
This leads to the well-documented scaling of the GDR
energy with 2 ' as well as the energy splitting of the
resonance in nuclei with a static deformation. For nuclei
with a vibrating surface, this leads to an almost classical
problem of the coupling between high-frequency dipole
modes and low-frequency surface modes, resulting in an

admixture of surface vibrati. onal components into the
GDR state. Qualitatively, for nuclei that are "soft" vi-
brators (i.e., low frequency and large amplitude), one ex-
pects a strong coupling between the dipole mode and sur-
face vibrations, a large splitting of the dipole strength
into satellite peaks, and a substantial photon-decay
branch of the GDR to low-lying vibrational levels. The
opposite is expected for "stiff" vibrators (i.e., high fre-
quency and small amplitude). The DCM has met with
considerable qualitative and quantitative success in pre-
dicting the distribution of dipole strength [I] in a wide
range of nuclei ranging from spherical vibrators to de-
formed rotors, including the so-called transitional nuclei
which span these two extremes. On the other hand, tests
of predictions of photon decays to low-lying vibrational
levels, although largely successful, are not very extensive
and are limited to a few medium-weight spherical vibra-
tors [3] and heavy deformed rotors [4]. In particular,
there has never been a systematic test of the predictions
across an entire transitional chain spanning between
spherical vibrational nuclei and strongly deformed rotors.

More recently, the interacting boson model (IBM) has
been expanded to include the GDR and its coupling to
the low-lying collective levels [5,6]. The IBM has en-
joyed considerable success over the last decade in predict-
ing the properties of these low-lying levels in a wide range
of nuclei throughout the periodic table. Among its more
recent accomplishments is the successful prediction of
the shape of the photoabsorption cross section in the
GDR region of transitional and deformed nuclei [7].
However, there have been few comparisons between
theory and experiment with regard to the photon-decay
branches. The most detailed comparison to date has been
for inelastic photon scattering into the y band of the
strongly deformed nucleus ' Er, where the model was
found to be quite successful in accounting for the experi-
mental data [4]. In fact, with a relatively simple version
of both the DCM and IBM, it has been shown that both
models can account for all the photonuclear data on

Er. However, as with the DCM, there has never been
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a systematic test of the predictions of photon-decay
branches across a transitional chain.

The even-A Nd isotopes ' ' Nd are an ideal testing
ground for these models. The transitional nature of this
chain shows up in various ways, as demonstrated in Figs.
1 —3. For example, the energy-level diagrams [8,9] in Fig.
1 indicate that these nuclei exhibit a broad diversity in
the structure of their low-lying levels, ranging from the
closed N =82 neutron shell (' Nd) to classical examples
of a nearly harmonic vibrator (' Nd) and of a deformed
rotor (' Nd). There is also diversity in the expected
strength of coupling between the GDR and surface
modes. One can characterize the strength of this cou-
pling by the ratio of the energy of the first excited state
E2 to the parameter Po [10],which is proportional to the
square root of reduced E2 transition rate coupling the
ground state to the lowest 2+ state. For vibrational nu-
clei Po is the zero-point vibrational amplitude, while for
deformed nuclei it is the static deformation. In Fig. 2 we
show a two-dimensional plot of E2 vs /3o for the even-A
Nd isotopes. One clearly sees that the expected strength
of the coupling to the surface ranges from very weak in
the case of ' Nd to very strong in the case of ' Nd. One
signature of this coupling should be the broadening of the
dipole strength. This is demonstrated in Fig. 3, which
shows the measured photoabsorption cross section across
the isotopic chain [1]. One sees a gradual broadening of
the GDR as the expected strength of the coupling in-
creases across the chain, from the relatively narrow
strength distribution in A =142 to the more broadened
distribution in A =146, to the splitting into two modes
that is characteristic of deformed nuclei in A =150. The
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preceding considerations lead us to expect also a broad
diversity across the chain in the photon-decay branches
to the first few excited states. It is the purpose of the
present work to test both our general ideas about the cou-
pling as well as the specific nuclear structure models by
measuring the photon-decay branches, mainly to the first
excited state.

The remainder of the paper is organized as follows. In
Sec. II we briefly discuss the experimental procedures and
data reduction. In Sec. III we describe the DCM and

FIG. 2. Two-dimensional plot of the energy of the first excit-
ed state vs the parameter f3O for the Nd isotopes studied. The
coupling of the GDR to the nuclear surface modes is expected
to be greatest for nuclei in the lower right corner and least for
those in the upper left corner.
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FIG. 1. Selected low-lying states in the even-2 Nd isotopes
studied.

FIG. 3. Experimental values [1] of the photoabsorption cross
sections for the Nd isotopes.
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IBM as well as the formalism whereby one uses these
models to calculate photon-scattering and photoabsorp-
tion cross sections. In Sec. IV we analyze and discuss our
results in light of the comparison between the measured
cross sections and model calculations. In Sec. V we sum-
marize our results and reiterate our principal con-
clusions.

