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Eo, El, E2, E3, and E4 giant resonances in the 1V = 82 nucleus ' Ce between 4 and 48
Mev excitation energy with inelastic electron scattering
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The cross section for electron scattering from natural cerium (89% ' Ce) has been measured with electrons

of 80 and 92 MeV at 90 and 105' between 4 and 48 MeV excitation energy. The nine resonances or
resonance-like structures identified at E„= 6 (31 A '"), 7,4 (38 A '"), 10 (52 A '"), 12 (62 A '"), 15.3 (79
A '"), 22 (114 A '"), 25 (130 A '"), 31 (160 A '"), and 37.5 (195 A '") MeV were classified on the basis

of their momentum transfer dependence and discussed in the framework of the shell model. Since some of
the arguments used are intricate we refer for quantitative particulars to the text. It is shown that the E2
sum rule strength not exhausted in the excitation range of this experiment may contribute up to 50% of the

classical dipole sum rule to the photon cross section between 50 MeV and the pion threshold. The resonance

at 10 MeV might be due to a separate oscillation of the excess neutrons against the rest of the nucleus.

NUCLEAR BEACTIONS Ce(e, e'), Eo= 50 to 92 MeV, Measured d a/dQdE„,
bound and continuum states (giant resonances). Deduced multipolarity, reduced
matrix element B(EX), radiative width I"„, sum rule exhaustion of giant reso-
nances, photon cross section to pion threshoM, total width of continuum and

clustered states.

I. INTRODUCTION

Recent years have brought a vastly improved
knowledge of the nuclear giant resonances, ' which
are broadly defined as coherent nuclear excitations
above the lowest particle threshold. However, as
many or more questi. ons have arisen as have been
solved. The particular target of this work ( 'Ce
which contains 89% ' 'Ce) had been chosen for
several reasons which we thought made it a partic-
ularly interesting and worthwhile nucleus to study.
First, the earliest work on giant multipole reson-
ances' pointed out several problems with the giant
dipole resonance in N =82 nuclei, which do not fit
the normal characterization of this state as well
understood, and will be discussed in Sec. IVB.
Secondly, a resonance at 53A ' ' MeV, also dis-
covered' in ' 'Ce and seen in many nuclei by sub-
sequent (e, e') measurements exhibits an E2 angu-
lar distribution (or momentum transfer depend-
ence). The presence of a second separate E2
branch in addition to the main isoscalar giant
quadrupole resonance (GQR) at 63A '~' MeV,
which already carries between 50 and 100/q of the
isoscalar sum rule in heavy nuclei, is difficult to
understand. Thirdly, resonances reported above
25 to 30 MeV, that is above the isovector GQR at
1304 '~' MeV, ' have been found in five nuclei
heavier than "'Ce and have been classified alter-
natively as EO or E3 and, in fact, may contain
both multipolarities. Lastly, a general reason to
choose "'Ce is based on the observation that N = 82
nuclei have one of the most favorable ratios of

width of the various GR to their energy separation.
Since the overlapping of the giant resonances of
different multipolarity poses the largest problem
in interpretation of observed electro-excitation
spectra, the small intrinsic width of the reson-
ances in Ce is of great help in unraveling the
complicated structure with a line shape fit;

Giant electric quadrupole resonances have been
found to have properties which only slowly vary
from nucleus to nucleus and to be not much differ-
ent in magic and nonmagic (especially deformed)
nuclei, a property which is understood in the
framework of the shell model. ' Other resonances
like the E3 have been found to show more variance,
but have still to be looked at in conjunction with
measurements over a wide range of A. We will,
therefore, shortly describe the general theoretical
frame work.

Despite early predictions of a hydrodynamical
E2 mode in analogy to the E1, ' the giant multipole
resonance region experimentally was found to be
flat until 1971. None of the "eagerly expected
high-f requency collective modes"' could be found.
'The theoretical foundation for a microscopic
understanding of the GMR region had been laid
two decades ago by Brown et al. ', the most de-
tailed predictions had been given by Bohr and
Mottelson' within their self-consistent shell model.
One of the best short descriptions of the scheme.
proposed by Bohr and Mottelson has been given by
Hamamoto"; results based on a BPA calculation
are summarized in Table I and can be explained
in the following way in terms of the nuclear shell
model. Without taking isospin into account, a GR
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TABLE I. Random phase approximation (RPA) calculations of Hamamoto (Ref. 10) for the
principal main shell transitions into the continuum. While this simple model naturally can
not account for finer details, like the fine structure found in Pb (Ref. 32), it describes the
giant resonances found to date very well. A different approach by Suski (Ref, 94) based on
sum rule considerations predicts in addition the monopole strength to be located at 58 and
178 A ~ 3 MeV for the isoscalar and isovector part, respectively.

ab (%) E g /~ joey) a (%)
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25
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97

h~ = 41A 3 MeV.
"R =ExB (EA, , q = 0)/EWSR (EA, , AT) x 100.

of a certain multipolarity would be found at an
excitation energy corresponding to a number of
main shell transitions (bur, =41A '~' MeV) allowed

by spin and parity, i.e. , 2@a, for F2, lee, and

38~, for E3, etc. The isospin dependence of the
particle-hole interaction, repulsive for isovector
excitations, ' attractive for isoscal. ar ones, intro-
duces another degree of freedom. The unperturbed
state, i.e. , 804 ' ' MeV for an E2, is thus split
in two, with the isoscalar part (&T = 0) lowered to
=60A '~' MeV and the isovector part (&T = 1) raised
to=1302 ' ' MeV. " Figure 1 shows most of the
avail. able body of data from inelastic electron
scattering" for multipolarities X~ 1. If one com-
pares with Table I, in general, a good agreement
between schematic model and experiment is ob-
vious. The most complete experimental survey
of any mode has been made with (o.', n') by Young-
blood et al. for the isoscalar GQH, " and for the
18&, &T =0 high energy bound octupole state
(HEBOS), "predicted early by Bohr and Mottelson, '
at 32' '~' MeV.

II. EXPERIMENTAL DETAILS

The experiment reported here used electrons of
primary energy (80 and 92 MeV) at angles of 90 and
105', from the 120 MeV electron Linac of the Naval
Postgraduate School, the combination being a com-
promise between the goals of keeping the trans-
verse contribution small (forward angle) but having
large cross sections (E, small). The forward angle
(93 ) measurements of Ref. 2 with 50 and 65 MeV
electrons were included in the analysis because
they fulfill these conditions. 'The momentum
transfer thus covered the range from 0.37 fm ' to
0.75 fm ' for zero excitation energy. "'Ce metal
(89% '"Ce) from Ventron Corporation was rolled
into self-supporting targets with a mass density
of 126 mg /em' (corresponding to 1.58% radiation

length" ). The inelastic data were measured re-
lative to the elastic cross section, thus eliminating
systematic uncertainties arising from determin-
ation of solid angle, counter efficiencies, charge
integration, etc. The elastic cross section a,y

was
calculated with the phase shift code of Fischer
and Rawitscher, "using c, t values for the charge
distribution of the ground state from muonic
atoms, c=5.78 and I;=2.31 fm'.

'The experimental setup of the NPS Linac has
been described recently" and is here only sum-
marized for sake of completeness. The accelerat-
ed electrons are momentum analyzed in the
symmetry plane of a two 30' sector magnet achro-
matic deflection system. 'The electrons scattered
from the target are measured by a ten scintillation
counter ladder in the focal plane of a 40 cm, 120'
double focusing magnetic spectrometer. 'The mom-
entum bite of the spectrometer is 3%, the stepping
width of the magnetic field normally corresponds
to 0.1 MeV. 'The overall resolution of the system
is limited by the mechanical dimensions of the
scintillators and, therefore, maximally 0.3/o. It
was kept to 0.5%, however, because this value is
the optimal compromise between background pro-
duced at the energy defining slit system, which
rises with better resolution, i.e. , narrower slits,
and background produced in the beam pipes leading
to the spectrometer, which rises with wider slits.
The data are sorted into energy bins equal to the
stepping width (0.1 MeV). Typical spectra are
shown in Figs. 2 and 3. For control purposes the
whole excitation range has been measured with a
wider'stepping width, 2 MeV, before and after
each inelastic run. No deviations, indicative of
background changes, integrator drifts, etc. , were
found. 'The spectrum with the highest momentum
transfer, 92 MeV at 105', was measured twice to
achieve a good statistical accuracy. Each run
took approximately 100 hours of beam time.
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FIG. 1. Excitation energy of resonant cross section
above approximately 80A ~ ~ MeV as a function of A.
The lines have been drawn sol.ely to guide the eye. Al-
though this plot does not enable one to decide on the
multipolarity. of the states found, certain systematic
features are apparent. Excitation energies seem to be
fairly constant for resonances at 30, 63, and 105A ~~

MeV, but drop distinctly over the range of A covered
for the resonances grouped around 130A 3 MeV. Since
this behavior is reminiscent of the GDR, an isovector
state, and since the 130A ~~3 MeV state has also been
identified as isovector I'2), one may conclude that iso-
vector states fa11 off in excitation energy with A, while
isoscalar rates do not, at least between A= 50 and 208.
Some irregular features, concerning the 53 and
-190A ~ ~3 MeV states arediscussed in thetext. Only re-
sults from (e, e') are shown. Not presented is the GDH
because its energy is much better known from |y, n) re-
sults (Ref. 61).

