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Cross sections for the elastic and inelastic scattering of monochromatic photons from Mg, 'Si,
and S have been measured for incident photon energies between 17 and 28 MeV, spanning the re-
gion of the giant dipole resonance. The cross sections are interpreted in terms of the coupling be-
tween the giant dipole resonances built on the ground and 2& states. A good quantitative descrip-
tion of the energy-averaged cross sections is obtained in the context of the dynamic collective mod-
el, provided S is a vibrational nucleus and Mg and Si are prolate and oblate nuclei, respectively.
The cross sections for ' Si show considerable structure that is correlated in the elastic and 2& chan-
nels and that is not predicted by the dynamic collective model. The elastic cross section is used to
infer the total photoabsorption cross section, which is shown to be somewhat more structured than
implied by previous direct measurements.

I. INTRODUCTION

This paper presents a study of the giant dipole reso-
nance (GDR) in the sd-shell nuclei Mg, Si, and S us-
ing the elastic and inelastic scattering of monochromatic
photons. The GDR of these nuclei has been widely stud-
ied both experimentally and theoretically, and a recent
review by Eramzhyan et al. ' summarizes the current
status of our knowledge. The experimental evidence pro-
vided by photoabsorption and photodisintegration data
indicates that the structure and width of the GDR for
sd-shell nuclei are complicated problems depending on
the energy spread of dipole transitions from a single shell,
configurational splitting, and splitting due to deforma-
tions of the ground-state nucleus. Theoretical calcula-
tions have evolved from Tamm-Dancoff calculations
with and without collective correlations, to Hartree-
Fock self-consistent-field calculations, to open-shell
random-phase approximation (RPA) calculations. In
general all these calculations have yielded poor agree-
ment with the experimental data, especially regarding the
substructure within the GDR.

The primary motivation for the present work is to in-
vestigate the question of the degree to which the proper-
ties of the GDR in sd-shell nuclei are affected by the cou-
pling between the GDR and surface degrees of freedom,
such as static deformations and vibrations. There is con-
siderable interest these days in the relation between the
structure of the GDR and the shape of the nuclear sur-
face. High-energy photons emitted during heavy-ion
collisions have been interpreted as being due to the sta-
tistical decay of the GDR built on highly excited states.
The energy spectra of these photons are used to infer the
shape of the nuclear surface (e.g. , the equilibrium defor-
mation) at high temperature and/or at high angular
momentum. In medium and heavy nuclei, the coupling
of the GDR to shape degrees of freedom often dominates
the structure of the GDR. It is an open question as to

the degree to which this coupling is important in light
nuclei. The present work addresses this question via the
elastic and inelastic scattering of photons. In effect, one
can directly measure the coupling between the GDR's
built on the ground and excited states by measuring and
analyzing the cross sections for the inelastic scattering
into these states. We will do this for the first excited state
in the nuclei studied and interpret the data in the context
of the so-called dynamic collective model (DCM). ' This
model provides a direct connection between the measured
cross sections and the coupling between the GDR and
surface degrees of freedom.

A secondary motivation for this research was the in-
vestigation of the overall consistency between the photon
elastic scattering cross sections and the photoabsorption
cross section. These are intimately related via the optical
theorem and a dispersion relation, " so that one can use
the elastic cross sections to test the overall consistency of
the photoabsorption cross section and to provide severe
constraints on it. ' We will do this for the specific case of

Si. Furthermore, we will show that the elastic scatter-
ing cross section is extremely sensitive to substructure in
the GDR and is an excellent way to test for the presence
of unresolved fine structure.

This paper is organized as follows. The experimental
technique is described in Sec. II. The interpretation of
the data is presented in Sec. III, where we use the DCM
and the shell model to interpret the elastic and inelastic
cross sections. In addition we use both the photoabsorp-
tion and (p, y„) measurements to infer cross sections for
elastic photon scattering from Si and compare them
with the present measurements. Our conclusions are
summarized in Sec. IV.