II. EXPKRIMENTAI. TECHNIQUE

The main experimental challenge in measuring the
photon-scattering cross sections is in achieving a com-
bined energy resolution in the incident photon beam and
photon detector sufhcient to separate the inelastic scatter-
ing from the much stronger elastic scattering. We ac-
complished this by using incident beams of quasimono-
chromatic photons produced at the University of Illinois
tagged-photon facility and large-volume, good-energy-
resolution NaI(Tl) spectrometers to detect the scattered
photons. The tagged-photon technique has been previ-
ously described [11,12], and we only highlight the discus-
sion here. The experimental setup is shown schematical-
ly in Fig. 4. An incident electron beam of energy 24. 1

MeV is provided by the 100% duty factor MUSL-2 ac-
celerator. This strikes a 34.3-mg/cm Al foil where a
small percentage of the incident beam emits bremsstrah-
lung photons. The post-bremsstrahlung electrons are
momentum analyzed in a double-focusing magnetic spec-

trometer and detected in an array of plastic scintillators,
thereby tagging the associated photons and sorting them
into 32 contiguous 100-keV-wide energy bins. A valid
event is defined to be a time-correlated coincidence be-
tween a tagging electron and a photon which scatters
from the scattering target into the NaI spectrometer.
The experimental technique involves a two-part measure-
ment, as shown in Fig. 4. First, the NaI is placed directly
into the tagged-photon beam in order to calibrate the
bremsstrahlung Aux and measure the response of the NaI
to quasimonochromatic photons. Second, the NaI is
placed at an appropriate angle in order to view only those
photons that have scattered from the target. The data-
acquisition software sorts the NaI pulse height into a to-
tal coincidence or an accidental coincidence spectrum,
depending on the time difference between the detection of
the photon in the NaI and the detection of the associated
electron in a focal-plane counter. The net coincidence
spectra are generated off line by subtracting an appropri-
ate amount of the accidental coincidences from the total
coincidences.

The primary photon detector consisted of a 24-cm-
diam by 36-cm-long cylinder of NaI, surrounded by an
11-cm-thick plastic anticoincidence shield. The shield
served to improve the energy resolution by rejecting
events in which some of the electromagnetic shower es-
caped from the NaI and into the plastic. The detector
observed photons which scattered at an angle of either
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90 or 79' and was able to be rotated to 0' for the brems-
strahlung calibration. A secondary Nal(TI} detector, 24
cm in diameter by 30 cm long, was used at a fixed back-
ward angle of 144' for the ' Nd measurements. No an-
ticoincidence shield was used for this detector. Both
crystals were surrounded by 2.5 cm of LizCO3, which is
an effective absorber of low-energy neutrons, and 11.4 cm
of lead. Typical energy resolutions achieved in the pri-
mary detector were 2.3%%uo full width at half maximum.

The Nd targets were isotopically enriched and in the
form of oxide powders (Nd203}. The amount of each iso-
tope used and the percentage enrichments are given in
Table I. The powders were packed into thin-walled (2-
mm} Lucite boxes shaped to simplify the determination of
target absorption effects. These effects as well as the
detector e%ciency, effective solid angle, and effective tar-
get thickness were calculated using a Monte Carlo code
[12] based on the electromagnetic shower code EGs4 [13].
Two different magnet settings were used with the tagging
spectrometer, spanning photon energies from 12 to 15
and from 15 to 18 MeV. There was an overlap of a few
hundred keV near 15 MeV, which provided an internal

TABLE I. Percentage enrichments and amounts of the iso-
topes studied.

Isotope

I42Nd

146Nd

150Nd

Weight of
Nd203 (g)

150.7
160.6
81.9
87.8

Isotopic
enrichment (%)

96.3
95.5
94.1

93.9

consistency check on the cross sections. Both tagging in-
tervals included the 15.1-MeV resonance fluorescence
line in carbon, which was present because of the Lucite
target boxes. This line served as a convenient on-line
monitor of both the line shape and gain of the NaI spec-
trometers.

Typical pulse-height spectra for each isotope are
shown in Fig. 5. In ' Nd the first excited state lies 1.576
MeV above the ground state, thereby allowing for a clean
separation between the scattering to this state and the
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elastic scattering. In ' Nd the scattering into the first
excited state at 454 keV lies very close to the small but
non-negligible one-escape peak from the elastic scatter-
ing. In ' Nd the first excited state is only 302 keV above
the ground state, and elastic and inelastic scattering ap-
pear as a single broadened peak. In all three cases, the
inelastic scattering was separated using a maximum-
likelihood, multipeak fit to the spectra, using line shapes
calculated with our Monte Carlo code. These line shapes
were calibrated against the line shapes measured with the
detector placed directly into the photon beam and
checked against the 15.1-MeV resonance fluorescence
line. For ' Nd and ' Nd, no evidence was found for in-
elastic scattering into levels other than the first excited
state, whereas in ' Nd a weak transition to the 22+ state
was found.