FIG. 2. Spectra of 80 and 92 MeV electrons scattered
inelastically from ~40Ce. Resonances (or envelopes of
discrete states) are indicated and discussed in more de-
tail. in the text. The bottom curved line in both parts is
the fitted total ba.ckground. Note that zero in the lower
spectruln is not suppressed. The ghost peak has not been
subtracted from the data, neither are the cross sections
corrected for the constant dispersion of the magnetic
spectrometer. The spectra were taken and fitted with
10 points per MeV, which were reduced for graphical
purposes by a factor of 4. Resolution was 500 keV, ap-
proximately & of the width of the smallest resonance
found; the statistical error is shown on selected points
in the lower spectrum; it was smaller than the circles
in the upper one. The fitted range of the spectra shown
was 4-48 MeV for the upper, and 4—42 MeV for the low-
er spectrum (see discussion in text in conjunction with
the 37 MeV state).

III. EVALUATION

A. Background

'The general principles of evaluation have been
described recently including the various types of
background (radiative, general room, target-in)
which have to be dete rmined, background function,

2 tests, reduced transition probabilities, and
sum rules. We refer to Sec. III of Ref. 16 for
particulars. 'The radial integrals (~") needed for
the evaluation of the sum rules can be calculated
from the c, t values by

(r') = c'/(2k+ 6)(6+ (k'+ 5k)[mtl (4t in3) ]'}.
our choice for the line shape used for the fit of

the strength function (Breit-Wigner) is based on a.



1254 PITTHAN, HAS S, MEYER, BUSKIRK, AND DYER

15-

Eo Ex

Eo

10-

I
ii)

& 5-
X

C4

E

I

C)

X
LLI0
C
U

b 5-
'U

I I I ~I I I I

10 15 20 25 30 35 40 45
EXC I TAT I ON ENERGY (MeV )

FIG. 3. Spectrum of 92.1 MeV electrons scattered in-
elastically from ~4 Ce at 90'. The spectrum with and
without the background is shown together so that the dif-
ference between the two may be seen. The resonances
which were used for fitting the spectrum and the back-
ground as described in the text are drawn. The "ghost
peak" is not subtracted from the upper graph. The
spectrum was taken and fitted with 10 data points per
MeV. For graphical purposes the number of points for
the spectrum was reduced by a factor of 4. The fitting
range was 4—48 MeV. The statistical error is shown on
selected points. %bile the upper part has not been cor-
rected for the constant dispersion of the magnetic spec-
trometer and thus shows the data points as measured,
the subtracted spectrum has been corrected, in order
to show the cross sections of the resonances in their
true relation.

recent investigation of the line shape of the GDR."
Although line shapes for resonances of different
multipolarity could differ in principle, it seems
unlikely. In any case, using a Lorentz form would
not change the results outside the error assigned.

In deviation from earlier procedure" we have,
however, tried various background forms. The
smallest g' was achieved with

BGR4(E&) = P, + P,/Ez+ P,Tz exp [P,(EI —E&)/E~]I;

but BGR3(E&)=P, +P, /E&+P, E&+ T„did nearly as
well. 'The simplest form for BGR which still

described the data reasonably well and produced
an acceptable y' was

BGR2(E~) = P, +P,/E~+ Ts .

(E, = elastic energy, E&= energy of the scattered
electron, P,. fitted parameters, T~ calculated
radiation tail, see below). Other forms used were
of the type BGR2 or BGR4 with just more terms
P„/E~" ' or P„Ez" ' added. Such terms did not im-
prove the fit.

Naively, one would identify in BGR2 the P, term
with the constant room background and the P, /E&
term as a corrective term for the failure of the
radiation tail calculation at higher excitation
energies. However, the terms are not what they
seem to be, a confusion which arises from the
effects of the constant dispersion' of the magnetic
spectrometer. Since the momentum bite becomes
smaller with smaller magnetic field (E&), the
actual count rates are lower by Ez/E, . and the
spectra have to be dispersion corrected. Quite
naturally one takes the elastic energy E,. as refer-
ence point and multiplies the count rates with
E /E

Since some of the components which contribute
to the total background undergo the dispersion and

' others do not, a closer look into what happens is
necessary. 1. 'The general room background
(GRB) is defined as the electrons which penetrate
the counter shielding. Since they do not travel
through the spectrometer, they are not affected by
the dispersion. As an approximation for GRB we

use the count rate 10 MeV above the elastic peak.
'This value is subtracted from the total spectrum
(elastic and inelastic) before any other data
handling. Any leftover, due to errors in the
determination of GBR, would contribute to BRG
in the form of a constant term P, . 2. That part
of BGR that comes through the spectrometer (SB)
undergoes dispersion. Two assumptions about
the nature of this background are possible: (a) SB
fills the spectrometer evenly with electrons, if
the spectrometer setting is far enough from the
elastic peak. In this case it would contribute to
P, . (b) SB is produced by the elastic peak, when

it hits the walls of the spectrometer. In this case
it will either produce the ghost peak, care of which
is taken through the simultaneous fitting of an
empirically shaped ghost peak line in the imme-
diate vicinity of the ghost peak at 92% of the
elastic energy. A more constant part of the ex-
perimental scattering would fall off with Ef,
because the elastic electrons will hit further and
further away f rom the counters. For this latter
part we assume the lowest order ansatz P,E&. 3.
The radiation tail (T„) events come through the
spectrometer and have undergone dispersion, but
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they are trivial to treat because of T~,„,=
Ts „„,&&E&/E, Since in the analysis the step
after subtraction of GBR (as measured 10 MeV
above the elastic peak) is the dispersion correction
E,/Ef, we have the following (E, co.nstant) rela, —

tions:

P, —P,E(/E~ —PI/E~,

P2E~-P, E.-P2 .

If we rename P,'-P,' and P,"-P„we end up with
BGR2.

In addition we hav'e, in a heuristic manner, to
take care of the divergence between calculated and
measured radiation tail. %'e know from experi-
ment that the difference Tp D Tp p TQ „„rises
with excitation energy E„. Since E„=E,—E&, we
have the lowest order ansatz possible, P, +P,E„

+ P2E f Again, af te r di spe rsion cor re ction thi s
does not change the functional form of BGR2; only
P, and P, have a more complicated meaning. It
can easily be shown that BGR3 would correspond
to a second order Taylor series for T~ D. BGH4
was originally tried, because we did not know the
order required to fit the difference. In this case
it is always advisable to try an exponential an-
satz as in BGR4, because in principle it contains
all orders. The special form of BGR4 comes
from the boundary conditions imposed, namely
Ts o =0 for E, =E& (by definition) and T„D =~ for
E~ -0.

If we express P, and P, in fractions of the mini-
mum of the radiation tail, typical values for the
fit parameters for BGR4 are P, =0.30+0.02,
P, = 0.01 + 0.01 (this term characterizes mainly
the accidentals), P, = (0.95 to 1.05)+0.03, and

P~ =+ 0.25 + 0.05. It is important to note that P„
P3 and P4 are highly cor re 1 ated with cor re lation
factors in the range 0. '7 to 0.9. &his explains why
BGR2 does still do a good job when compared to
the more complicated BGR4.

8. Errors

'The error assignment to giant resonance cross
sections is sometimes difficult. Since many
variables enter, the purely statistical error is
mostly too small. Most recent hadron scattering
experiments seem to apply an overall 20/p error
to their final results (see, e.g. , Refs. 18 and 19),
while typical errors in (e, e') are on the 10/o level
for the major resonances. ""'"The (e, e') errors
are presumably small, er because there are fewer
systematic errors due to the measurement relative
to the elastic peak, and the background is known,
at least in principle, while inelastic hadron
scattering experiments have to work with a totally
heuristic background.

'The errors quoted in this paper are based on the
statistical error for the excitation energy, and on
two times the statistical error for half-width and
8 values (areas). These values correspond
approximately to the minimum and maximum
values of these properties found during the numer-
ous fits to the data, while maintaining an accept-
able X'. That means that these errors include
variations in the areas under the curves due to
the use of different background functions, different
neighboring lines, etc. The error of the percent
exhaustion of the sum rule given later, however,
is based on the standard deviation of the average
sum rule exhaustion and is, therefore, more a
measure for the fit to the models used than a
measure for the total uncertainty. This is borne
out by the observation that the standard deviation
is always smaller or equal to the total uncertainty.
In the table of final results we have given a total
error based on the maximum and minimum value
of the area under the curve found through the
fitting procedure as described above, and on the
error from the elastic cross section, which can
be considerable, close to the minima in the
elastic form factor.

C. Radiative corrections

Any scattered electron loses, with a certain
probability, energy through emission of photons.
It thus ends up in a lower energy bin than it would
have in the absence of radiative processes, giving
rise to the radiation tail. This subsection concerns
itself with the loss in the integrated cross section
due to these processes which occurs because the
spectrum d'o/dOdE is integrated to an energy
cutoff &E, and electrons with a loss greater &F
will not be counted in the peak. This correction
is different for photon emission which occ'urs in
the field of the same nucleus as the scattering
event itself (internal bremsstrahlung, giving rise
to the Schwinger" correction 6~), and photon
emission which occurs in the field of another.
nucleus (external bremsstrahlung, giving rise to
the bremsstrahlung" correction 5s). The count
rate for internal bremsstrahlung is proportional
to the target thickness, the one for external
bremsstrahlung is proportional to the square of
the target thickness and puts, therefore, a limit
on the target thickness which may be used.

The expression for the Schwinger correction
22' 24

2a E,.ln —' (ln q' —1)

(q = momentum transfer) neglecting terms smaller
than 0.01,

The bremsstrahlung correction is""
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3 9 ln 184Z '~' &E

(f = target thickness) neglecting terms smaller
than -0.01.