II. EXPERIMENTAL TECHNIQUE

Cross sections for the elastic and inelastic scattering of
photons were measured for targets of Mg, Si, and S
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between approximately 17 and 28 MeV. These measure-
ments utilized incident beams of quasimonochromatic
photons from the University of Illinois tagged-photon fa-
cility and a large-crystal NaI spectrometer to detect the
photons scattered at an angle of 135'. The average ener-

gy resolution of the photon beam was about 160 keV.
Metallic targets of ""Mg (79%%uo Mg) and ""Si (92% Si)
were used with areal densities of 4.47 and 7.03 g/cm, re-
spectively. For sulfur a powder target of ""S (9S% S)
was used with an areal density of 5.45 g/cm . The first
excited state for the nuclei Mg, Si, and S is a 2+
state with an excitation energy of 1.37, 1.78, and 2.23
MeV, respectively. ' Since the combined energy resolu-
tion of the NaI spectrometer and the incident photon
beam was between 500 and 800 keV for the energy range
under consideration, a complete separation between the
elastic and the inelastic scattering to the 2,+ level was
easily achieved in all cases. Typical spectra are shown in
Fig. 1 together with the peak shapes used in the fitting
procedure. These peak shapes were determined in a sup-
plemental calibration experiment in which the NaI spec-
trometer was placed directly into the tagged-photon
beam. A more complete description of this experimental
technique and the method used to extract absolute cross
sections from the data has been presented elsewhere. '
These cross sections are presented in Figs. 2—4, which we
now discuss.
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FIG. 2. Elastic and 2&+ inelastic cross sections at 135 on
Mg. Also shown is the ratio of inelastic to elastic scattering.

The curves are calculations based on the dynamic collective
model, assuming that Mg is a prolate rotor.
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FIG. 1. Measured spectra of scattered photons from Mg,
Si, and S at 21.5 MeV incident energy. The curves are the

results of a two-peak fit to the data in order to separate the
scattering into elastic and 2,+ inelastic components.
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FIG. 3. Elastic and 2&+ inelastic cross sections at 135' on Si.
Also shown is the ratio of inelastic to elastic scattering. The
curves are calculations based on the dynamic collective model.
The solid curves assume that Si is a spherical vibrator while
the dashed curves assume that 'Si is an oblate rotor.
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FIG. 4. Elastic and 2&+ inelastic cross sections at 135' on 'S.
Also shown is the ratio of inelastic to elastic scattering. The
curves are calculations based on the dynamic collective model,
assuming that S is a spherical vibrator.

III. ANALYSIS AND DISCUSSION

A. Inelastic cross sections

The measured cross sections for elastic and inelastic
photon scattering on Mg, Si, and S are shown in
Figs. 2, 3, and 4, respectively. Also shown are the ratio
of the 2,+ to the elastic cross section for each nucleus. In
each case we observe that the gross structure of the elas-
tic data is strongly correlated with the 2,+ data; i.e., the
branching ratio remains relatively constant throughout
the GDR region. The branching ratios are approximate-
ly 30% for Si and S and around 80% for Mg. For

Mg and Si, these results are qualitatively quite
diFerent from the structure seen in the Al(p, ) ) Si or

Na(p, y) Mg reactions. In these latter reactions the yo
and y& excitation functions look essentia11y identical, ex-
cept that the y, excitation function is shifted upwards in

energy relative to the yo excitation function by the excita-
tion energy of the first excited state. This is exactly in
line with the picture of Brink' and Axel' in which each
level of the nucleus has built upon it a GDR, shifted up-
wards in energy by the excitation energy of that level.
Whereas the (p, y ) reaction maps out the giant reso-
nances built on the ground and excited states, ' the
present inelastic scattering data probe the coup/ing be-
tween the giant resonances built on the ground and 2,+

states.
Although fully microscopic shell-model calculations of

the photon decay branches of the GDR for these nuclei
do not exist, the trend is that the branching ratio to the

2&+ state is small for those nuclei with closed subshells in
the ground state, while the branching ratio is large for
those nuclei with an open subshell. This can be qualita-
tively understood as follows. ' For Mg, the shell-model
wave function for the 2& state has for its largest com-
ponent the (d5&z) configuration' which is mainly a rear-
rangement of nucleons in the open subshell. Thus the
possibility exists for a large overlap between the GDR's
built on the ground state and the 2&+ state. On the other
hand, the shell-model wave function of the 2& state of