For ' Nd, the first excited state is only 130 keV above
the ground state and scattering into this state cannot be
resolved from elastic scattering. Instead, we relied on the
fact that the elastic scattering has a difFerent angular dis-
tribution (l+cos 8) than the scattering into a 2+ level
(13+cos 8) in order to separate the two contributions.
Therefore, scattering data were taken at both 79' and
144 using the two-detector setup, and the data were ana-
lyzed as a single "quasielastic" peak. Scattering into the

y bandhead at 1.06 MeV and unresolved scattering into
the 0.68- and 0.85-MeV members of the /3 band were en-
ergetically resolved from the scattering into the ground-
state band and found to be very weak, as shown in Fig. 5
for the case of scattering into the /3 band.

III. FO]RMALISM FQR THE ANALYSIS

A. overview

We interpret our data in the context of both the DCM
and IBM. In each case a model Hamiltonian is diagonal-
ized, yielding the energies and wave functions of both the
low-lying collective states (rotations and vibrations) and
the higher-lying GDR states, as well as the dipole matrix
elements coupling the two sets of states. These energies
and matrix elements are then used to calculate elastic and
inelastic photon-scattering cross sections. In this section
we present an overview of the physics of each model, as
well as the formalism relating the nuclear structure infor-
mation to the scattering and photoabsorption cross sec-
tions.

B. Dynamic collective model

The algebraic structure of the DCM Hamiltonian is
based on the geometry of the hydrodynamic model. This
model describes the GDR as the oscillation of a liquid
drop with a constant density in the interior. The addi-
tional requirement of a well-defined nuclear surface leads
to a boundary condition that requires the energy of the
dipole mode to be inversely proportional to the nuclear
radius, thereby giving rise to a natural coupling between
the dipole mode and surface degrees of freedom. A sig-
nature for this coupling is the photon decay of the giant
dipole resonance into the low-lying vibrational states.

with

+P [[7T( ]Xa( ]]( ]Xa( ]]( ]+ .

+C2~2+ C3~3+ C4~ 2 +C5~2~3 +C6~ 3

+D6I.2+ .

[a[2]Xa(2 ] o1

I = [aP] Xa(2] Xa(2]](ol
(3)

where the u are the quadrupole vibrational amplitudes
and the ~~ ~ are the conjugate rnomenta. The coupling of
the various tensors to total angular momentum zero en-
sures the rotational invariance of the Hamiltonian. This
Hamiltonian potentially allows for the description of a
great variety of collective nuclear motion, ranging from
anharmonic vibrators to deformed rotors to gamma-
unstable nuclei to triaxial nuclei. Typically, one adjusts
the I'; and C; in order to fit the energies and electromag-
netic decay properties of the low-lying levels. However,
for reasons to be discussed below, we limit H„, „b to
purely harmonic vibrational and rotational terms. There-
fore, only the terms involving I'2 and C2 are present, and
these terms alone are sufhcient to determine the vibra-
tional spectrum and decay properties. The GDR Hamil-
tonian Hd;„ is also treated in the harmonic approximation
and is therefore given by

Together, B, and C& determine both the unperturbed en-
ergy of the GDR and the integrated dipole strength and
are usually adjusted to fit those quantities. The interac-
tion Hamiltonian [14] coupling the quadrupole and di-
pole degrees of freedom, H;„„can be expanded in a
power series in the surface vibrational amplitudes o,
The leading terms in this expansion are

y [[q (&]Xq (&1](2]X al:2 ] o1

+ P [a(z]Xa(z]](o][ (i]Xq (i]](o]

+ y [ [a(2]Xa(2]](&]X[q (i]
X

q(i]](&]](ol (5)

Although the algebraic structure of this interaction is
quite general, the V parameters are model dependent. In
the liquid-drop model, these parameters are uniquely
specified [2] in terms of Ci and Bi. Therefore, once the
dipole and quadrupole Hamiltonians are specified in the
manner discussed above, the DCM interaction Hamil-
tonian is completely determined.

As mentioned above, all our interpretations are based
on the assumption of harmonicity for the surface vibra-
tions. This limits us to two extreme cases: spherical har-

The full DCM Hamiltonian is given by

~DCM ~rot-vib ~dip Hint

In the usual tensorial notation, the Hamiltonian describ-
ing the low-lying rotational and vibrational degrees of
freedom, H„,„b, is given by [14]
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monic vibrators and well-deformed axially symmetric ro-
tors. The reason for this limitation is purely technical.
The DCM was originally developed for these two ex-
treme cases alone. Only later was it extended to the case
of more general collective motion. Unfortunately, the
rather complicated computer codes needed for the gen-
eral case are no longer available. Nevertheless, despite
the obvious transitional nature of the Nd chain, we will
show that the calculations done under the extreme as-
sumptions give a remarkably good account of the data.
Further, the more general cases can now be done with
considerably more calculational ease using the IBM.

C. Interacting boson model

where

+a3(f'~ T3)+a4(T4 f'4), (7)

In the IBM, the low-lying collective states are de-
scribed as interacting bosons of spins 0 and 2 or s and d
bosons. The GDR is described as a spin-1 p boson. The
Hamiltonian of the low-lying states and their interaction
with the dipole states is constructed using general group-
theoretical techniques. In the usual second-quantized
formalism, the full Hamiltonian assumes the general form

&,iiM=H, d+H +H;„, .