When applied to the me.asured and integrated
elastic cross section both 5 are exponentiated to
account for multiple photon emission and thick
target effects, respectively. The true integrated
cross section then is related to the measured one
by

40' 40'
= exp (5~ + 5e) x-

true exp

With a cutoff energy of approximately 1 MeV
[2 half-width (FWHM)] e"=1.2, and e'~ =1.1-1.2,
depending on effective target thickness. Radiative
corrections were applied only to the elastic area,
because the area under an inelastic resonance is
determined from resonance parameters by area
= &mr' x height and corresponds thus to integration
to infinity, so that no cutoff energy is defined. '

It can be shown that it is justified to neglect the
inelastic corrections for giant resonances if one
follows 'Tsai's method" and divides the resonances
in energy intervals with a width &E, e.g. , equal
to the width of the elastic line, and treats each
interval as an isolated level with the excitation
energy of the middle of the interval. One finds
that the electrons which are scattered out of the
interval through emission of photons are measured
in intervals with lower electron energy (higher
excitation energy).

Since the inelastic radiation tail falls off very
fast and does, in contrast to the elastic one, not
rise again, "the radiative corrections which were
neglected influence the value of the integrated
area measured very little (&3%).

However, the above radiative effects result in
an overall shift of the whole resonance to higher
excitation energies. 'The influence on the relative
strength of the same resonance in different spectra
is even smaller than 3'%%up, because the radiative
corrections for the same resonance are nearly
identical in different spectra, and do not influence,
theref ore, multipolarity assignments. Quite
generally, it may be stated that radiative correct-
ions in (e, e') do not pose a fundamental problem
when the overall accuracy of the experiment is
not better than 1 or 2%."

D. Radiation tail

Three processes contribute to the radiation tail
of the elastic peak, which is produced by the
elastic electrons which have lost energy through
these processes and are, therefore, measured
at a lower electron energy E& instead of E,.

These processes are (1) radiation during scatter-
ing (internal bremsstrahlung) leading to the
radiation tail proper; (2) radiation before or after
scattering in the field of another nucleus (external
bremsstrahlung); and (3) electron-electron
(Moiler) scattering. Landau straggling and ion-
ization is important only close to the elastic peak
and does not concern measurements of the con-
tinuum. The relative contribution of external
bremsstrahlung and Mdller scattering grow with
target thickness t; they are called f,

' effects.
We feel that the difficulty in subtracting the

radiation tail has been vastly overemphasized, as
long as one aims at a final error of (10-15%)
(excluding model dependence). This is borne out

by the essential agreement between experiments
in various laboratories which used quite different
approaches, ranging from a free heuristic poly-
nomial fit" to a very constrained background fit
under inclusion of a calculated radiation tail. " In
our experience it is more the fact that the reson-
a,nces overlap which poses a problem. Neverthe-
less, the radiation tail of the elastic peak contri-
butes somewhere between 50 and 90% to the total
cross section, and any improvement would be
helpful.

While reviewing the systematic body of data
measured in Monterey between "Si and '"U, we
found evidence that it is not the radiation tail
proper (internal bremsstrahlung) which poses a
problem, but radiation before and after scattering,
because the deviation between fitted total back-
ground after subtraction of constant room back-
ground and the calculated radiation tail using the
formalism by Ginsberg and Pratt" was larger
for thicker targets (t&1.0% radiation length) than
for targets with larger Z. 'This may, in part, be
due to our energy range. It has been pointed
out by Tsai" that some assumptions which enter
the derivation of the formalism for the radiation
tail (e.g. , screening) do not work particularly well
between 10 and 100 MeV.

For completeness, we give below the expressions
for the effects which contribute to the radiation
tail of the elastic peak.

'The expression given by Ref. 30 for the charge
radiation tail is

dQdE~ m, c'4v, o.'P; ~„x'
with r, = 2.82 fm (classical electron radius), P, , Pz
initial and final electron momentum, x= 2q' (q,
three momentum transfer), F'(&q') elastic form
factor, and A,„a lengthy kinematical expression. '

Since this expression has been derived in first
order Born approximation (one photon exchange),
it is not strictly valid for heavy nuclei, but the
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influence of the nuclear electric potential (multi-
photon exchange) can, somewhat heuristically, be
taken into account by replacing FZ(—,'q') by E'
(zq', 8) from experiments, in practice calculated
with phase-shift codes f rom experimental
values (only in PWBA is the cross section simply

a function of q alone, if &Z is no longer small
compared to unity, it becomes a function of two
of the three variables E, e, and q)."

Sometimes Schiff's peaking approximation is
used, which leads to a simple analytical expres-
sion,

1+, )n(2, n(n /2) —
2

—(E,)+—(E )),
g12o 1 ~ 1 . @&2 1 ' do da

dQdE& moc' m F. , —E& ~,.' ' 2 dQ ' dQ

However, for 90 MeV electrons the peaking approximation gives reasonable results only for E„~10 MeV,
The cross section for external bremsstrahlung

d'v 1 t b ~&~ 3 E, —E~'~i do' do
dQdE& mac 2}to E,- —E~ iE, 4 E& / j dQ ' 'dQ

]
3 9lnl84Z ' 'j

was taken from Mo and 'Tsai"; go is the radiation length.
Mtciler scattering finally is given by"

dZo . 1 2mxo'Rt Z 1 2E& —1 1 1 dv d&x

dGAE& m n 2 A Ez' z(E,.E—. E( n)qE+ 1)' (E& - Ez)' ( &+E)' (d12 ' d22 ~ j
with 2mr, ' being the cross section of a classical electron and X Avogadro's number.

IV. RESULTS

A. General

In plane wave Born approximation (PWBA},
valid only for Z&«1, the form factors are pro-
portional to q' for low momentum transfer q (see,
e.g. , Ref. 33}. While for Z = 58 PWBA evidently
no longer is applicable, the q' dependence still is
useful. Figure 4 shows the DWBA cross section
divided by the Mott cross section (in light nuclei
equivalent to the square of the form factor) as a
function of momentum transfer. Since form
factors are not a unique function of q in heavy
nuclei, the curves are interpolations between
cross sections taken from DKBA calculations
with the correct primary (= elastic) energy, E„
used at the appropriate momentum transfer. 'This
procedure is possible because, despite the break-
down of P&BA in general, we found that for con-
stant primary energy E, calculations of the form
factors with different energy of the outgoing
electrons E& agree within 3/g for the same q over
an angular range from 30' to 175 (only 135 for
the El).

'The broken vertical lines in Fig. 4 indicate the
inelastic momentum transfer of the present data,
for an excitation energy of 5 MeV. 'The method
employed by us (interpolation of the calculated
DWBA cross section as described above) has the
advantage of not changing the measured values.
Comparing the relative peak heights of Fig. 5

with the changes predicted by Fig. 4, some
qualitative results are immediately evident. . If
we identify" the 12 MeV (63A ' ' MeV) and 25
MeV (130A 2~2 MeV) resonance with E2, the states
at 6, 22, and 31 MeV have a higher multipolarity.
If we compare the energies in A '~' units (31, 114,
160, respectively) with Table I, the first two are
good candidates for an E3 assignment, while the
latter lines up best with an E4 prediction. 'The
resonance at 37 MeV is the most cumbersome to
evaluate, because it is highest in energy and has
the largest width. Comparison with 'Table I leads
to an E3 assignment, but estimates based on sum
rule considerations make EO possible as well.
The final assignments from D%BA calculations
are indicated in Fig. 5, the ambiguities with the
31 and 37 MeV resonance will be discussed in
detail later.

One also sees, that the ratio of E1 to E2 peak
height (equal to the cross section ratio) does
change very little, in agreement with Fig. 4, if
taken at the correct q.

B. Giant dipole resonance and the nuclear breathing mode

More than 30 years ago Migdal" explained the
nuclear photoeffect results of Bothe and Gentner"
by assuming the existence of a dipole oscillation
of the 'protons against the rest of the nucleus"
(the neutrons), an assumption leading to an aver-
age excitation energy for this mode of 24A '~'
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(P /A) MeV, with P the coefficient of the
symmetry term P(N —Z)'/A in the Bethe-Weiz-
sacker mass formula. " Several years later, in-
dependent developments led to the papers of
Goldhaber and Teller" (E -A ' ') and Ste' d l
and Jensen" (E„-A '~'). Experimental evidence
(see the review article by Herman and Fultz") has
shown, in the meantime, that neither model
describes the energy of the dipole mode, the
correct single A exponential law being E„-A "".

The difficulty posed by the existence of two
models for the GDR rests with the fact that they
lead to quite different transition charge densities,
which in turn, when used in DWBA calculations,
produce form factors

0

t)

E

Ce (e,e')
Gotdhaber-Teller model

+(Q, E)=[(d+/ ~l)owm. /( +/ il)M t'"
which are different up to a factor of 2 in heavy
nuclei.

'Thee transition charge densities associated with
Goldhaber-Teller (GT) and Steinwedel-Jensen (SJ)
models are

p„r(r) = C r" 'dp, (r)/dr

p', „'=C j,(r x 2 08/c).p, (r).
Photo»»sorption measurements are practicall
m o el-independent: consequently they cann t
decide between different charge densities. While
there have been many generalizations of the
Goldhaber-Teller model (see, e.g. , Ref. 40), only
very recently a new detailed macroscopic approach
to the problem has been tried by Myers, Sw teck
(MS) and co-workers, ' who applied the framework
of Myers's and Swiatecki's droplet mode14' to the
problem of the giant dipole resonance. In short,
their approach yielded a mixture of both modes

l.g;(r)+ o'pt„(r)],

L
fit) 4—

X
E 2-
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~O

X
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U
~ 2-
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FIG. 4
to E4 tra

Comparison of DWBA cross sect f E1ions or
ross sec ~ons. Theransitions divided by the Mott cross s t' . Th

curves are interpolations between calculations for the
correct energy and angle of the five measurements used,
since the data in this work and from Ref. 2 var

earn energy. The curves were normalized

Tuan etal.
so that the first maxima are equal. The

an e a . (Ref. 52) was used with a transition charge
density p„(h) = Ch~ Cpp(h)//Ch.

with the constant & being a function of A, rising
from approximately 0.5 for the Ni region to 0.8
for Pb. Myers ef; al.4' give three solutions to
their meir model, the supersimple solution, the droplet
mode, and the exact solution (nomenclatu fure o

e . 41), with the parameter n being 0.80, 0.74,
and 0.64, respectively, for A=140.