Si is dominated by the one-hale —one-particle
(d»z)"-(s, &z)' configuration' and therefore the COMDR

built on that level is predominantly a 2p-2h excitation rel-
ative to the closed subshell. Thus one expects little over-
lap with the ground-state GDR. A similar agreement
holds for S where the shell-model wave function of the
2&+ state has for its leading components the
(d yz) (& y ) -(d3yz) (21%) and (d5yz) -(&igz) -(d3yz)
(15%) configurations. '

An alternate way to look at the data is in the context of
the dynamic collective model. ' ' The DCM is an exten-
sion of the hydrodynamic model in which the nucleus is
treated as a liquid drop with a well-defined surface and a
constant density in the interior. The nucleus possesses
two types of collective degrees of freedom, namely vibra-
tions of the nuclear surface and density fluctuations of
the neutron and proton fluids. The coupling between
these difFerent collective degrees of freedom arises be-
cause the frequency of the dipole mode is proportional to
the inverse of the nuclear radius. Therefore the high fre-
quency dipole vibrations are modulated by the lower fre-
quency surface vibrations, leading to an almost classical
problem in the coupling of normal modes. Qualitatively,
for nuclei that are "soft" vibrators (i.e., low frequency,
large amplitude) one expects a strong coupling between
the dipole and surface modes, leading to a fractionation
of the dipole strength into vibrational 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 frequency, small amplitude).
Thus the photon decay branches in vibrational nuclei
probe the coupling between the dipole and surface
modes. ' On the other hand, for statically deformed, axi-
ally symmetric nuclei, the GDR built on the ground and
2& rotational levels completely mix, resulting in a split-
ting of the GDR into K =0 and K =1 m.odes, corre-
sponding to dipole oscillations along and normal to the
symmetry axis, respectively. The energy splitting of the
two modes is directly related to the intrinsic deformation:
for prolate nuclei the E =0 mode 1ies lower while for ob-
late nuclei the K =1 mode lies lower. Straightforward
angular momentum coupling rules allow one to uniquely
calculate the ratio

8 (E 1;1,K ~0,")

8 (E 1;1,K ~2i+ )

This ratio is 0.5 for the E =0 mode and 2.0 for the K = l
mode. ' Thus the photon decay branches in deformed nu-
clei probe the K quantum number of the dipole mode.
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The DCM has met with considerable success when ap-
plied to medium and heavy nuclei. ' ' For light nuclei
one no longer expects the hydrodynamic model or the
DCM to provide a detailed description of the GDR.
Nevertheless, the collective nature of the 2,+ states of

Mg, Si, and S is supported by the fact that the re-
duced transition probability B(E2;2& ~g. s. ) is several
single-particle units for all these nuclei. ' As a conse-
quence sizable nuclear deformations and/or vibrational
amplitudes are suggested. Thus we have decided to ex-
amine the coupling of the GDR to the surface degrees of
freedom for the present sd-shell nuclei in the framework
of the DCM. For S, the 2&+ level was treated as a vibra-
tion whose frequency and amplitude are completely
determined in the harmonic approximation by the energy
E + and the transition strength B( E2; 2&+~g. s. ). For

1

Mg, the 2& level was treated as the 2 member of the
ground-state rotational band. The deformation, assumed
prolate, is determined from B(E2;2&+~g.s. ). For Si,
two different calculations were performed: one in which
the 2&+ level was treated as a vibration and another in
which it was treated as the 2, member of the ground-
state rotational band in an oblate-deformed nucleus.

The DCM calculations were performed using the com-
puter code cNM. Briefly, the code calculates the ener-
gies of the various vibrational and/or rotational com-
ponents of the GDR as well as the dipole matrix elements
connecting these states to the ground and 2,+ states.
Each dipole state is treated as a Lorentzian resonance
whose damping width is not prescribed by the model.
For the present calculations, we assumed a power-law en-
ergy dependence to the widths and adjusted the parame-
ters to best fit the elastic scattering data. Once the ener-
gies, matrix elements, and widths are specified, the pho-
ton scattering cross sections can be calculated and com-
pared to the data. The relevant formulas are given in the
literature.

