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Quasimonochromatic photons have been used to measure elastic and inelastic photon
scattering cross sections in the giant dipole resonance region of *2Cr, Fe, %Ni, Mo, and
%Mo in an experiment in which the elastic and inelastic scattering are resolved. The elas-
tic scattering cross sections show clear evidence for isospin splitting of the giant dipole
resonance. The inelastic scattering to low-lying vibrational levels, which is a measure of
the coupling between the giant dipole resonance and collective surface vibrations, is in
qualitative agreement with the predictions of the dynamic collective model. However,
when examined in detail, this model does not provide an adequate description of the

scattering data.

NUCLEAR REACTIONS *Cr, Fe, Ni, *>*Mo (,7), 14<E, < 22
MeV; measured E,, E,, do/dQ for y,y,. Compared to DCM predic-
tions. Tagged photons.

I. INTRODUCTION

The giant dipole resonance (GDR) is one of the
simplest and most basic features of nuclear matter.
It was discovered in the earliest days of nuclear
physics and has since been studied in great detail.
While we know many of its features with great pre-
cision, some of the properties associated with its
decay are less well understood. There has been
considerable experimental activity in recent years

~ devoted to measurements of the decay branches of
giant resonances. Nevertheless, it has been known
for many years that in medium and heavy nuclei,
the GDR decay is largely domijnated by the statist-
ical evaporation of neutrons.! Thus, for 4 > 40, by
the time the GDR decays, it has evolved from a
coherent vibration into the complicated motion of
the compound nucleus. If this picture is accurate,
one can legitimately ask whether the study of the
decays of giant resonances will teach us anything
about their basic structure or about how they cou-
ple to more complicated modes.

One possible exception is the photon decay
mode, which is best studied with the photon-
scattering reaction. The elastic-scattering process
is clearly nonstatistical since a collective mode that
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is excited by absorption of a photon can collective-
ly deexcite to the ground state by reemission of a
photon. In fact, elastic scattering cross sections are
constrained by the photoabsorption cross section
via the optical theorem and a dispersion relation.’
However, it is less well appreciated that photon de-
cays to low-lying excited states, which are mea-
sured via inelastic photon scattering, may also be
nonstatistical, even in nuclei where the particle de-
cays of the GDR are largely statistical. These ine-
lastic branches arise from the coupling of the basic
dipole oscillation to low-lying collective degrees of
freedom, such as quadrupole surface vibrations. -
Elementary considerations lead one to expect a
strong coupling between dipole and quadrupole
modes,’ resulting both in a broadening of the reso-
nance shape observed in total photoabsorption
cross sections* and in a substantial branching ratio
of photon decay to low-lying excited states.’ In
fact, photon scattering is an ideal reaction for prob-
ing the coupling of the various modes of nuclear
motion since inelastic scattering to low-lying vibra-
tional states provides a direct measure of the
strength of vibrational components in the wave
function of the giant dipole state.’

In this paper we test the predictions of the
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Dynamic Collective Model (DCM),® which at-
tempts to describe the effects of dipole-quadrupole
coupling on the photon-decay branches of the
GDR. We present the results of photon scattering
by the GDR in the group of medium-weight nuclei
2Cr, Fe, %°Ni, Mo, and *®Mo. The characteris-
tics of the low-lying collective states in these nuclei
are varied enough to allow a meaningful investiga-
tion of the systematics of dipole-quadrupole cou-
pling. The experiments emphasize the observation
of inelastic scattering to excited vibrational states
using beams of quasimonochromatic incident pho-
tons and a detector in which the elastic and inelas-
tic photon scattering are resolved. The elastic
scattering data show clear evidence for the isospin
splitting of the GDR,’ while the inelastic scattering
data show a substantial nonstatistical cross section
which is in qualitative agreement with the predic-
tions of the DCM. However, when examined in
detail the DCM will be shown to provide an inade-
quate description of the scattering data.