Aside from the fundamental importance of the
correct description of the giant dipole resonance,
this knowledge is needed for a different reason
There has been mounting evidence recently of the
existence of a giant monopole resonan t 80A ' 'ce a

e in heavy nuclei, exactly under the GDH. This
excitation energy was originally proposed b M t
e a ., the strongest support coming from (n o.')

I

5
I

10 15 20 25 30 35 40 45
EXCI TAT ION ENE RGY ( MeV )

FIG. 5. Data of Fig. 2. after the fittedback d
(consi tis mg of the radiation tail, the general room back-

ac groun

ground, and experimental background) d th " h
eak" ape as described in the text have beem subt t d.

These two
su rac e .

ese two spectra are shown together so that the shrink-
age of smaller multipolarity transitions th

owth of h'
s versus e

gro o igher multipolarity transitions may be seen.
The relative change in peak heights of the single reson-
ances indicate very clearly the various multipoles con-
tributin . Note e' g. o e, e.g. , that the E2 cross sections fall off
more than a factor of 6 between the 80 MeV and the 92
MeV spectra.
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scattering at very forward angles. ~~ This evidence
is very convincing, but not conclusive, because
it is based on the assumption that (n, o,") does not
excite the isovector GDR resonance, the & particle
being a. T =0 particle. However, the n particle
does have a charge and, therefore, breaks isospin
selection rules, and, probably more importantly,
the nuclei where this mode has been investigated
by (a,o!), "'Pb and '"Sm, have a large neutron
excess, giving rise to isospin impurities in G

scattering of the order (N —Z)/A. In addition,
isospin impurities in the GDR have even been
found with capture reactions in light self-con-
jugate "' '" nuclei and in nuclei with small neutron
excess"'" up to A = 52. Unfortunately, in heavier
nucl. ei capture reactions carmot be used to investi-
gate the GDR, because of the rising Coulomb
threshold and the falling energy of the dipole re-
sonance. Little is known, therefore, about isospin
impurities in these nuclei.

Electron scattering is very suited to exciting a
monopole oscillation, but is hampered in general
by the well-known property of an EO excitation to
exhibit the same momentum transfer (or angular)
dependence as the E2, and in particular, that is
for a monopole mode at 804 ' ' MeV, by the pre-
sence of the GDR. Any (e, e') experiment which
attempts to investigate the problem of the mono-
pole, has first to solve the problem of the model
for the GDR, because the latter has to be sub-
tracted in order to get the monopole cross section,
and the choice of the model determines the result.
In our opinion this problem is mainly a question
of good enough statistical and systematic accuracy
over a wide enough range of momentum transfer in
order to pin down the experimental form factor.
Past (e, e') experiments, including our own, have
not achieved this goal.

Despite these uncertainties, the existence of a
monopole resonance at 80A ' ' MeV has been
supported by (e, e') measurements at high primary
energy and forward angles, using multipole ex-
pansion, "the result being that 100% of the mono-
pole sum rule is exhausted if one uses the GT
model for the GDR but finding only 10% when using
the SJ model. It might be noted, that these results
are in contrast to earlier evaluation of the same
data using a line shape fit by the same authors.
Similar results" have been given for '"Pb.

Since the multipole expansion introduces a
nuclear model before the cross sections are
extracted, it is not possible to make a decision
between the models with this method. The low
primary energy electron scattering experiments'"
(E,& 'IO MeV), on the other hand, are unsuited to
explore this problem, because in order to reach
the necessary momentum transfer, backward

angle (8&120') scattering has to be used. Two
problems enter here. The DWBA code" with
retardation (excitation energy&0) fails for the El
at backward angles' (that it converges at all at more
forward angles is due to accidental cancellation of
two terms"}. As can be ciearly seen in the form
factor, ' ' ' an unphysical upswing occurs at
backward angles. A way around this is to neglect
retardation (excitation energy= 0) and to take the
form tactor at the correct inelastic momentum
transfer

q„= (E,.'+ Ez' —2E, E~ c -oes)'~'/hc

instead. ""
In addition, to add one more layer of ambiguity,

there are transverse contributions to the cross
section in the GDR regions. This is evident when
one uses DWBA calculations without retardation
as described before, because a large cross section
remains at backward angles in excess of that ex'-

pected from forward angle (e, e') measurements
at the same momentum transfer, and from (y, n).
Assumption of a transverse electric spin flip E1
is compatible with the data, '"' but the experi-
mental evidence is not conclusive. Furthermore,
there might be an M2 (Ref. 2) or M3 (Ref. 21)
resonance in the GDR region. Since both effects
(failure of DWBA at large angles, transverse
contributions) go in the same direction, the pro-
blem has apparently not been recognized in recent
low energy electron scattering experiments. "'"

In order to convince ourselves that there is a
real problem with the DWBA formalism in its
present form, ""and not a problem of suitable
choice of integration parameters, we have done
extensive E1 calculations with the program of
Tuan et a/. , which to our knowledge is the basis
for most calculations performed in various labor-
atories. "'" The standard test for (e, e') DWBA is
to compare the DWBA results for Z =0 with PWBA,
because the latter can be solved in closed form.
Both should be identical. 'The subroutine which
selects the integration parameters depending on
primary energy, number of partial waves, etc. ,
gave for 65 MeV agreement only up to approxi-
mately 140'. Since series of spherical harmonics
have pol.es at the origin, we used the reduction
method of Ravenhall et al."to improve upon the
convergence. The program, which has one re-
duction built in, was changed to allow for multiple
reductions. Using more reductions made the con-
vergence at forward angles worse, which is under-
standable because more poles are removed at the
origin than exist, "but it improved th6 backward
convergence for Z = 0 dramatically. With four
reductions DWBA (Z =0) and PWBA agreed to
better than —,'% up to 180', but only when the radial
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integration was extended to greater than 500 fm,
instead of 50 to 100 fm which are sufficient for
higher multipolarities. However, this work turned
out to be nearly for naught because DWBA (Z4 0)
still, diverged at backward angles, 8&150', the
divergence becoming more pronounced with lower
primary energy, that is, with a rising E,/E, ratio.

In the attempt to solve the problem of the E1
form factor, we have only used measurements
with 90'» 0 ~ 105', thus avoiding the whole com-
plex of transverse contributions. DWBA calcula-
tions show (Fig. 6) that in order to be able to dif-
ferentiate between the GT, SJ, and MS models for
'"Ce, an accuracy of 25/~ or better for the single
measurement is necessary. To differentiate be-
tween the various solutions of Myers et al. , one
needs an accuracy of better than 10/0, While the
latter is difficult to achieve in general, it is pos-
sible for the E1 in the case of '"Ce. For once,
the line shape of the GDR is known from (y, n), '
and, secondly, the already described separation
of the E1 and E2 resonances in N= 82 nuclei is
important. The essential element, however, is
the fit over a very wide range of excitation ener-
gy, which puts a strong constraint on the freedom
in the background fitting. In addition, our finding
that radiation tail calculations are good up to
20-25 MeV agrees with Szalata et al. ,

"who used
comparable primary energies for "Ne. Sasao and
Torizuka ' even claim 80 MeV as limit for '"Pb,
which might be possible, because of their much
higher primary energy (see remark in Sec. IIID).
Since the GDR in ' 'Ce is well below 20 MeV, thp„

cross section turned out to be very background in-
sensitive, much more so than the resonances be-
low 10 MeV, where the accuracy in our installa-
tion is hampered by the ghost peak, and the ones
above 20 MeV, due to their large width.

We have used a fitting procedure described re-
cently" to fit the (y, n) data" for '"Ce, resulting
in E =14.95+ 0.05, F =4,20+ 0,05, and 0 =384 mb,
The difference in cross section to the values given
by Berman" is mainly due to the inclusion of the
isovector GQR at 25 MeV. The difference in ex-
citation energy is due to the fact that we have fit-
ted the E1 strength function rather than the (y, n)
cross section. " Our result for. the (y, n) cross
section corresponds to a B(E2,q =k) =41 fm or
B(EA, q = 0) = 43 fm', the latter quantity to be used
in electron scattering.

Nevertheless, we have fitted the GDR parame-
ters in the (e, e') spectra, despite the knowledge
about the line shape (E„,I') from (y, n). The re-
sults are E„=15,3+ 0.1 and F = 4.4+ 0.2. The ex-
citation energy is higher than the (y, n) energy
outside the error. A similar shift has been re-
ported earlier for N= 82 nuclei. '" Because of

20-

I I

Ce (e,e')

I

C)
10-

0
X

to

MYER
SWlAT EN-

x=

a(E1) =

1 0.2 0.3 0.4 0.5 0.6 0.7
momentum transfer (f~ ' }

FIG. 6. Comparison of the DWBA and experimental
form factors for the resonance found at 15.3 MeV. The
experimental form factors are compared to the Gold-
haber-Teller, Steinwedel-Jensen, and Myers-Swiatecki
models. The mixed model of Myers, Swiatecki et al.
(Ref. 41), explained in the text, fits the experimental
data best. A mixture ratio of GT mode to SJ mode of
0.76 + 0.04 was found, corresponding to the droplet mode
of Ref. 4. The curves are not fitted to the (e, e') data,
but to the photon measurement of Ref. 59.

our unified approach of fitting the strength distri-
bution rather than the cross section in (e, e') and

(y, n) data. , the explanation given in Ref. 2 for an
even larger shift now no longer applies for the
shift found.