The comparisons are made in Figs. 2 —4. It is immedi-
ately clear that the DCM can only account for the aver-
age behavior of the cross sections and in particular can-
not reproduce the rapid Auctuations in Si. These fluc-
tuations have a different origin and will be discussed in
the next section. However, the DCM does a remarkable
job at predicting the average energy dependence of the
cross sections as well as the overall magnitude of the ra-
tio of inelastic to elastic scattering. In particular it is able
to account for the similarities between S and Si and
the differences between these and Mg. The relatively
small ratio for S arises since the coupling is due to the
vibrational nature of the 2&+ level. Both the magnitude
(20—30%) and energy dependence of this ratio is quite
typical of ratios observed in medium and heavy vibration-
al nuclei. On the other hand, the much larger ratio in

Mg is exactly what is expected and observed in strongly
deformed prolate nuclei. ' In both these cases, the DCM
calculation is able to account for the behavior of this ra-
tio. For Si the data are equally well described by both
the vibrational and the oblate-deformed hypothesis: the
scattering data cannot distinguish these two possibilities.
However, there is considerable experimental and theoret-

ical evidence that Si is oblate. The principal experimen-
tal evidence comes from the sign of the quadrupole mo-
ment Q +, which is positive (indicating oblate) for ~sSi

1

and negative (indicating prolate) for Mg. ' The signs
and magnitudes of Q + for these nuclei are also predicted

1

by recent shell-model calculations, ' and they agree well
with the data. In the language of the collective model,
both the experimental evidence and the shell-model cal-
culations indicate a strong prolate deformation for the
lower part of the sd shell, extending at least through
"Mg and an unambiguously sharp transition to oblate

deformation at Si. The photon scattering data are com-
pletely consistent with that description, at least in the
framework of the DCM: more inelastic scattering is ex-
pected and observed in the prolate Mg than in the ob-
late Si. For S, both the experimental and calculated
Q + are negative, indicating either a prolate deformation

1

or an anharmonic vibrator. The inelastic scattering data
show a clear preference for the vibrational hypothesis. It
is interesting to point out the sensitivity of photon
scattering to distinguish between prolate and oblate de-
formations and between rotational and vibrational nuclei.
Data for the 2&" level seem to be sufhcient to make the
distinction, while other reactions involving the inelastic
scattering of hadrons require scattering data for several
excited states in order to make meaningful distinctions.
%'e further note that the present data for S indicate that
the role played by anharmonicities in describing the elas-
tic and 2&+-inelastic scattering is rather small, in good
agreement with results obtained using light hadronic
probes.

B. Cross section Auctuations in Si

The remarkable feature of the GDR of Si is the frac-
tionation of the resonance into four relatively narrow
peaks between 18 and 22 MeV. Equally remarkable is
that this structure is reAected in both the elastic and the
inelastic cross sections and that despite the Auctuating
nature of these cross sections, the ratio of inelastic to
elastic scattering varies smoothly with energy. These
Auctuations are not unique to the photon scattering ex-
periment and have been observed in other photonuclear
reactions such as total photoabsorption, total photopro-
ton, total photoneutron, and Al(p, yo) Si. Indeed,
the Auctuations seen in photon scattering track quite well
with the Auctuations seen in other experiments.

In this section we address these Auctuations in terms of
the implications for the total photoabsorption cross sec-
tion o.z. To this end we utilize the unique relationship
between o. and the elastic scattering cross section
do. /de. One can exactly and uniquely predict do. /dQ
from o. using the optical theorem, a dispersion relation,
the dipole angular distribution, and the Thomson ampli-
tude (corrected for finite nuclear size and exchange
effects). The formalism has been thoroughly discussed in
the literature. ' A comparison is made in Fig. 5. The
points are the present elastic cross sections and the dot-
ted curve is the predicted cross section based on the ex-
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FIG. 5. Elastic scattering cross sections at 135' on Si. The
dotted curve is the predicted cross section based on the Mainz
measurements of the total photoabsorption cross section. The
solid curve is the predicted cross section based on a multi-
Lorentzian parametrization of the total phot;oabsorption cross
section, with parameters adjusted to fit the scattering data.
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FIG. 6. The Mainz measurements of the total photoabsorp-
tion cross section. The curve is the multi-Lorentzian parame-
trization of this cross section that best fits the elastic scattering
data (Fig. 5}.