In Sec. II we present a description of the experi-
mental technique and data reduction. In Sec. III
the data are analyzed in the framework of the
DCM and this analysis forms the basis for the dis-
cussion-of Sec. IV. Our conclusions are summa-
rized in Sec. V. Preliminary accounts of this
research have appeared elsewhere.®’

II. EXPERIMENTAL METHOD

In order to observe directly inelastic photon
scattering in the GDR region, it is essential that
the combined energy resolution of the incident
photon beam and the photon detector be sufficient
to distinguish the inelastic from the elastic scatter-
ing. Until recently, attempts to perform these ex-
periments have been hampered by the lack of in-
tense monochromatic photon beams.!*~!* Two
developments have made new measurements possi-
ble. These are, first, the availability of mono-
chromatic photons from the University of Illinois
tagged photon facility,'* and second the fabrication
of large-volume, high resolution Nal spectrometers
that allow the resolution of elastic and inelastic
photon scattering. The present experimental setup
is shown schematically in Fig. 1. An electron
beam from the MUSL-2 microtron strikes a 13.7
mg/cm? Al radiator (0.001 radiation lengths),
thereby creating bremsstrahlung. Post-
bremsstrahlung electrons are momentum-analyzed
in a magnetic spectrometer and detected in coin-
cidence with photons scattered from the target,
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FIG. 1. Schematic diagram of the experimental ar-
rangement.

thereby tagging the incident photon. The focal
plane of the spectrometer contains 12 plastic scin-
tillation counters which subdivide a 2.4-MeV seg-
ment of the bremsstrahlung spectrum into 12 con-
tiguous 0.2-MeV segments.

The scattered photons were detected in a large
Nal spectrometer, which is shown schematically in
Fig. 2. The central element was a 24-cm diameter
by 30-cm deep Nal(T]) crystal viewed by seven
RCA 4524 photomultiplier tubes. The detector
was nearly completely surrounded by a neutron
shield of ’LiH and by an anticoincidence shield of
NEI102 plastic scintillator. Standard pulse-
processing electronics were used.!® For each Nal
pulse above ~ 10 MeV, an 8-nsec wide signal in
timed coincidence with the 12 electron counters
was used to strobe each of 12 coincidence circuits.
These circuits were strobed a second time (~200
nsec later) in order to test for accidental coin-
cidences. Thus, for each of the 12 electron
counters, the corresponding y-ray signal was routed
into one of four 64-channel arrays, according to
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FIG. 2. Scale drawing of the Nal(T1) spectrometer.
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whether the coincidence was true or accidental and
whether or not the Nal pulse was in coincidence
with a signal from the anticoincidence plastic (“re-
jected” and “accepted”, respectively). Under the
typical experimental conditions described below,
approximately 40% of the Nal pulses were “reject-
ed” and the true-to-accidental coincidence ratio
was ~ 10. For all the experiments, an overall ener-
gy resolution of 4% full width at half maximum
(FWHM) or better was achieved in the Nal spec-
trometer.

At the start of each experiment, the Nal was put
directly into a photon beam of greatly reduced in-
tensity. This served three purposes. First, it al-
lowed a quick diagnostic on the coincidence timing
between the Nal and electron counters. Next, it al-
lowed the accumulation of spectra representing the
response of the Nal to essentially monochromatic
photon beams for use in the subsequent data
analysis. And finally, it directly measured the
product of detector efficiency and photon flux for
use in obtaining absolute cross sections, as
described below.

For the scattering experiments, the detector was
placed at an angle of 90° with respect to the in-
cident photon beam, except for the case of **Ni for
which it was at 120°. The solid angle (~ 117 msr)
was defined by an aperture in a Pb collimator
which excluded the edges of the Nal from direct il-
lumination. The detector was shielded by at least
10 cm of Cd-loaded Pb so that only photons scat-
tered from the target could reach the Nal. For
most of the experiments, the electron beam was
limited to a few nA, which resulted in counting
rates of 30 kHz above 1 MeV in the Nal and 500
kHz above a 100-keV threshold in the anticoin-
cidence shield. Each electron counter had a singles
rate of about 1 MHz, corresponding to a tagged
photon intensity of ~4 10 sec™! on target for
each 0.2-MeV bin. All of the targets used in the
present studies were metallic samples, except for
the 3>Cr which was in the form *2>Cr,0;, and all
except the Fe were enclosed in a thin-walled lucite
container. Typical target thicknesses were 2 —4
g/cm?. The background was measured by replac-
ing the sample with an empty container. In order
to determine the background for the >’Cr,03 sam-
ple, the lucite container was filled with water. A
separate experiment was performed with graphite
and polyethylene targets in order to calibrate the
measurements against the well-known 15.11-MeV
resonance'® in '2C. Most of the data were collected
in 3 overlapping steps of E,=15.92—18.28 MeV,

E,=17.92—-20.27 MeV, and E,=19.87—-22.22
MeV. For *®Mo data were also taken for
E,=14.14—16.53 MeV, and for Fe, data were re-
peated for E,=17.79—20.18 MeV. The “Ni ex-
periment was performed separately from the others
in three steps from 14.75 to 21.40 MeV, as report-
ed earlier.® The measured cross sections in the
various regions of overlap were in good agreement
in all cases.