The form of the sd Hamiltonian is given by [7]

H,d =eRd+ao('P P)+a, (L E)+a2(Q.Q }

H;„,=ho(d Xd)' '(ptXp)' '+b, (dtXd)'" ~ (ptXp)'"

+b2[(s Xd+dtXs)' '

+y (dtXd)' '] (p Xp)' ' (9)

Unlike the DCM, there is as yet no theoretical guidance
as to the specification of the coupling parameters (the b's
and g~), and so one must resort to adjusting these param-
eters to fit some body of data. However, one expects that
the parameters vary only very slowly from nucleus to nu-
cleus within an isotopic chain. Therefore, there is reason
to hope that the theory has real predictive power. We
have not attempted to determine these parameters our-
selves; rather, we use schemes presented in the literature,
as discussed below. At this point we remark that the
most important term in H;„, is the one involving b2. In
deformed nuclei, for example, it is this term that deter-
mines the splitting between the two dipole modes [4] and
is analogous to the term involving V, in the DCM [Eq.
(5)]. A careful comparison between Eqs. (7) and (9) re-
veals that the coupling implied by the b2 term is through
the sd-quadrupole operator Q, provided that
Motivated by the geometrical picture of the DCM in
which the principal coupling is through quadrupole de-
formations, we assume that this relation is obeyed. This
is an extension of the so-called "consistent Q formalism. "
As originally applied, the same form for the quadrupole
operator was used both in H,d and in the E2 operator
[15]. Here we extend the same form to H;„, [4,16].

R'„=(dt d ),
P= —,'(d d) —

—,'(s s),
L =&10(dt Xd )'",
Q=(s Xd+d Xs)+y(dtXd)' ',
T3=(dtXd)' ',
T, =(d"xd )'",

D. Relation to photon-scattering cross sections

The diagonalization of the interaction Hamiltonians in
the various models yields dipole energies E„and the wave
functions of both the low-lying states, ~If+ ), and dipole
states, ~1„). These are then used to calculate dipole
transition strengths connecting the dipole to the low-
lying states, (1„~~D~ If+ ), which are related to the cross
sections as follows [14]:
(i) absorption,

with d„—:( —1)"d and s—:s. The IBM does not deter-
mine the coefficients e and a; in Eq. (7). These are usually
adjusted to fit the properties of the low-lying levels. As in
the full DCM Hamiltonian, H,d can describe a great
variety of collective behavior, but unlike the DCM, the
calculations can be done with relative ease. Thus, in the
calculations to be described below, the full complexity of
H,d will be used, which should be of particular value in
studying the transitional Nd chain. The inclusion of a p
boson with J =1 [6] leads to H with the particularly
simple form

4+Eo,b,=,— Imago,
'

~ 3Ac

(ii) scattering,

do + +(E,g)
/p, /'g, (e}s„,

where the angular distributions are given by

go(8) = —,'(1+cos 8},
g2(g)= —,', (13+cos 8) .

(10)

with the parameter e adjusted to fit the energy of the
COMDR. The interaction Hamiltonian H;„, between the
GDR and low-lying states is given by

Here 6 is the scattering angle and E and E' are the ener-
gies of the incident and scattered photons, respectively.
The polarizabilities are given by
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+1 f +3(2I + 1) (gc )~ „"" E„+E'+,'I'r—„E„—E—2l —1'„
—(Ze )'

5)o5fo&3
AMc

(12)

Neither model specifies the damping widths I „of the
GDR states. These widths arise from the coupling of the
collective GDR states to more complicated degrees of
freedom. We parametrize these widths according to the
phenomenological prescription of Danos and Greiner
[17],

(13)

150

S I OIl

where I o and 6 are justified to fit the scattering data. It
is worth stressing that these poorly known damping
widths have a major effect on the cross sections, includ-
ing the amount of inelastic scattering. As we will see,
they represent an important limitation in our ability to
use the scattering cross sections to discriminate among
different structure models. We iteratively adjusted the
width parameters to fit the elastic-scattering data of the
entire chain of isotopes for each model. We arrived at
the parameters

I 0 2 6 MeV, 5=1 3 Eo 12 MeV,

which we then used for all isotopes and for both models
in comparing the theory to the data. Fixing the parame-
ters once and for all hopefully allows a more meaningful
comparison between the models and data. We allowed
two additional parameters to vary during the fitting pro-
cedure: the unperturbed energy of the GDR and the
overall normalization scale of the cross sections. The
normalization adjustment simply refIects the fact that our
main interest in the data is the relative amounts of elastic
and inelastic scattering as a function of energy, which
this overall normalization parameter preserves, and not
the absolute scale of the cross sections. Finally, as we
shall show, our measured scattering cross sections are not
consistent either in shape or in magnitude with the total
photoabsorption cross sections [1]. We do not attempt to
resolve these discrepancies, but rather take our data as a
consistent set and base our calculations and conclusions
on them exclusively.