perimental values of o. measured at Mainz. This latter
cross section is shown as the points in Fig. 6. The pre-
dicted elastic scattering cross section has been averaged
over the 160-keV resolution of the present experiment.
We emphasize that we have not done a fit to the scatter-
ing data but rather a calculation based on absolute cross
sections, with no arbitrary normalization. We see in Fig.
5 that above 22.5 MeV, where both cr~ and do. /d 0 vary
smoothly with energy, the dotted curve agrees well with
the data. This curve also agrees with the data at the
minimum of the structures in the cross section below 22.5
MeV. However, the curve falls below the peak of the
structures in the 18—22-MeV region. This does not
necessarily mean that the two sets of cross sections

(do/dQ and cr&) are incompatible. One should realize
that the o.

&
data in Fig. 6 represent averages over a

0.2—0.3-MeV energy interval. Since elastic scattering in-
volves both the absorption and the emission of a dipole
photon, do /dQ should scale roughly with the square of
0-&. Since the average of the square of a fluctuating quan-
tity is larger than the square of the average of that quan-
tity, the procedure used to derive the dotted curve in Fig.
5 will underpredict the scattering cross section if there is
unresolved fine structure in o.z. Therefore the relation
between the calculation and the data in Fig. 5 is exactly
what one would expect if the peaks in o.

~ are actually
narrower than implied by the data of Fig. 6 and/or if
those peaks actually represent an energy average of even
finer structure. It is not possible to distinguish these two
possibilities with the present scattering data, although
there is supporting evidence for both possibilities from
other reactions.

There is strong evidence from the total photoproton re-
action that the intermediate structure bumps are nar-
rower than implied by the Mainz o. . The photoproton
data have incident photon resolution comparable to the
photon scattering experiment, and when these data are
added to the total photoneutron data, the structures in
the resulting sum are both taller and narrower than the
corresponding structures in the Mainz o. . The present
scattering data are consistent with this result. In order to
demonstrate this point, we parametrize o. as a sum of
severa1 Lorentzian lines and use this parametrization to
predict do. /dA. We then adjust the parameters of each
Lorentzian (peak cross section, centroid, and width) in
order to best fit the elastic scattering data. In that way,
we determine a o. that is consistent with the elastic data.
The resulting At is shown as the solid curve in Fig. 5, and
the corresponding o.

~ is compared to the Mainz data in
Fig. 6. We see that indeed the structures in this inferred
0.

&
are both taller and narrower than the corresponding

structures in the Mainz data.
There is also supporting evidence in the literature for

unresolved fine structure, principally from the
Al(p, yo) Si reaction. These data, which have an en-

ergy resolution of 15 keV, show a severe splitting of the
four main peaks of the GDR into much narrower peaks
with an average spacing of about 120 keV. The near con-
stancy of the interval between each peak across the entire
GDR region suggests that the observed structure is not
due to individual levels of the excited system. This sug-
gestion is supported by estimates that the expected spac-
ing between levels is much smaller (10—15 keV) and that
the levels are moderately to strongly overlapping. It was
suggested that the fine structure is instead due to so-
called "Ericson fluctuations, " which result from the
random nature of the interfering amplitudes among many
overlapping levels. Normally one does not expect Er-
icson fluctuations to persist in the total cross section, cr,
since the contributions of the various decay channels
would be expected to efFectively average out the Auctua-
tions. In the case of the GDR in Si, the po decay chan-
nel is prominent enough that it is possible that the Auc-
tuations could persist in the total cross section. Of
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course, one could easily decide this issue if one could
measure either err or do /d Q with better than about 30-
keV resolution. Alternately, one can use poorer resolu-
tion scattering data, like the present results, to see if they
are at least consistent with fine structure in o.z. We
demonstrate this in Fig. 7. The points are the present
elastic scattering data and the curves are predicted cross
sections, averaged over 160 keV, based on the (y,po)
cross section, which was obtained by detailed balance
from the Al(p, yo) Si data. In the solid curve, the op-
tical theorem and dispersion relation are applied directly
to the (y,po) data, and the result is then scaled to best fit
the scattering data. In the dotted curve, a similar pro-
cedure is used except that the (y,po ) data are first aver-
aged over 200 keV before applying the optical theorem
and dispersion relation. The di6'erence between the two
curves represents the e6'ect of unresolved fine structure
on the elastic scattering cross section. As discussed qual-
itatively above, the main efFect is to enhance the elastic
cross section over that expected for a smooth photoab-
sorption cross section. Without attempting to be more
quantitative than this, it is clear that such an e6'ect could
account for the discrepancy between the scattering data
and the Mainz o &.