Figure 3 shows the scattered photon spectrum
at E,=16.58 MeV for *Cr, Fe, “Ni, Mo, and
%Mo. These data are all “accepted” spectra, and
the accidental coincidences have been subtracted.
The peak near channel number 38 corresponds to
nuclear elastic scattering, while a peak correspond-
ing to inelastic scattering to the 2{" level is indicat-
ed by an arrow. These spectra are essentially free
of background, but a small tail due to multistep
atomic processes in the target is evident in lower
channels. In order to obtain the total number of
counts in the elastic and inelastic peaks, a least-
squares minimization procedure was used to fit the
data to a sum of Nal response functions plus a
simple parametrization of the background. The
positions of the elastic and inelastic peaks were
constrained by the energy calibration obtained with
the detector placed directly in the incident photon
beam and by the known excitation energies of ex-
cited states. Furthermore, since the Nal response
functions were measured, the decomposition of the
spectra into elastic and inelastic components could
be done reliably and accurately. The results of one
such fit are shown as the solid lines in Fig. 3. The
cross sections deduced from this procedure were
found to be relatively insensitive to the details of
the background parametrization.

The relation between'the number of scattered
photons N detected in the Nal spectrometer and
the differential cross section do/d ) is

40
T do

where « is the effective number of scattering
centers per unit area (corrected by typically 15%
for electronic interactions of the photons), O is
the solid angle subtended by the detector, € is the
detector efficiency, and N, is the total number of
tagged photons incident on the target. N, is pro-
portional to the number of electrons N, counted in
the appropriate electron detector, and the propor-
tionality constant is measured in the calibration
procedure with the Nal directly in the incident
photon beam:

N, QpN e, (1)
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For the calibration experiment, N./N,, is the
number of photons detected per tagging electron,
€. is the detector efficiency, and K is a small
correction factor due to the fact that the photon
flux intercepted by the target is slightly different
from that intercepted by the detector when it is in
the photon beam. Thus

do_ 1 N/Nes (3)

dQ  «k N./Ng
where G =[QKe,/€.]~". This expresses the cross
section as the product of measurable quantities and
a geometrical factor G. Note that to lowest order
the detector efficiency need not be known absolute-
ly, since the experimental geometry was chosen so
that €,/€, = 1.

The value of G was determined in two indepen-
dent ways. First, it was calculated using previous-
ly measured parametrizations of the photon beam
profile to determine K. Second, it was empirically
determined by scattering from the strong 15.1 MeV
17 level'® in 12C. One subtlety that arises in the
measurement is that since this level is very narrow
(I" <40 eV) compared with the width of the tag-
ging counters (AE ~0.2 MeV), the energy averaged
cross section & is sensitive to the precise value of
AE:

g

J o EME  1.642 MeV mb
AE AE '

The numerator of this expression is taken from
Ref. 16, and the quantity AE has been previously
measured for the existing tagging counters. Thus
an independent determination of G is possible. The
two methods agree to within 20%. We adopt the
mean for establishing the cross section scale, with
an overall systematic uncertainty estimated to be
+15%. The resulting cross sections are shown in
Figs. 4—8. The error bars indicate statistical un-
certainties only, and all data have been corrected
for background. The inelastic cross section in-
cludes scattering to the 2{ state only, and we esti-
mate the cross section to the second excited state
to be less than 25% of the 2{" cross section.

4)

|

FIG. 3. Representative photon scattering spectra taken at E,=16.58 MeV. The energy dispersion is 0.11
MeV/channel and channel O corresponds to 12.4 MeV. The peak near channel 38 corresponds to nuclear elastic scatter-
ing. The arrow indicates the expected position of a peak corresponding to inelastic scattering to the first excited state.
The solid line is a fit to a sum of elastic and inelastic components plus a parametrized background, as discussed in the text.
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FIG. 4. Elastic (closed circles) and inelastic (open cir-
cles) scattering cross sections at 6=90° on **Mo. The
error bars represent statistical uncertainties only. The
solid lines are the DCM calculations for the elastic and
inelastic cross sections. The curves corresponding to
calculations with and without isospin splitting are indis-
tinguishable.