.We believe that the remaining difference in ex-
citation energy is due to the shift produced by the
radiation tail, described in Sec. III C, but this as-
sumption could only be proven by applying Tsai's
unfolding procedure, "which we have not done, be-
cause this would add one more layer of data ma-
nipulation without improving the accuracy in cross
section determination.

Figure 6 shows the final result for the resonant
cross section found at 15,3 MeV. We must empha-
size that the curves shown (GT, SJ, MS) are not
fitted to the data, They were normalized to
B(EA, q =0) =43 fm' from th. e (y, n) data. " There
is a small inconsistency in our procedure insofar
as we have measured on a""Ce target, while the
(y, n) data were taken on enriched isotopes, but
the '"Ce resonance values"'" are so close to
'"Ce, that the change is negligible for our pur-
poses,

In order to investigate the three solutions of the
MS model, we have fitted the model parameter n
to our data, while keeping the B value to 43 fm',
resulting in n =0.74+ 0.04, thus corresponding to
the droplet mode. " While at first glance our re-
sult seems to rule out a monopole under the giant
dipole resonance, more discussion is needed.
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FIG. 7. Comparison of the difference between the ex-
perimental form factors and the Goldhaber-Teller model
(see Fig. 6) to the DWBA form factors for the resonance
found at 15.3 MeV. The difference shows that the pos-
sibility of an EO transition with (45 + 15)% of the mono-
pole isoscalar sum rule lying beneath the dipole exists
only if the GoMhaber-Teller model is assumed to be
correct.

Figure 6 clearly rules out the SJ model, how-
ever, because it is higher than the experimental
points by nearly a factor of two. But because the
GT form factor is lower than the data, the differ-
ence between the GT and MS models could be due
to a resonance of different multipolarity. , Figure
7 shows, therefore, the difference between the ex-
perimental points and the GT curve of Fig, 6,
The difference is nicely described by an E2 or EO
form factor. If one chooses the latter, (45+ 15)%
of the energy-weighted sum rule (EWSR) (EO, &T
=1) would be exha, usted, in near agreement with,
which gives (100+ 20)/o, but reports a model de-
pendence of a factor of two. For the monopole
calculations the model by Schucan"

p o(r ) = —3p (r) + d p o(r) rA

was used, which is identical with one of two used
by Satchler" and Youngblood et al. ,

"except for
the difference between charge and nuclear matter
oscillation in (e, e') and (o. , o. '), respectively. The
DWBA code used by us is a version of that of Tuan
et al. ' written by Kawazoe. " We have also tried
the second model of Satchler '; differences between
the two are below 10% in the momentum transfer
region covered by our experiment.

Table II shows the parameters for monopole
resonances reported in N= 82 nuclei. In contrast
to the E1 results, shown for '"Ce and '"Nd in Ta-
ble III, there is a wide variation in strength and
excitation energy. Especially for the excitation
energy, not model dependent like the strength, the

difference is difficult to explain for a giant reso-
nance, which is expected to change slowly with A.

There are two arguments against the interpreta-
tion that the difference between experiment and
the GT model shown in Fig, 7 is due to a mono-
pole or quadrupole excitation.

1, Since the claimed monopole has a width of
2.5-3.0 MeV in heavy nuclei, "'"'"it can be seen
from the difference between experiment and GT
curve, compared to the value of the GT curve it-
self in Fig. 6, that it would have a peak height
greater than the E1 at q =0.52 and @=0,61 fm '.
The apparent width of the composite line (El+ EO)
then should be noticeably smaller in our fits than
the width known from (y, n). If we make the con-
servative estimate that the peak heights are equal,
I'(EO+E1) = 3,5-3,7 MeV compared to I'&;, = 4.4
+ 0.2 MeV. However, because of the problems en-
countered with the choice of background in hadron
scattering, we would not put very ynuch emphasis
on this argument.

2. More convincing, therefore, is the independent
confirmation of the MS model through the single
power A law for the GDR. The MS model repro-
duces E„-A '"MeV known from experiment and
consecIuently rules out the GT model unambiguous-
ly. Use of the MS model instead of the GT model
in other (e, e') experiments which find monopole
strength at 80 A ' ' MeV wi&l eliminate most or all
of the EO strength within the errors given.

As outlined earlier in this subsection, isospin is
not necessarily conserved in e (and d) scattering
from (N- Z) & 0 nuclei, and rather large isospin
impurities have been found in the GDR in such nu-
clei accessible to capture reactions, which mostly
do not have a large neutron excess. For example,
comparing the (e, e') Ce data of Goldmann" and
the "Ar(a, yo)"Ca data of Watson et al. with the
EO data of Marty et al. ,

"a very close agreement
of width and position of the E1 GR with the pro-
posed monopole is found (E„=20 MeV, I' = 4 MeV).
If we would apply the background procedure of
hadronic scattering, and of Ref. 66 (matching of
a linear background to the data at the energy where
the spectra start to be flat) to our data, an appar-
ent width of the 15,3 MeV resonance of 2.5-3.0
MeV would result. The position of the monopole
claimed in "Ca gives even more reason to believe
that the E1, and not the monopole, is seen in
(n, o. ')" and (d, d')" scattering, because its excita-
tion energy (68 A ' ' MeV) scales exactly' with the
QDR, down from 81 A ' ' MeV in '"Pb, From the
very constant A '~' dependence (Fig. 1) of the iso-
scalar E2, one would not expect such a strong
variation for the isoscalar breathing mode.

On the other hand, the excitation mechanism
for EO and E1 excitation is well understood for
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~BLE II. Ep.strength at 80A 3 MeV inN= 82 nuclei.

Nucleus

'4' Ce

'"Nd

'44sm

'4'Sm

Reaction
Method

(e,e' )

(e,e' )

(e,e' )

(n, n' )

Zx (Mev)

16.2 + 0.2

14.8 + 0.2

15.1+0.5

I (MeV)

3.00 + 0,15

2,40 + 0,15

2.9 +0,5

45+ 15 b

28+ 10 '
20+10 ~

100+20 c

Ref.

this work:

21

21

44

R =Ex'~M'~~ /EWSR(E, O, DT = 0) x 100,
"Strength based on difference between experiment and the GT form factor.
'Line shape fit,

(e, e'), and 100% EWSR (EO, AT=0), as proposed,
would be visible. We think, therefore, that more
work is needed on the understanding of the excita-
tion mechanism of T =0 hadronic particles beyond
the argument that they just do not excite the AT
=1 GDR.

Since we did not measure backward angles, we
cannot experimentally contribute to the solution of
the question, whether the "excess" strength of the
GDR at backward angles is due to electric E1 spin-
flip ' or M2 or M3 contributions. '" However, we
can rule out that they are due to longitudinal ex-
citations.

C. Quadrupole excitations and the total photon cross section

The giant isoscalar quadrupole resonance in nu-
clei (GQR, AT=0) is probably the best investigated
of the "new" (how long have they been there?) reso-
nances. It corresponds to a jump between single
particle orbits which have quantum numbers dif-
ferent by 2. In contrast to the case of the GDR,
the hydrodynamic models completely fail to pre-
dict this mode of excitation. The flood of informa-
tion produced in recent years, following the first
discovery of the E2 (AT=0) mode, ' have, in con-
trast, shown that the ideas of Bohr and'Mottelson

concerning the interplay between single particle
and collective coherent motion in the nucleus and
especially including the role of isospin, were cor-
rect." The scattering of strongly interacting par-
ticles, especially n's" have played an essential
role in the systematic investigation of the iso-
scalar giant quadrupole resonance, but the poten-
tial structural richness of the giant resonance
region has, up to now, mainly been fully open to
electro-excitation, because isovector excitations
are suppressed in hadron scattering. " Capture
reactions, while one of the most versatile tools
in light nuclei, '"are hampered by the rising
Coulomb threshold in heavy ones.

In general, good agreement has been found for the
sum rule strength extracted from (n, o. ') and

(e, e'), e.g. , (92+ 25)% (Ref. 13) vs (92+ 10)% (Ref.
69) in the case of "'Pb, or (54+ 15)% (Ref. 13) vs
(56+ 6)% (Ref. 16) the case of "Zr and "Y. There
has been some controversy concerning position
and width in N= 82 nuclei, ' '" but this discrepancy
has been resolved with a scattering of higher en-
ergy, which showed a satellite at 80A '~' Mep, "
interpreted as EO (see discussion in the previous
subsection, but also Ref. 71). A closer look into
N= 82 nuclei shows some inconsistencies, which
occur very systematically, although they are not
in all cases outside the range of overlapping er-

TA BLE III. E 1 strength in N = 82 nuclei.