150

(weak)

e orle

s eric@

nil ~ Ik.
'I

IV. ANALYSIS AND DISCUSSION

Calculations were performed along the lines indicated
in the preceding section. For the DCM the calculations
assumed that ' Nd and ' Nd can be described as spheri-
cal vibrators and that ' Nd can be described as a de-

Isotope Z (Me V)
2 Po E~DR {MeV)

'42Nd
146Nd

148Nd

1.576
0.454
0.302

0.098
0.136
0.189

14.78
14.73
14.23

TABLE II. Parameters specifying the spherical DCM in the
various nuclei.

0
10 1P. 14 18 20

Dipole Ewer gy (MeV)
FICz. 6. Distribution of dipole strength between the ground

and dipole states calculated using the DCM. For ' 'Nd the dis-
tribution is calculated under both the deformed and spherical
hypotheses. For "Nd the distribution is calculated for both
weak and strong coupling to /3 vibrations, as discussed in the
text.
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TABLE III. Parameters specifying the deformed DCM for the various nuclei modeled. All energies
are in units of MeV.

&48Nd

150Nd
0.302
0.130

1.24
1.06

0.91
0.68

0.189
0.263

17.7'
12.4

0
0.019—0.058

14.47
14.68

formed rotor. For the transitional nucleus ' Nd, we do
both the spherical and deformed calculations. For the vi-
brational cases, only two parameters are needed to speci-
fy the surface vibrations, and we take these to be the ex-
perimental values [8] of Ez and the zero-point amplitude
Po. These are listed in Table II along with EoDR, the un-
perturbed energy of the GDR, which was determined
from a fit to the elastic-scattering data. Additional de-
tails of similar calculations for vibrational nuclei are
given elsewhere [3]. For the deformed cases, Ez and Po
are needed to specify the rotational frequency and static
deformation, which are sufhcient for calculating the cou-
pling to the ground-state rotational band. We also want
to calculate the coupling to p and y vibrations. Assum-
ing the harmonic approximation for those vibrations, we
need the energies E and E&, which are taken directly
from known levels, and the zero-point vibrational ampli-
tudes p —po and y. These latter quantities are derived
from the reduced E2 transition rates coupling the excited
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FIG. 7. Distribution of dipole strength between the ground
and dipole states calculated using the IBM.

FIG. 8. Photon-scattering cross sections into the ground and
first excited states with the results of the DCM calculations.
For ' Nd the solid and dashed curves are calculations under
the deformed and spherical hypotheses, respectively. For ' Nd
the inelastic scattering into the first rotational 2+ state is not
resolved from the elastic scattering. Shown are the predicted
elastic and inelastic cross sections and their sum.
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TABLE IV. Parameters used in specifying the sd part of the IBM Hamiltonian in the nuclei studied.

Isotope

146Nd

148Nd

150Nd

+bosons

0.6238
0.5486
0.3478

a0

—0.0390
—0.0131

0.0131

a1

0.0055
0.0016
0.0006

a2

—0.0162
—0.0203
—0.0161

a3

0.0459
0.0221

—0.0144

a4

0.0793
0.0530
0.0398

—0.6
—1.0
—1.1

band to the ground-state band [4]. For ' Nd these tran-
sitions are experimentally known, whereas for ' Nd we
have to rely on a theoretical model [2] since the appropri-
ate E2 transition rates are not well known. The parame-
ters for the deformed nuclei [8] are given in Table III.
Additional details of similar calculations for deformed
nuclei are given elsewhere [4]. For the IBM calculations,
we have taken input parameters from the literature that
had already been optimized to fit energies and elec-
tromagnetic decay properties of the low-lying states and

total photoabsorption cross section. Of the four sets of
parameters we investigated, the best at describing both
the low-lying energy levels and our cross sections were
those of Maino et al. [16]. Their parameters, listed in
Tables IV and V, utilize the consistent Q formalism (i.e.,
g~ =y). No IBM calculations were attempted for '~~Nd,
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FIG. 9. Photon-scattering cross sections into the ground and
first excited states with the results of the IBM calculations. In"Nd the inelastic scattering into the first rotational 2 state is
not resolved. Shown are the predicted elastic and inelastic cross
sections and their sum.

FIG. 10. Photon scattering into higher levels of ' '" Nd.
For the scattering cross sections into the 2~ level of" Nd, the
curves are the predictions of the DCM (solid) and IBM
idashed). For the scattering cross sections into the P band of
"Nd, the solid and dashed curves are the predictions of the
DCM assuming strong and weak coupling, respectively, be-
tween the ground-state and P bands. For the scattering cross
sections into the 22+ level of ' Nd, the solid and dashed curves
are the predictions using the deformed and spherical versions of
the DCM, respectively.
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TABLE V. Parameters used in specifying the GDR part of
the IBM Hamiltonian in the nuclei studied. The parameter
b& =0 for all nuclei.

Isotope

146Nd

148Nd

150Nd

14.82
14.24
14.00

bo

0.40
0.40
0.40

0.65
0.65
0.65

—0.6
—1.0
—1.1
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FICx. 11. Comparison between photoabsorption data [1] and
photoabsorption cross sections calculated using the DCM.

which has a closed neutron shell (%=82) and therefore
lies outside the realm of validity of the model.