In order to compare the present results with pre-
vious work, we have computed the elastic scatter-
ing cross section expected from the total photoab-
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FIG. §S. Elastic (closed circles) and inelastic (open cir-
cles) scattering cross sections at 8=90° on “*Mo. The
error bars represent statistical uncertainties only. The
solid (dashed) lines are DCM calculations for the elastic
and inelastic cross sections including (not including) the
effect of isospin splitting.
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FIG. 6. Elastic (closed circles) and inelastic (open cir-
cles) scattering cross sections at §=120°" for *Ni. The
error bars represent statistical uncertainties only. The
solid (dashed) lines are DCM calculations for the elastic
and inelastic cross sections including (not including) the
effect of isospin splitting.

sorption cross section o, based on application of
the optical theorem, a forward dispersion relation,
and the dipole angular distribution. In these calcu-
lations, the Thompson scattering from the nuclear
charge distribution was also included. o, was tak-
en from published (y,Sn) results!’~1° for “*Mo,
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FIG. 7. Elastic (closed circles) and inelastic (open cir-
cles) scattering cross sections at §=90° for Fe. The er-
ror bars represent statistical uncertainties only. The
solid (dashed) lines are DCM calculations for the elastic
and inelastic cross sections including (not including) the
effect of isospin splitting.
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52CI’

FIG. 8. Elastic (closed circles) and inelastic (open cir-
cles) scattering cross sections at 6=90° for Cr. The er-
ror bars represent statistical uncertainties only. The
solid (dashed) lines are DCM calculations for the elastic
and inelastic cross sections including (not including) the
effect of isospin splitting.

%Mo, and “Ni plus ( 7,Sp) results!>?° for *>Mo
and ®Ni. For **Mo, no (y,Sp) data are available,
but this cross section is not expected to be large.!”
For *’Cr and *Fe, no o, results are available. In
order to see the effect of an uncertainty in the o,
normalization, scattering cross sections were com-
puted for %Mo with a +10% scale change and for
Mo and “Ni with a +15% scale change in o,.
The comparison between these calculated cross sec-
tions and the present elastic scattering data is given
in Fig. 9. These figures indicate that the present
cross sections, even after allowing for a +15% un-
certainty in normalization, are generally lower (ex-
cept for “Ni) than the lower limit allowed by pre-
vious results. Another possible concern for the
analysis to follow is in the energy dependence of
the cross sections. However, in view of the tech-
nique used in the scattering experiments, we believe
that the relative accuracy of the present data is
such that we can rule out the large fluctuations
predicted for ®*Ni and the detailed shapes predicted
for ®%Mo. The discrepancy is probably due to
spurious structure in the measured (y,p) cross sec-
tions and the lack of reliable (y,p) data, since
present-day techniques for the measurement of
these cross sections are not as accurate as those
used in (y,n) or (y,y) measurements. Indeed the
fluctuations predicted for ®Ni and Mo disappear
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FIG. 9. Comparisons between the present elastic
scattering data (dashed line) and calculations based on
application of the optical theorem, a dispersion relation,
and the dipole angular distribution to the photoabsorp-
tion cross section g, as discussed in the text. The solid
lines represent the band of calculated cross sections with
a +15% error band on o, for *?Mo and ®Ni and a
+10% error band on o, for *Mo. There is a +15%
uncertainty in the normalization of the scattering data.

when the (y,Sn) results alone are used for o,. In
summary, although there tends to be some
disagreement between elastic scattering cross sec-
tions and the photoabsorption data, we believe the
energy dependence as well as the relative amounts
of elastic and inelastic scattering are of sufficient
accuracy to test the DCM.
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III. ANALYSIS IN TERMS
OF DIPOLE-QUADRUPOLE COUPLING

A. Introduction

In the framework of the hydrodynamic model,
the coupling between the giant dipole mode and
surface degrees of freedom is a natural consequence
of the boundary condition which requires that the
outward flux of nuclear matter vanish at the sur-
face.?! This model accounts for the empirical fact
that the energy of the GDR is proportional to R ~!
(or equivalently to 4 ~!/3), where R is the nuclear
radius. For permanently deformed, axially sym-
metric nuclei, it accounts for the splitting of the
GDR into two modes corresponding to vibrations
along (K =0) and perpendicular to (K =1) the
symmetry axis.??