Nucleus

'4'Ce

'4'Ce

i40ce

142Nd

142Nd

Method

(V,n)

(e,e' )

(e,e' )

(V,n)

(e,e' )

E~ (MeV)

14.95 "

(15.1) '
15.3"
14 90b

15.4 '

121

130

129

Model

MIc

GT

MS ~

MI'

GT

Ref.

thj.s work

61

62

R =ExB (E1,0)A'WSB (E i, &T = 1) x100.
"Peak of the strength distribution.
'Practically model independent,

Was taken from (y,n).
~Wit n = 0.74.
Peak of the cross section.
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rors. To find these discrepancies one has to look
into the method of evaluation. The (e, e') spectra
have mostly been evaluated with a line shape fit
using either Lorentz lines for the cross section
(e~., Refs. 2, 62, 72), or Breit-Wigner curves
for the B-value distribution (strength function), "
and it has been shown that the two approaches are
nearly equivalent to each other, at least they do
not change the resulting areas under the strong
resonances noticeably. " In contrast, (n, o. ') data
could not be described as well by a Lorentz curve
as by a Gaussian. Positions and width from a
direct evaluation of the data (rms-energy, rms-
width) agreed within 100-200 keV with width and
centroid position from Gauss or Lorentz fits, but
the Lorentz fits resulted in 20-30% increase in
peak yield, because more strength is under the
tails, which do not fall off as rapidly as for the
Gaussian. ,

"
Since the areas under a Lorentz and a Gauss

curve of equal width and height are different by a
factor of ln2, "the (e, e') results should be 44/o

larger, everything else equal (that the effective
yield going from Gauss to Lorentz curves changes
only 20—30% as reported in Ref. 13 and not by
44%, is understandable, because line shape fits
have a tendency to conserve the area). In fact, as
Table IV shows, just the opposite occurs, namely
the (n, n') data are systematically higher, even
the introduction of the 80A ' ' MeV resonance in
the analysis reduces the sum rule strength only
from 91% to 85% (Ref. 13 vs 44 for '"Sm in Table
IV). The last value in Table IV, from the current
measurement, under inclusion of the 93 spectra
of Ref. 2 is markedly lower than the result of old
analysis for ' Ce or any of the other low energy
(e, e') results, "'""altho'ugh it agrees within the
errors with the others (except '"Nd (Refs. 29, 70)
which is marginally outside the errors). Figure
8 shows why. The lower energy measurements
span too small a momentum transfer region at '

forward a.ngles to be able to recognize the syste-
matic behavior of the cross sections, namely a
deviation from the Goldhaber- Teller (GT) model.
If one, not considering the standard deviation of
the experimental points from the curve, does a fit
of the "strict" (c„/c =1,,0, nomenclature of Ref,
73) GT model to the data, a strength of 65% EWSR
results, But obviously, the data do not fall on this
curve. The solution to this discrepancy is am-
biguous. Either the model fails, or another (or
several) underlying higher multipolarities (Fig. 4)
contribute. Figure 8 shows the solution to the first
possibility, namely a fit of the model parameter
c„/c to the data, which reduces the B value from
2500 fm' to 2000 fm'. Since it has been shown,
both with microscopic calculation" and with more

fundamental consideration"'" that an E2 state
which carries a major fraction of the sum rule
should follow the hydrodynamical model closely,
we prefer the alternative explanation. Figure 9
thus shows the difference between the experimen-
tal points and the GT model of Fig. 8, clea, rly fav-
oring an E3 assignment for the assumed under-
lying cross section. Despite this ambiguity in in-
terpretation, the B(E2) would be reduced in either
case to approximately 2000 fm'. But an E4 cannot
be ruled out, especially if one realizes that the re-
sult is doubly model dependent, insofar as the "ex-
perimental points", too, depend on the DWBA cal-
culations used in Fig. 8.

Table V shows the E2 strength up to 12 MeV
from (e, e'); a total of 67 to 77% of the EWSR is
exhausted depending on whether or not the 10 MeV
state is counted. Since the latter coincides with
the 53A ' ' sta, te in '"Pb, which may or may not
be pa, rt of the monopole GR, ' we will come back
to that point in a separate section later„

There is a corresponding number of microsco-
pic calculations to the experimental attention the
isoscalar E2 (and isovector) mode has had in re-
cent years. Historically the first such calculation
has been published by Kamerdzhiev"'" followed
by Ring and Speth" and Bertsch. " We would like
to point out that Ref. 77, being submitted at the
same time as Ref. 3, is the only microscopic cal-
culation which truly predicted very accurately
both isoscalar and isovector E2 in "'Pb and '"Sn.
The most detailed results have been published by
Liu and Brown. " Though they do not treat '"Ce
explicitly, their results show a regularity con-
cerni. ng A dependence, and we have interpolated
their "Zr and 'oaPb calculations (Table VI) to com-
pare with our data. Although it would be easily
possible with our DWBA code to use the micro-
scopic transition densities from one author or the
other, we have abstained from doing so, not only
for the reason already given above, but also to
preserve compatibility between different labora-
tories. (Transition densities from macroscopic
models are easily available and comparable,
microscopic ones are not. ) The (n, n') data show
convincingly, that the Goldhaber- Teller model de-
scribes the isoscalar E2 and E3 data over many
maxima and minima, even though there is an in-
herent difficulty to extract the electromagnetic
strength unambiguously from strong interacting
pa.rticle scattering. "

In contrast to the isoscalar E2, it is not expected
from the isovector mode to simply follow a sur-
face oscillation. " The Goldhaber- Teller and
Steinwedel- Jensen model has been applied sep-
arately to the isovector mode in 'o Pb by Sasao
and Torizuka within their multipole expansion.
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TABLE IV. Comparison between (o. , o." ) and (e,e' ) experiment for the 12 MeV resonance
in different N = 82 nuclei show the n results to be systematically higher. A detailed look at
the different evaluation procedures and line shapes used, as discussed in the text, shows that
the (n, n' ) results should be 20 to 30% lower than the (e,e' ) data, because this would be the
effective difference of the yield of a Lorentz or Breit-Wigner fit vs.a Gaussian line shape.
Effectively, the (e,e' ) sum rule values are 20 to 30% lower, making the difference even more
markedly. The new (e,e') Ce value, (50+10)% EWSR, is lower than the older Ce and
~42Nd data because a wider range of momentum transfer was covered, Figures 8 and 9 show
that there is an ambiguity in the interpretation as to whether the difference to the strict
Goldhaber —Teller model (p„-dpo/dr) is due to other multipolarities (83 and E4), or to a
failure of the model. However, the low value of the sum rule results independent of this
ambiguity. The newest (n, e' ) position and width for ~44Sm (Ref. 44) is now in essential
agreement with the electron data.

Nucleus (MeV) I' (MeV) Model Method Ref.-

'4'Ce

142Nd

142Nd b

142Nd

'"Sm

'4'Sm b

'"Sm

i40Ce

12.0+ 0.2

12.0 2 0.2

13.2 + 0.4

12.0 + 0.2

11.9 + 0.2

13.0+ 0.3

12.4 + 0.4

12,0 + 0.2

2.8 + 0.2

2.8 + 0.2

3.6 + 0.3

2.9+ 0.3

2.9 + 0.2
3.9+ 0.2

2.6+ 0.4

2,9 + 0.2

66+20

65+ 13

110+30

73+ 9

91+25

85+ 15

51+ 10 d

GT

GT

GT

GT

GT

(e,e' )

(e e' )

(n, n' )

(e,e' )

(e,e' )

(e, a. ' )

(n, n' )

(e,e' )

13

29, 70

70

13

this work

R = ExB (E 2 ~ = 0)/EWSR (AT = 0) x 100.
Energy, width, and strength not corrected for assumed monopole at 15 MeV.

'Strength not given,
Total error. Standard deviation results in (51+ 5) % EWSR.
c, /c = 0.95, see text.

15- " OCe(e, e')
Ex = 12 Mev

1O-
,E

5-
I

C)

Ce (e,e')
95

CO

t

GOLD

e(V2)
Ex-12
I

0.2
I I I I

03 Oa 05 O6
mornenturn transfer (frn )

I

0.'7

FIG. 8. Comparison of the DWBA and experimental
form factors for the resonance found at 12 MeV. The
Goldhaber-Teller model for an g2 transition was fit to
the experimental data (Table X) first using as the half-
density radius ct, ——c, and secondly c„=0.95c as explain-
ed in the text.

exp GT(

ExB(E3)= 0.13 EWSR

I I I

O. 3 P.& 0.5 0.6 0.7
momentum transfer (frn ')

FIG. 9. Comparison of the difference between the ex-
perimental form factor and the Goldhaber-Teller model
E2 DWBA form factor with c„=c (see Fig. 8) to E3 and
E4 calculations for the resonance found at 12 MeV. The
difference shows that an E3 transition beneath the E2
transition found at 12 MeV may exist if the Goldhaber-
Teller model is assumed to be correct. A sizable E4
contribution may not be ruled out.
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TABLE V. Strength of all identified E2 states up to 12 MeV as determined by {e,e' )
(Ref. 2), They sum up to 77% of the isoscalar sum rule if one includes the 10 MeV state, and
to 67% without. The assignment for the 10 MeV state is ambiguous for two reasons. First,
(e,e' ) cannot easily distinguish between Z 0 and E2, and secondly, this state has not been
seen in hadron scattering, possibly indicating either monopole or isovector character. Thus,
this resonance might be (1) a second branch of the isoscalar GR at 12 MeV, (2) part of the
monopole resonance with 13 Vo of the EWSR (E 0, ~ = 0) or, (3) due to an oscillation of the
excess neutrons (Ref. 11). While a force which produces a separate excess neutron
osscillation is difficult to imagine (Ref. 98), the same is true for case (1). Against the mono-
pole interpretation speaks mainly the low sum rule value, leaving the nature of this state as
unsolved question, with the excess neutron oscillation slightly favored, because it is the only
explanation which consistently explains the data.

E~ '

{MeV)

1.60
2.90
3.12
3.32

10.0 b

12.0

B {fm4)

2.71x 103

2.87 x 10~

5.44 x 10~

2.92 x 10~

4.30 x 10~

2.01x 103

r~ (eV) (10-')

4.6
9.5

26
19

7590
80700

9.2
1.6
3.6
2.0
9.1

51

Ref.

2
2
2
2
this work
this work

R =E 8 (E2,, 0)/EWSR{E2, 4T = 0) x100.
Interpretation ambiguous.

The same argument a,s for the dipole mode is
valid; since the multipole expansion introduces
a model already for the extraction of the cross
sections, a model dependence cannot be investi-
gated. Our line shape fit shows a resonance at
25+ 1 MeV with a width of 6,6a 1 MeV (FWHM).
As in the case of the isoscalar resonance, we find
a deviation between cross sections and D%BA GT
calculations. Figure 10 shows, a,mong transitions
to other resonances, which will be discussed later,
that the strict GT model does not describe the 25
MeV data, but also that an E3 form factor does
even worse. Although there has not yet been a
quantitative extension of the work by Myers et al, .
for description of the E2 mode, we have fitted a
parameter o.(E2) in analogy to the E1 resonance"

with n(E2) = 1.0+ 0.6 determined experimentally.
Figure 10 shows that the "Myers-Swiatecki" model
reduces the standard deviation compared to the
GT model.