The results of the calculations are summarized in Figs.
6—11. In Figs. 6 and 7 we show the calculated distribu-
tion of ground-state dipole strength for the DCM and
IBM, respectively. In Figs. 8 and 9 we show the mea-
sured cross sections for scattering into the ground and
first excited states, together with the DCM and IBM cal-
culations, respectively. In Fig. 10 we show the cross sec-
tions for inelastic scattering into higher excited states of

Nd and ' Nd. Finally, in Fig. 11 we compare the pho-
toabsorption cross sections inferred from the elastic-
scattering data to photoabsorption data from the litera-
ture [1]. We now discuss each nucleus separately.

This very stiff vibrational nucleus is expected to be the
classic case of weak coupling between the GDR and sur-
face vibrations, since E2 is high (1.6 MeV) and 13o is small
(=0.1). This expectation is realized by the DCM calcu-
lation, which indicates that most of the dipole strength is
concentrated in a single peak, with only one very weak
vibrational satellite (Fig. 6). Both the calculation and
elastic-scattering data confirm this relatively narrow dis-
tribution of dipole strength. The weak coupling is also
rejected in the inelastic scattering to the 2,+ state, which
is predicted and measured to be small. The overall agree-
ment between the scattering data and the calculation is
excellent.

B. ' Nd

This nucleus is a beautiful example of a soft harmonic
spherical vibrator. It offers an interesting contrast to

Nd since the lower E2 (0.45 MeV) and larger Po (0.14)
lead one to expect a considerably greater coupling be-
tween dipole and surface modes. Consequently, one ex-
pects both a greater fractionation of the dipole strength
and a significantly greater amount of inelastic scattering.
Both the DCM and IBM confirm our expectations, and
both models predict results for the elastic and inelastic
cross sections that are remarkably close to the data.
Despite this fact, the two models agree only in a qualita-
tive way with each other, as can be seen by a comparison
of the distribution of dipole strengths in Figs. 6 and 7.
Both calculations indicate a fractionation of the dipole
strength into several satellite peaks, extending over an en-

ergy of about 2 MeV. However, whereas the IBM has
the dipole strength concentrated in three peaks, the
DCM has it spread over five or six more closely spaced
peaks. These differences between the models are not
reAected in the cross sections because they are washed
out by the rather large damping widths. This should not
be surprising, since the widths are typically 3.5 MeV,
which is considerably greater than the separation be-
tween the satellite peaks. The cases of ' Nd and ' Nd
are qualitatively very similar to the cases of Mo and

Mo, respectively, which were the object of an earlier
scattering study [3].

C- 150Nd

This nucleus is very typical of the rare-earth deformed
rotors. The low-lying rotational-vibrational properties
and GDR are very similar to those of ' Er, which has
been the object of considerable study in the literature
[4,18]. In deformed nuclei the distribution of dipole
strength and the scattering into the ground-state rota-
tional band (both elastic and inelastic) are largely deter-
mined by the static deformation. The DCM and IBM
agree qualitatively on the distribution of dipole strength:
They both predict a splitting into two principal modes
(the so-called deformation splitting), with a further split-
ting into vibrational satellite peaks. However, the two
models differ in some details, mainly in the degree of frac-
tionation of the principal modes into satellite states.
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These differences are not particularly evident in the
scattering into the ground-state band, where both models
seem to account for the data at both of the scattering an-
gles. However, the differences are striking in the predic-
tions for the scattering into the 2+ y bandhead at 1.06
MeV and into the unresolved 0+ and 2 members of the
/3 band at 0.68 and 0.85 MeV, respectively (see Fig. 10).
The scattering into these levels is very weak (typically
only a few percent of the scattering into the ground-state
band), and the statistical precision is poor, especially for
the y band. Nevertheless, both models seem to account
adequately for the scattering data into the y band,
despite the fact that the DCM prediction is a factor of 2
greater than the IBM prediction. It is curious that pre-
cisely the same situation occurs for ' Er [4). It was sug-
gested in that case [4,18] that the diFerence between the
two models is not just due to a different choice of param-
eters, but is inherent in the structure of the two models.
This also seems to be the case with ' Nd. For the DCM
the scattering into the y and /3 bands in deformed nuclei
is a stringent test of the model. To lowest order there is
essentially one parameter, V, in Eq. (5), which deter-
mines the strength of the coupling between the dipole
mode and nuclear surface (the other terms are higher or-
der in the vibrational amplitude and therefore less impor-
tant). Even allowing for a deviation of this parameter
from its liquid-drop value, it is largely Axed by the defor-
mation splitting, leaving no additional freedom to ac-
count for the coupling to the vibrational bands. This was
previously pointed out in the context of the coupling to
the y band in ' Er [4] and applies equally well in the
present context. In neither case is the statistical quality
of the scattering data into the y band precise enough to
test adequately the DCM or to discriminate between it
and the IBM.