In spherical vibrational nuclei, the surface is
dynamically deformed, which results in a modula-
tion of the giant dipole vibration by the lower-
frequency quadrupole surface vibrations. Bohr and
Mottelson® characterize the strength of this cou-
pling by the dimensionless parameter 7 =
(Hpg )/ E,, where Hpg is the dipole-quadrupole
coupling energy and E, is the characteristic energy
associated with a surface vibration. Since the di-
pole energy E; <R ™', then {Hpg ) ~kE 3y, where
By is the zero-point vibrational amplitude and is re-
lated to the E2 transition rate connecting the
ground state to the one-phonon first excited state
by23 )

B(E2; 0+—>2fF =( 43

——~ZR By . (5)
T

In the hydrodynamic model,> k =0.76, so that

T. J. BOWLES et al.
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In many cases 7 is of order 1 or greater (see, for
example, Table I for the nuclei currently under
study), thus implying a substantial coupling
strength.

The approach of the DCM is to decompose the
collective nuclear Hamiltonian into three terms:
H =Hy+Hp+Hpg, where Hg describes the low-
lying quadrupole surface vibrations, Hj, describes
the uncoupled dipole mode, and Hp, is the cou-
pling term. The technique®?* is to diagonalize H
in the basis of uncoupled solutions | N,,N, ),
where N,(N,) is the number of quadrupole (dipole)
phonons. In the absence of Hpg, each low-lying
quadrupole state | N,,0) has a giant dipole excita-
tion | N,,1) built upon it, and all of the dipole
photoabsorption cross section from the ground
state |0,0) is concentrated in the lowest dipole
state [0,1). Since Hpg is essentially first order in
the quadrupole vibrational amplitude, the surface
vibrations become anharmonic whenever a dipole
phonon is excited. Consequently dipole states with
different N, mix. Since the |0,1) component
mixes into several physical dipole states, the photo-
absorption strength spreads in energy over an inter-
val of order E, ~B,E;.} Indeed, most of the evi-
dence supporting the DCM comes from the sys-
tematic variation of the width of the GDR with
Bo.* Furthermore, since photon scattering is a two-
step process of absorption followed by reemission,
then inelastic photon scattering probes the vibra-
tional composition of the dipole states. For exam-
ple, the inelastic scattering amplitude through a
particular intermediate dipole state to the | N,,0)
level is proportional to the product of the |0,1)
and | N,,1) amplitudes in that intermediate state,
and this scattering amplitude should scale roughly

E B
7=0.76—— . 6) with 5.5
E,
TABLE I. Parameters used in the DCM calculations without isospin splitting.
E? E, ry?

Nucleus (MeV) (MeV) Bo 7° (MeV) 8 s®
%Mo 16.25 0.778 0.18 2.9 4.4 4.6 0.92
Mo 16.32 1.508 0.10 0.8 34 2.9 0.70
ONi 17.94 1.332 0.21 2.2 4.0 1.5 0.60
Fe 18.00 0.847 0.25 4.0 5.2 0 0.78
32Cr 18.15 1.434 0.20 1.9 5.0 0 0.69

*Determined from a least-squares fit to the elastic data.

®Calculated from Eq. (6).
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B. Description of the DCM calculations corresponds to one classical dipole sum rule.
’ The energy matrix was diagonalized in a space

For the present calculations, we have utilized the including up to 15 surface phonons corresponding
computer code AREZ,”” in which Hy, is treated in to 72 different dipole states | N). For each of
the harmonic approximation and is therefore com- these the energies, Ey, and the dipole matrix ele-
pletely specified by the parameters £, and 5;,. The ments connecting to vibrational states | f),
appropriateness of this assumption will be dis- (N||D||f), were calculated. These quantities are
cussed in Sec. IV. Hj, requires only the unper- related to the scattering cross sections as follows?*:

turbed dipole energy E, which in the strict hydro-
dynamic model is equal to 804 '/ MeV.?! How-

ever, we have allowed E, to vary in order to pro- do |(E,0)_E' | (14cos’0) | Py |2
vide the best overlap (in the least-squares sense) dQ 0= E 6
with the elastic scattering data. Both Hpgp and the 5
dipole operator D were treated in the hydrodynam- + (13+cos°0) P2,
ic model and included terms up to second order in 12
the surface vibrational amplitude. The coupling e
constants were taken from Rezwani et al.,* and
the zeroth order dipole operator was scaled so that where the scalar (tensor) polarizability Py(P,) is
the total integrated photoabsorption cross section given by
|
12 EE' &
Py=3; [32L;+1)]~ Ho)? 2 ({flID||N){N||D||0)
N=1
—1
ir ir 2
X EN+E’+—2l + EN—E—~2i ] 8,080y fj(‘f;)
\ (8)
T