We have already noted that despite the structure in o.z,
the ratio of inelastic to elastic photon scattering varies
smoothly throughout the GDR region. It was originally
hoped that the observation of variations in the photon de-
cay branch to the 2&+ level might help elucidate the na-
ture of the four peaks in o. . For example, it might have
allowed us to assign a K quantum number to each peak,
as discussed above. However, the constancy of this
branching ratio has taught us nothing in detail; instead it
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FICz. 7. A demonstration of the effect of unresolved fine
structure on the elastic scattering cross section. The curves
were calculated using the high resolution (y,po) data to predict
the elastic scattering cross section, averaged over 160 keV. The
solid curve uses the (y,po) data directly, whereas the dotted
curve first averages the (y,po) data over 200 keV. The points
are the present elastic scattering cross sections on 'Si.

suggests that the mechanism responsible for the mixing
of the GDR's built on the ground and the 2,+ states is
quite di6'erent from the mechanism responsible for the
fractionation of the GDR into four peaks. For example,
in the DCM one starts with a single dipole level built on
the ground state, which then mixes with the GDR built
on the 2&+ state. This mechanism alone would give rise to
inelastic-to-elastic ratios that vary smoothly with energy,
as seen in Fig. 3. Whatever mechanism is responsible for
the further fractionation of the dipole strength aft'ects the
elastic and inelastic cross sections in exactly the same
way, thereby maintaining the smooth energy dependence
of the cross section ratios. Apparently the fractionation
involves the coupling to more complicated, possibly non-
collective degrees of freedom.

The idea of a single, highly collective GDR "doorway"
state that couples to more complicated degrees of free-
dom is not a new one. For example, it was long ago ob-
served that the angular distribution of photons from

Al(p, y ) Si reaction is relatively constant across the en-
tire GDR. More recent data on Si(e, e'x ) seem to indi-
cate that the transition charge density of the GDR does
not vary across all the structure in the cross section.
The present data provide additional confirming evidence.
To our knowledge, there is as yet no adequate theoretical
explanation for the fractionation of dipole strength in the
GDR of Si.

IV. SUMMARY AND CONCLUSIONS

We have measured cross sections for the elastic and in-
elastic scattering of monochromatic photons in the GDR
region of Mg, Si, and S. We have analyzed these
data in terms of the coupling between the GDR's built on
the ground and 2i+ states. Qualitatively, we find that for
those nuclei with mainly closed subshell configurations in
the ground state (i.e., Si and S), the inelastic-to-elastic
scattering ratio is small, while for those nuclei with main-
ly open subshell configurations in the ground state (i.e. ,

Mg), this ratio is large. This trend can be roughly ex-
plained with a simple shell-model picture. Somewhat
more quantitatively, we find excellent agreement between
the energy-averaged cross sections and the predictions of
the dynamic collective model. When interpreted in terms
of this model, the data confirm other experimental evi-
dence that S is a spherical vibrator while Mg and Si
are prolate and oblate rotors, respectively.

For Si there is considerable structure in the scattering
cross sections that is not predicted by the DCM. We
have used the elastic scattering data to infer the total
photoabsorption cross section. We conclude that this in-
ferred cross section is somewhat more structured than
previous direct measurements of the photoabsorption.
Despite this structure, the inelastic-to-elastic ratios vary
only smoothly with energy, suggesting that the mecha-
nism for the fractionation of the GDR into four peaks
has a very dift'erent origin from the mechanism responsi-
ble for the coupling between the GDR's built on the
ground and 2&+ states.
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