The situation is diFerent for the scattering into the /3

band. In a deformed nucleus, the coupling of the GDR
to P vibrations results in a mixing of the GDR's built on
the ground-state and /3 bands, the result of which being
that each of the two principal dipole modes develops a vi-
brational satellite peak. As in the y-band case, the damp-
ing widths wash out the observable effects in the scatter-
ing cross sections into the ground-state band; instead, the
signature for this coupling is in the inelastic scattering
populating the /3 band. The relevant property of "ONd

that governs the strength with which the GDR couples to
the /3 band is /3

—
/30, the zero-point amplitude for /3 vibra-

tions. This in turn is experimentally determined by
8(E2;0+—+2& ) or B(E2;0& ~2+). In the pure liquid-
drop model, these reduced transition rates should be
equal. However, in ' Nd the 0& —+2+ transition rate is
10 times the 0 —+2& rate [19,20], despite the fact that
the intraband 2 —+0 rate is the same for the /3 band as for
the ground-state band. These transitions rates lead to a
zero-point amplitude of 0.019 (for the weaker transition)
and 0.058 (for the stronger transition). For each of these
possible zero-point amplitudes, we have used the DCM to
calculate the dipole strength distribution (Fig. 6) and the
scattering into the unresolved 0+ and 2+ members of the
/3 band (Fig. 10). The results show a vast difference in the
predicted scattering cross section for the two cases. The

data, although statistically quite poor in quality, show a
clear preference for the stronger coupling and suggest
that the 0 —+2& transition rate is anomalously small.
Other evidence for anomalous behavior of the P band in

Nd has been previously noted [19]. We remark in
passing that the present data represent the first test of the
predictions of the DCM for the coupling of the GDR to
/3 vibrations.

0 ' Nd

Nd lies at the transition between spherical and de-
formed nuclei. The energy of the first excited state
(E + =0.302 MeV) is larger than is typical for deformed

1

rotors in this mass region, but smaller than is typical for
spherical vibrators. Likewise, the parameter /3o=0. 189 is
small when interpreted as a static deformation, but large
when interpreted as a vibrational amplitude. Clearly, this
is one case where one would like to do a more general
DCM calculation. However, we are forced to compare
the scattering data with the extreme versions of the
DCM, namely, the deformed and spherical versions,
which we now discuss. The distribution of dipole
strength is very diFerent for the two calculations (Fig. 6).
If the 2,+ state is interpreted as a vibration, the large vi-

brational amplitude leads to a highly fractionated distri-
bution of dipole strength with many closely spaced peaks.
On the other hand, if it is interpreted as a rotational lev-
el, the distribution is a simple two-peak structure typical
of the deformation splitting in deformed nuclei, with a
modest fractionation of the upper peak due to the cou-
pling to y vibrations. Interestingly, despite these two
very different distributions of strength, the elastic-
scattering data cannot easily distinguish between the ex-
treme possibilities (Fig. 8). The reason is clear: The
structure is nearly completely washed out by the damping
widths. The differences are somewhat more distinct for
the scattering into the 2, state. The deformed calcula-
tion leads to an energy dependence for this cross section
that is more compact and peaked at a lower energy than
the data. The spherical calculation is in better agreement
with the overall shape, although it slightly underesti-
mates the peak of the cross section. Neither calculation
completely succeeds in quantitatively accounting for the
inelastic cross section.

The scattering into the 22 level of ' Nd is shown in
Fig. 10 along with the two extreme DCM calculations.
In the spherical case, the 22+ level is interpreted to be a
two-phonon vibration, whereas in the deformed case it is
interpreted to be the y-vibrational bandhead. In the
latter case, it is necessary to provide as input the zero-
point amplitude. Since the relevant E2 transition rates
are not known, we instead used a value for the zero-point
amplitude equal to 60% of that predicted by the liquid-
drop model, as is typical for y vibrations in this mass re-
gion [4]. As in the case of ' Nd, the statistical precision
of the data are not good; nevertheless, they show a prefer-
ence for the deformed interpretation.

On the other hand, the IBM seems to account for the
transitional nature of this nucleus in that the distribution
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of dipole strength (Fig. 7) is intermediate between that of
the deformed ' Nd and spherical '" Nd. This model
currently predicts the magnitude and energy dependence
of the inelastic scattering into the 2&+ state. We view this
as a remarkable success of the IBM.

K. Photoabsorption cross sections

In Fig. 11 we compare the photoabsorption cross sec-
tions inferred from the scattering data to cross sections
measured directly tl]. The curves were calculated using
the DCM with input parameters that fit the elastic-
scattering data, as discussed above. This figure clearly
shows that the present elastic-scattering data are not
compatible with the previously measured photoabsorp-
tion cross sections. In particular, the scattering data im-

ply a consistently narrower width for the GDR than that
implied by the photoabsorption data. We have no ex-
planation for this discrepancy.