In these expressions, E (E’) is the energy of the in- we have parametrized the I'y according to the
cident (scattered) photon. We have implicitly as- prescription of Danos and Greiner,?’
sumed that the initial state |0) and final state
| f) have J7=0% and I, ™, respectively, and that Ty=TyEy/E;)®, (9)
the photons are unpolarized. Therefore j corre-
sponds to the angular momentum transferred to and determined I'y and & by a least-squares fit of
the nucleus in the scattering process, so that only Egs. (7) and (8) to the elastic scattering data. This
the scalar term contributes to elastic scattering and is a more sensitive constraint on the value of Ty
only the tensor term contributes to inelastic than a fit to total photoabsorption data, since in
scattering to a 27 state. Furthermore, the last term the latter process the different dipole states contri-
in Eq. (8) is the Thompson amplitude, which con- bute incoherently. The unperturbed dipole energy
tributes coherently to the elastic process. Other E, was also allowed to vary in the fit, as discussed
possible non-nuclear contributions to elastic above. Finally we have multiplied the calculated
scattering (e.g., Rayleigh and Delbriick) are not ex- cross sections (both elastic and inelastic) by an
pected to be important®® and are not included. overall scale factor S, which we also allowed to

Since all the dipole states contribute coherently vary in the fit. Thus we are not testing the DCM
to the scattering process, the scattering cross sec- for its ability to predict absolute cross sections in
tion is very sensitive to the relative degree of over- order that we avoid questions concerning the frac-
lap among these states. Thus the damping widths, tion of sum rule strength contained in the GDR
I'y, of the various levels are important parameters and the accuracy of the experimental cross section
in determining the scattering cross sections, al- scale (see Sec. II). The ratio between the experi-
though they are the parameters least well deter- mental cross sections and the cross sections expect-
mined by theory. The DCM itself does not predict ed on the basis of 1 classical dipole sum rule is
these widths. In order to provide a meaningful represented by S. Once the scale factor S and the

comparison between the calculations and the data, parameters E, 'y, and 6 are determined, the ine-
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lastic cross section can be calculated and compared
directly with the data.

C. Isospin splitting of the GDR

One of the assumptions of the DCM is that
there is a single unperturbed dipole state which
splits into several vibrational satellites. However,
since the GDR is an isovector excitation, the di-
pole strength in nuclei with a neutron excess
(T=(N —2Z)/2>0) is shared between a T _. =T
and a T, =T + 1 component,’” and these com-
ponents are split in energy primarily by the nuclear
symmetry potential.” Since this splitting is of the
same order of magnitude as the splitting due to the
coupling to surface vibrations, a proper description
of the GDR would treat the two effects in a self-
consistent manner. Such a description is beyond
the scope of present theories, since isospin is not an
inherent ingredient of the DCM. Nevertheless, in
order to provide a meaningful comparison with the
scattering data, it was necessary to include the ef-
fects of isospin splitting, as we shall show below.
Therefore, we have incorporated isospin splitting
into the DCM in an ad hoc manner. We start
with 2 unperturbed dipole states (the T _- and T, -
states) which are split in energy by an amount’

AE=E, —E_=60(T +1)/4 MeV (10)

and have integrated photoabsorption strengths in
the ratio’

fa>dE
fa<dE

_E, 1—1.5(T4 %)
E_T|1+1.5472*—4T7(T+1)4~?

R

il

(11)

Note that as the neutron excess gets larger, the di-
pole strength becomes more concentrated in the

T .- component. The DCM acts on each com-
ponent separately and generates a set of 144 dipole
states (72 for each isospin). At this point all refer-
ence to isospin is dropped and all states are therea-
fter treated on an equal footing in the computation
of dipole matrix elements and scattering cross sec-
tions. As described above, the parameters

E|(=E ), Ty, 8, and S were determined by fitting
to the elastic data. AE and R were not fitted
parameters but were constrained by Egs. (10) and
(11).