Figure 11 shows the alternative interpretation:
analogous to Fig. 9 the difference between exper-
imental points and the GT model is plotted as a
function of momentum transfer and compared to
DWBA form factors. Either E3 (-20% EWSR) or
E4 (-60'"/o EWSR) strength, or both, may be hidden
under the 25 MeV resonance. Table VI shows tha, t
both multipolarities would be compatible with the
microscopic calculations. " As in the case of the
isoscalar E2 both interpretations result in a lower

B(Z2) value 50% EWSR (hT = 1) compared to 80%
for the strict GT model. It is clear from the fore-
going that in this case we favor the MS model in-
terpretation over the interpretation of underlying
other multipolarities, but clearly a more thorough
investigation in terms of the droplet model, as
done in Ref. 41 for the E1, is needed.

This leaves us with the overall result that only
approximately 50% of isoscalar and isovector
strength are concentrated in form of a coherent
resonant state of 12 and 25 MeV, respectively.
The question of where the missing E2 strength
might be is of great importance. It could be either
dispersed into a nonresonant background, or it
could be pushed up to higher excitation energies
through short range correlations'" as 'already
mentioned. If we assume the latter, an interesting
possibility opens up. Intrigued by the total y-ab-
sorption measurement of the Mainz group" and
the small percentage of E2 strength found in a
concurrent measurement on "Si (Ref. 84), we have
calculated for "Si the amount of photon cross sec-
tion which could be due to E2 absorption at high
excitation energy.

The total photon absorption measurements"
found that two times the classical I'1 sum rule
60NZ/A MeVmb (Thomas-Reiche-Kuhn") were
exhausted up to the pion threshold. No disentang-
ling into different multipolarities has yet been
possible (see, e.g. , editors comments in Ref. 86,
Part VI). While our measurement" in "Si does
not disentangle multipolarities above 50 MeV
either, it is nevertheless illuminating to calculate
how much of the E2 strength missing below 50
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TABLE VI. Comparison between (e,e') results (Ref. 2 and this work) and the calculations
of Liu and Brown (Ref. 81). We want to emphasize that the calculations were not performed
directly for Ce, but are interpolations between 9 Zr and 8Pb. We have left out the E1
calculations, because as in other cases, they "were singularly unsuccessful in obtaining the
position of the giant dipole resonance", f. G.E. Brown, Asilomar Conference 1973,P. 57] .
For the other multipolarities, one might state that the present calculations do rather well
describe not only the position, but also the strength distribution, particularly in the case of
the Z3 strength, which generally has been found to be much more distributed than the E2.
In some cases ambiguities result in the assigqment of the experimental strength, denoted
by footnotes. In ariy case the text and tables should be consulted before fast conclusions are
drawn.

Theory (Ref. 81)
E~(MeV)

Experiment
E~(MeV )

34
55
9
80
15
65
10
13
65
20
18
7
12
39
13
14
65
15
26
40
17
70

19
21—27
11—21
21-50
6
12
17-27
0 -23
23-32
32-50
6
10
12-18
18-28
28-37
13—28
28—43
43—60
0 —18
18-40
0 -30
30—70

(13) '
130 c

16
50

(9)
50

19
(5)
(8) '
19, (20) d

75

4+ (7) + (20)
(60) '

80

10
37
1.5—3.4

12

10
25

6
7.4

12
22, (25)

2.1,7.4, 12
25

R = E 8 (EA, , q = 0)/EWSR(EA, , AT) x 100.
"Ambiguous, see -caption to Table V.

Data compatible with both Z 0 and E3.
Difference to GT E2 form factor, compatible with both E3 and E4.

MeV would contribute if it is located higher in
excitation energy. It was found that nearly all the
y cross section in excess of the Gell-Mann-
Goldberger-Thirring sum rule" (GGT=1.4 times
the classical El sum rule) under certain conditions
might be due to E2 absorption.

Since the y cross section and the reduced transi-
tion probability B(E2, k) are connected by"

&x„dEy =3.1x10 'E„B(EA., k) (MeV mb)

(k photon momentum transfer, /Ekc), it is evi-
dent that the actual contribution depends on the ex-
citation energy. Effectively the dependence does
not scale with E„' due to the effect of the energy
weighted sum rule and the fact that k is no longer
small. Since

B(EX, k) =(2K+1) ~
' j z(kr)p«(r)r dr(S. + 1)!!

0

[which transfers into the familiar (2g+ I)
~ fo p„(r)r "dr~' for k-0], B(EA, k) falls off with.
rising excitation energy. For examp!e, B(E2, k
= 0.25) = 0.8 B(E2, 0). Table VII shows for '"Ce
some examples of possible contributions of E2
strength to the photon cross section in units of
the Thomas-Reiche-Kuhn sum rule (TRK) under
the assumptions specified in the caption.

A recent monochromatic (y, n) measurement, "
which extended an earlier one" to Ez =100 MeV,
found for ""Ce the total cross section up to that
energy to be 1.7xTRK. The cross section in ex-
cess of a Lorentz line extrapolation of the GDR
at 15 MeV rises to approximately 8 mb at 55 MeV
and stays relatively constant out to 100 MeV."
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15-

10-
8- 22Me

50-

30-

tD 20
C)

0
X~ 30"-

—E4

~E2

GT

40-50/&& of the TRK sum rule between 50 and 100
MeV (see caption to Table VII). That means that
in '"Ce as well as in "Si all of the cross section
in excess of the GGT sum rule could be (but does
not necessarily have to be) of P.2n'ature. Since
nothing in the derivation of the GGT sum rule lim-
its the contributing multipolarities to E1, the fun-
damentally important discrepancy between exper-
iment and the GGT sum rule still prevails. " But
we think the actual nature and nuclear origin of
the cross section up to the pion threshold merits
more investigations. Perhaps future (e, e') coin-
cidence experiments will shed some light on this
question.

31

~El
E3

'E2

50-
~E4

30-

20-

E3

10-
I'

I I I

0.4 0.5 0.6 0.7
momentum transfer (fm )

Table VII shows that (1) the isovector E2 strength
at 25 MeV (50% EWSR) already contributes 0.05
TRK to the total photon sum and (2) that the miss-
ing isoscalar (3(Pg EWSR) and isovector (50/g
EWSR) E2 strength easily can contribute another

FIG. 10. Comparison of the DWBA and experimental
form factors for the resonances found at 22, 25, 31, and
37 MeV. The GoMhaber-Teller model for an E3 transi-
tion'fits the experimental form factors of the resonance
found at 22 MeV, Both the Goldhaber-Teller and the
Myers-Swiatecki E2 models were fit to the experimental
form factors for the resonance found at 25 MeV. (Table
X), The Myers-Swiatecki model with a mixture ratio of
1.0 was found to fit the data better than the Goldhaber-
Teller model as explained in the text. The assignment
of an &3 transition can be clearly ruled out. The experi-
mental. form factor of the resonance found at 31 MeV fit
the Goldhaber-Teller model for both E3 and E4 transi-
tion. An upper value could only be estimated for the
form factor obtained from the 80 MeV/90' experiment,
based on the statistical error of the measurement. The
assignment of an E2 transition can be ruled out. The as-
signment of the resonance around 37 MeV is the most
difficult. Because of the intricate arguments, we refer
to the text.

14O
Ce (e,e') E„=25MeV

o 8

0

n4

2

E4

0 Fe„—FGT(E2)
I I I I

0.4 0.5 0.6 0.7
momentum transfer (fm ")

FIG. 11. Comparison of the difference between the ex-
perimental form factors and the Goldhaber-Tell. er model
(see Fig. 11) to the DWBA form factor for the resonance
found at 25 MeV. The difference shows that the possibil-
ity of an E3 or an E4 transition lying beneath the E2
transition exists if the Goldhaber-Teller model is as-
sumed to be correct.

D. Octupole and Isovector monopole strength

In contrast to the quadrupole strength expected
from the Bohr and Mottelson self-consistent shell
model, ""the octupole strength has been more
elusive. This is understandable for once, because
(Table I) there are two main shell transitions al-
lowed by spin and parity, namely 15+ and 3h+.
Although many P'3 states at -303. '~' MeV have
been known from electron scattering in the A = 50
mass region since many years (see table 27 in
Ref. 40), a systematic investigation has only re-
cently been undertaken by Moss et al. with (o. , n')
Although these states are below particle thres-
hold, they are generally regarded as belonging to
the giant resonance region and were called low

energy octupole resonance (I.EOR). The main
feature of these high lying bound octupole state(s),
HEBOS, as evolved from the (n, o. ') experiments
in nuclei between "Zr and '"Sm, is a concentra-
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TABLE VII. Contribution of E2 strength to the photon cross section. For the calculation
it was assumed that all the sum rule strength (isoscalar plus isovector = 1.14' 10 MeV fm )
would be distributed in the form of a Breit-Wigner curve with resonance maximum Ex and
width I . The result is expressed in units of the classical sum rule (Ref. 85) and was
calculated by integration from 10 MeV to 100 MeV and 140 MeV, respectively. To get
possible contributions from E2 to the total photon cross section, o ~op (or o g4p) has to be
multiplied by the sum rule fraction measured or assumed, and additionally by Z/A. and N/A
for isoscalar and isovector strength. For example, if we assume the 50% EWSR (AT = ])
missing at 25 MeV to be localized at 60 MeV, with I'= 20 MeV, 0~,„= 9 mb, 0&00= 12% TRK,
and 0&40= 15% TRK would result. While the assumption of Breit-Wigner form may not be
justified, a constant E2 distribution with a width of 30 to 40 MeV at 60 to 80 MeV excitation
energy would be in agreement with Ahrens et al . (Ref. 88) and contribute even more to the
photon cross section (since the Breit-Wigner curve contains only 50% of the area within its
halfwidth, assumption of a boxlike distribution would raise 0&00 and 0&'00 by some 50 to 80%
of its value, depending on location and width).