F. Discussion

The preceding analysis demonstrates that the surface
degrees of freedom play an important role in determining
the properties of the GDR, particularly the photon-decay
branches. Furthermore, both the DCM and IBM do a re-
markably good job describing both qualitative and quan-
titative features of these decay branches for the transi-
tional chain of Nd isotopes. We now ask whether the
photon-scattering data are able to discriminate between
these two models. That is, does one model consistently
work better than the other in describing the scattering
data' If one considers only the scattering into the ground
and first excited states, the answer appears to be no; i.e.,
the present analysis shows that the data cannot discrim-
inate between the DCM and IBM. Moreover, this inabil-
ity to discriminate does not seem to be an experimental
limitation; better, more precise data will not help the sit-
uation. Instead, it seems to be a fundamental limitation,
largely a result of the damping widths. A classic example
is ' Nd: The two models predict very di6'erent distribu-
tions of dipole strength, yet very similar scattering cross
sections. An even more striking example is ' Nd, where
three very different models (the spherical DCM, de-
formed DCM, and IBM) lead to essentially the same pre-
dictions for the scattering cross sections into the ground
and first excited states. On the other hand, if one consid-
ers scattering into higher levels, then precise scattering
data could, in principle, distinguish between the predic-
tions of the two models. This was previously noted in the
case of scattering into the 2 level of ' Er and applies
equally well for the scattering into the 2~ level of ' Nd,
where our analysis shows that precisely measured cross
sections could discriminate between the two models. Un-
fortunately, the present data for the scattering into the
2+ level in ' Nd are not precise enough, and no con-
clusions can be drawn as to the relative merits of the two
models. Nevertheless, we believe that such data are po-
tentially very interesting and suggest this as a possible
goal for future investigations.

The issue of the coupling of the G-DR to the nuclear

surface degrees of freedom is closely related to another is-
sue of current interest in nuclear structure physics, name-
ly, the shape of the nuclear surface at high temperature
and/or high angular momentum. Through a study of the
photon spectrum following the fusion of two heavy ions,
it is claimed that the shape of the GDR built on highly
excited states can be determined. Because of the close re-
lationship between the shape of the GDR and the shape
of the nuclear surface, it is further claimed that the shape
of the surface at high excitation can be inferred from
these data [21]. Since the present work tests our ideas
about the relationship between the GDR and surface de-
grees of freedom in cold nuclei (i.e., at low temperature
and angular momentum), it serves as a testing ground for
their application in hot nuclei. We now address this issue
by asking whether can one learn about the collective na-
ture of the low-lying surface degrees of freedom through
the study of the properties of the GDR. Said difrerently,
does the GDR serve as a "fingerprint" for the nuclear
surface? For the most part, the present data support this
idea. Certainly, for the "extreme" nuclei in the transi-
tional chain, namely, the spherical nucleus ' Nd and de-
formed nucleus ' Nd, both the photoabsorption and
photon-scattering data directly reAect the shape and col-
lective properties of the nuclear surface. The same can
also be said of the soft vibrational nucleus ' Nd. Howev-
er, this is not true of ' Nd, where both the photoabsorp-
tion and scattering data are equally well described wheth-
er the nucleus is treated as a weakly deformed rotator or
as a soft spherical factor. In fact, it is quite likely that
neither of these two extremes is the "correct" description
of ' Nd, which is expected to be a truly transitional nu-
cleus. Nevertheless, both give an equally good account-
ing of the scattering data, indicating that in this case the
properties of the GDR are a very poor indicator of the
collective nature of the surface.

One final comment is in order. In the study of the
GDR built on highly excited states, it is quite common to
parametrize the GDR photoabsorption cross section as a
sum of a few Lorentzian resonance lines. For data that
can be fitted with a single Lorentzian, one concludes that
the nucleus is spherical. If two Lorentzians are needed,
then one concludes that the nucleus is deformed with axi-
al symmetry, either prolate or oblate, depending on the
relative strength in the lower component compared with
the upper. And if three Lorentzians are needed, then one
concludes that the nucleus is triaxial. Within the context
of either the DCM or IBM, those simple conclusions do
not follow. In fact, an inspection of Figs. 6 and 7 shows
that the distribution of dipole strength is often much
more complicated than implied by this simple picture,
suggesting that one must be cautious in drawing strong
conclusions about the shape of the nuclear surface based
on a few-Lorentzian fit to the photoabsorption cross sec-
tion.

V. SUMMARY

We have measured cross sections for the elastic and in-
elastic scattering of photons in the region of the GDR of
the transitional chain of Nd isotopes &42, i46, i48, &soNd.
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The measurements utilized beams of quasimonochromat-
ic tagged photons and good-resolution photon detectors
in order to resolve the scattering into the ground and first
few excited states. The cross sections were interpreted in
the context of two nuclear structure models, the DCM
and IBM, in which the photon-decay branches to excited
states are a consequence of the coupling between the
GDR and collective degrees of freedom associated with
the nuclear surface. This represents the first test of the
photon-decay predictions of these models across a com-
plete transitional chain. We find that the predictions of
both models are in excellent agreement with the mea-
sured scattering cross sections. Further, we find that the
scattering into the ground and first excited states does not

meaningfully discriminate between the two models. We
suggest that this is not an experimental limitation, but
rather a theoretical one due to the large phenomenologi-
cal damping widths of the dipole states. On the other
hand, scattering into higher levels could, in principle,
discriminate, but the present data are not precise enough
to select one model over the other. For the transitional
nucleus ' Nd, the data cannot easily select among
several extreme models for the low-lying collective struc-
ture.
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