D. Comparison with the scattering data

In Figs. 4—8, the calculated cross sections are
superimposed upon the data. The solid (dashed)
lines are the cross sections calculated with
(without) isospin splitting, and the relevant param-
eters are given in Table I (IIl. The DCM results
for the distribution of ground-state dipole strength
are presented in Fig. 10 (isospin splitting included).
We now discuss in more detail the qualitative
features of the calculations and the data for each of
the nuclei studied.

2Mo (T =4).

Since 11 ~0.8, one expects relatively weak cou-
pling between dipole and surface modes. This is
evident in both the calculations and the data in
which the apparent splitting of the dipole strength
and the ratio of inelastic to elastic scattering are
small. In fact, the calculations show [Fig. 10(b)]
that for each isospin component, the dipole
strength is concentrated in one dominant state
which is located just below E,, and one weaker sa-

TABLE II.- Parameters used in the DCM calculations including isospin splitting. The
quantities By and E, are the same as in Table I and 7 is given by Eq. (6).

E® AE® Iy
Nucleus T R? (MeV) (MeV) (MeV) &b N
%Mo 6 0.11 16.15 4.38 3.6 3.20 0.83
“Mo 4 0.20 16.43 3.26 3.0 0.77 0.77
ON{ 2 0.43 17.37 3.00 2.6 1.28 0.49
Fe 2 0.43 17.69 3.21 2.4 0 0.53
2Cr - 2 0.43 18.54 3.46 2.8 0.49 0.61

Calculated from Eq. (11).

*Determined from a least-squares fit to the elastic data.

‘Calculated from Eq. (10).
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FIG. 10. Distribution of E 1 strength calculated using
the DCM with isospin splitting. The dashed lines indi-
cate the positions and relative strengths of the unper-
turbed T, and T', states. The solid bars (dots) show
the calculated position and strength of the T (T',)
states. The vertical scale is such that 1.0 corresponds to
1 dipole sum rule. For reference, the excitation energy
of the first excited state is indicated by the length of the
horizontal bar.

tellite resonance which is located slightly above
-E;+E,. This is a classic case of weak coupling
and explicit calculations show that two-level, first
order perturbation theory does about as well as the
full calculation. In Fig. 5, we see that inclusion of
T splitting is necessary to explain the excess of
scattering above 20 MeV and that once this is in-

cluded, the elastic cross section is well accounted
for by the DCM. The inelastic scattering is over-
predicted by the DCM, but the gross energy depen-
dence of the data seems to be reproduced by the
calculation.

%Mo (T =6).

This nucleus offers an interesting contrast to
2Mo since the coupling should be much larger
(n=2.9). Consequently one expects a greater split-
ting of the dipole strength and a significantly
greater amount of inelastic scattering. Both the
calculations and the data confirm this. The distri-
bution of dipole strength [Fig. 10(a)] appears as a
nearly harmonic sequence with spacing on the or-
der of E,, with the lowest state well below E; and
with the dipole strengths monotonically decreasing
with increasing energy. For each isospin about 5
dipole states carry significant strength. The agree-
ment between the measured elastic and inelastic
cross sections and the calculation is remarkable
(Fig. 4), and the inclusion of T splitting has no ap-
preciable effect on these cross sections (R ~0.11).

ONi and 32Cr(T =2).

These nuclei have similar coupling to the surface
(p=2.2 and 1.9, respectively) and the distribution
of dipole strength for each isospin looks similar to
%Mo [Fig. 10(c), (e)] except that only 3—4 com-
ponents have significant dipole strength. The cal-
culations further show that without including T
splitting, the DCM does not provide enough dipole
strength above 20 MeV to account for the elastic
scattering data. The only way the least-squares
minimization routine can fit the data is to make Iy
unreasonably large so that the calculated curve
goes through the gross average of the data. How-
ever, it is clear from Figs. 6 and 8 that the dashed
curve does not adequately account for the structure
in the elastic cross section, and the fact that the
calculation agrees with the inelastic data must be
considered fortuitous. The solid curve much better
accounts for the elastic data, although discrepan-
cies in the inelastic data are apparent. For exam-
ple, in both nuclei the DCM overpredicts the ine-
lastic cross section in the region of the T _ reso-
nance.

$Fe(T =2).

This nucleus has the largest coupling parameter
(7 ~4.0) of those studied and this is reflected both
in the distribution of dipole strength [Fig. 10(d)]



1950 T. J. BOWLES et al. 24

and in the magnitude of the inelastic scattering
(Fig. 7). For each isospin about 6 states have signi-
ficant dipole strength, and, as in the other T'=2
nuclei, isospin splitting is necessary to explain the
elastic data. It also appears from Fig. 7 that the
DCM with T splitting qualitatively accounts for
the strength and energy dependence of the inelastic
scattering. Finally we point out that the fine struc-
ture peak in the elastic data just below 20 MeV,
which was confirmed in a subsequent experiment,
is not accounted for by the DCM and may have a
quite different origin.

IV. DISCUSSION

In this section we summarize the important con-
clusions to be drawn from the DCM analysis, em-
phasizing first the successes and then the failures
of the model. First, the DCM succeeds in qualita-
tively accounting for the scaling of the inelastic
scattering cross sections with the parameter 7: In
nuclei where 7 is large the scattering is large, and
in nuclei where 7 is small, the scattering is small.
In particular, the differences between *Mo and
%Mo and the similarities between **Cr and *°Ni
represent qualitative successes for the model. For
%Mo, the model does remarkably well quantitative-
ly in describing both the elastic and the inelastic
data. Also the calculations predict that inelastic
scattering to higher-lying levels is considerably
weaker than scattering to the 2i level, in agree-
ment with the experimental observations. Finally,
as already pointed out by Beil ez al.,'” the total
width of the GDR in the 4 =90 region scales in
the expected manner with f3,.

Despite these qualitative successes, deficiencies
in the DCM become apparent as we look at the
lighter nuclei. We have seen that it is generally
not possible for the DCM to account for the energy
dependence of the elastic scattering without an ad-
ditional mechanism for splitting the dipole
strength. The isospin splitting of the GDR, al-
though treated in an ad hoc manner, seems to im-
prove the description of the elastic data. Far more
serious discrepancies are apparent in the inelastic
data. In each of the T =2 nuclei, the detailed en-
ergy dependence of the inelastic cross section is not
reproduced by the calculation. For example, in
Ni too much inelastic scattering is predicted near
the T _ position and too little near the T, posi-
tion. For **Cr, the predicted inelastic scattering is
greater than the data nearly everywhere. Further-

more, in Mo, the predicted magnitude of the ine-
lastic cross section is 2—3 times larger than the
data. This latter discrepancy is particularly dis-
turbing since the possible complication due to isos-
pin splitting is expected to be less important than
in the lighter nuclei. Furthermore, of the nuclei
studied, ®’Mo has the weakest coupling (1 ~0.8)
and is the nucleus for which the harmonic approxi-
mation is most likely to be valid. Thus one would
expect that Mo is an ideal nucleus to test the
DCM, yet it is the nucleus where the discrepancies
in the inelastic cross sections are most severe. A
similar discrepancy has recently been reported?® in
1Er, where the DCM overpredicts by a factor of
2—4 the inelastic scattering cross section to the
y-vibrational band head. As in **Mo, this is par-
ticularly significant since the collective nature of
the low-lying states in '®Er is well understood. It
is curious that the DCM works so poorly in Mo
and '®°Er and yet so well in **Mo, where the cou-
pling is much stronger and the harmonic approxi-
mation is less likely to be valid. It seems clear that
there is still much to be understood about the
dynamics of the coupling of the GDR to other col-
lective modes and that, despite its qualitative
successes, the DCM does not provide an adequate
description of this coupling. It may be that the
DCM, which treats the coupled vibrations in mac-
roscopic collective coordinates, is too crude and
that a microscopic calculation in the framework of
the random phase approximation will provide the
refinement needed to describe the present data.

V. SUMMARY AND CONCLUSIONS

We have studied the photon-decay modes of the
GDR in several medium-weight nuclei using the
photon-scattering reaction. The elastic scattering
data show clear evidence for the isospin splitting of
the GDR, in reasonable agreement with the model
of Fallieros et al.” We have attempted to interpret
the inelastic scattering data in terms of the cou-
pling between the GDR and surface vibrations.
The rough scaling of the inelastic scattering cross
section with the coupling parameter 7 suggests
that our basic understanding of the reaction
mechanism is correct. However, a particular
model for this coupling, the dynamic collective
model, fails to adequately account for the details of
the inelastic cross sections.
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