Ex (MeV) r (MeV) 0 (mb) ~100/TRK 0 &4oI/TRK

12
25
25
40
60

80

2.8
6.5

13
15
20
30
20
30
40

12
21
10
21
30
20
43
29
22

0.06
0.16
0.20
0.29
0.42
0.39
0.49
0.43
0,38

0.08
0.18
0.24
0.34
0.50
0.50
0.62
0.60
0.58

tion of many E3 levels in a relatively narrow range
(I"-2 —8 MeV), exhausting approximately 20%%u~ of
the isoscalar EWSR in spherical nuclei, but much
less in the deformed '"Sm. The essential conclu-
sions of Moss et al."have been verified for a
wider range of nuclei in a more extended survey
by the same group, " covering 18 nuclei between
"Ca and "'Pb, with a notable weak strength in the
double closed shell nucleus 'Ca and a total ab-
sence in "'Pb. Table VIII shows a, comparison
between nuclei for which results are a.vailable
from both n and electron scattering. While there
is some agreement for 3 nuclei, the e result for

"'Pb is in disagreement with Ziegler and Peter-
son, "who find 6% of the sum rule in one level at
5.6 MeV and perhaps 8% more in another one at
5.25 MeV.

In '"Ce we were able to fit the HEBOS envelope
with a Breit-Wigner shape of width I'=1.7+ 0.2
MeV at E„=6 MeV (31A ~' MeV) and a strength
of 19+ 6 EWSR, which agrees with the (o. , o. ') data
for "Nd (see Table VIII). The topmost part of
Fig. 12 shows this state to clearly follow an E3
form factor and Table VI shows that our result
agrees also very well with the RPA calculations
of Liu and Brown. " From Table I we learn finally

TABLE VIII. Comparison of 1Sco isoscalar octupole strength from (o. , o." ) and (e,e' ).

Nucleus

58Ni

89'

142Nd

140Ce

208Pb

208pb

E& (Me V)

8b

6.95

7.1

74
6.2
6.0

~5 4

Method

(e,n')
(e,e' )

(e, n' )

(e,e' )

(n, n')

(e,e' )

(n, o.' )

(e,~' )

8+2

20+ 5

12+2 c

22+6

19+6

14+ 5

Ref.

91

16

present
work

91

E B (E 3)/EWSR(E 3,&T = 0) x 100.
Three states at 6.07, 6.85, and 7.55 MeV.

'Two concentrations of strength at 6.75 and 8.05 MeV.
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80-
E2-

I' Ce(e,e')

40- E„=6.0 VeV

20-

10 E4

E2-
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I
C)

0
2-

E„=7.4 MeV

E3
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2

/
/

E3

I I I
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momentum transfer (fm )

FIG. 12. Comparison of the D%BA and experimental
form factors for the resonances found at 6.0, 7.4, and
10 MeV. The Goldhaber-Teller model. for an E3 transi-
tion fits the experimental. form factors of the 6.0 MeV
resonance (Tabl.e X), while an E2 or E4 assignment of
from factors can clearly be ruled out. The Qoldhaber-
Teller model for both an E3 and for an E4 transition fits
the experimental form factors for the resonance found at
7.4MeV. An E2 assignment of the form factor, though,
can be clearly ruled out. The QoMhaber-Teller model
for an F2 (EO) transition fits the experimental form
factors of the resonance found at 10 MeV, but the re-
sults depend on the interpretation of this mode (see
Table V).

that together with the E3 state at 2.46 MeV (12
2% EWSR, Ref. 2) all the strength expected from

the schematic model for the 15~ E3 transition
(isoscalar) is exhausted.

The situation is more difficult for the higher E3
excitations. The isovector 18~ E3 is expected to
exhaust only a. minor fraction of the sum rule (Ta-
ble I) and can, therefore, probably not be distin-

guished in shape from the E2 resonance at 12 MeV.
But this state may be partially responsible for the
deviation of the measured 12 MeV cross section
from the E2 form factor (Figs. 8 and 9).

The isoscalar E3 state is predicted to occur at
-105-115A ' ' MeV (Table I, Table VI). Figure
1 shoes, that indeed a resonance occurs in this
energy region. It is also apparent from Fig. 1,
that this mode will be difficult to measure because
it is bracketed between the much stronger E1 at
15 MeV and the isovector E2 at 25 MeV. In addi-
tion, its strength may be fragmented, as indicated
by the RPA calculations (Table VI) and the beha-
vior of the resonance at 25 MeV discussed in Sec.
IV C. Similar conclusions about the fragmentation
have been drawn earlier for the closed shell nu-
cleus 89Y (Ref. 16). Despite these difficulties
Figs. 3 and 5 show most clearly that cross section
at 22 MeV becomes stronger with rising momen-
tum transfer and is best described by an E3 form
factor (Fig. 10). It has a width of 5+ 1 MeV and
exhausts (only) 19% of the EWSR, whereas the
schematic model" predicts 72% and RPA calcula-
tions" 39%. But if we interpret the difference be-
tween experiment and the GT form factor for the
25 MeV resonance as E3, additional 20% strength
are loca.ted in this region (Table VI).

The only nucleus where all the expected, octu-
pole strength has been observed so far is '"Pb
(Ref. 4) where (90+ 42)% EWSR has been reported.
In "'Au, within the same experiment, ' only (45
+ 21)% were observed. This change in sum rule
exhaustion does not necessarily mean that the
strength is not there at all, it may just be differ-
ently distributed. The apparent greater depen-
dence of the E3 strength on the (shell model) con-
figuration of the nucleus gives hope that one will
be able to learn more about nuclear structure
from the octupole residual interaction than has
been possible to date from the quadrupole. The
very regular appearance of the latter does not re-
veal very much about the structure of the nucleus
in which it occurs. This hope is especially justi-
fied for the HEBOS, since tthese states occur in
the bound region of the excitation response,

The last member of the E3 continuum state
family, the 3k+ isovector state is even more dif-
ficult to accurately determine. It is high in the
continuum, i.e. , it has presumably a large spread-
ing width, and relatively small B values will ex-
haust considerable amounts of the sum rule. Con-
sequently, one has to expect very small peak cross
sections. The schematic model" predicts 195
A ' ' MeV (37-38 MeV in '"Ce, Table I) which
carries nearly all the isovector strength (97%).
The RPA calculation" finds nearly the same
amount centered at 36 MeV, with tails ranging
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from 13 to 60 MeV. As Fig. 1 shows, there have
been resonances seen in five nuclei heavier than
'"Ce ["'Ho (Ref. 71), '"Ta (Ref. 72), "'Au (Ref.
4), "'Pb (Ref. 4), and '"U (Ref. 93)]. The excita-
tion energy scatters considerably in A ' ' units:
thus, it is difficult to believe that this is the same
state in all nuclei, and, in fact, the interpretation
oscillates between EO (isovector), ' E3 (isovec-
tor), "'"and E2+E4 in Ref. 72. Although the '"Ta
experiment of Hicks et a/. "is by far the best
(e, e') measurement of any nucleus in the giant
resonance'region, what concerns statistical accu-
racy and momentum transfer covered, direct use
of their data is hampered by the following. First,
the angle was varied between 40' and 150, giving
rise to difficulties with transverse contributions
(see discussion in Sec. IVB). Secondly, the authors
did not use a strict hydrodynamical model (c„/c
= 1, see above), but chose to generally fit the model
to the data, making a direct comparison with their
data impossible, with the exception of the E2, in
which case the conversion factors can be extracted
from Ref. 72. Our conclusion is, that their lower

q data, which are also the more forward angle
spectra, are compatible with E3 as well.

Since the isovector monopole has been predicted
(Ref. 94, see caption of Table I for details) at 178
A ' ' MeV, the structure seen in this region may
indeed be a mixture of both isovector monopole
and 3k' octupole. The scatter of excitation energy,
in addition, can be explained consistently if we
assume the higher resonance to be E3. Similar to
the lower octupole states, """its strength might
be spread out sufficiently in deformed nuclei as to
disappear in the background (the spreading process
presumably can be thought of as a quadrupole-
octupole coupling). Therefore, in the deformed nu-
clei one sees the lower-lying monopole state,
which in spherical nuclei cannot be recognized in
resonant form because it is bracketed between
the isovector E2 (135 A ' ' MeV) and the E3 (195
A ' ' Me V). While it should be clear that most of
the interpretation given above is inferred from a
skimpy data basis, it also might be pointed out

that it is the only interpretation which is consistent
with both theory and experiment.

In '"Ce we have encountered the same ambigui-
ties as apparent from the systematics in Fig. 1,
amplified in our evaluation procedure through a
chance happening in our experiment. In Sec. II
we mentioned that the spectrum with the highest
momentum transfer was measured twice in order
to achieve sufficiently good statistical accuracy
in a tolerable time (~ 100 h). In fact a machine
failure of several hours duration in the first of
the two runs produced an obviously unphysical
discontinUity in the spectrum beyond 42 MeV. The
37 MeV state form factor in Fig. 10 shows two
sets of points. The filled circles, favoring an E2
(or EO) form factor, correspond to a fit of the
composite spectra up to 42 MeV. The open cir-
cles, favoring an E3 interpretation, correspond to
a fit to the second run only, but up to 48 MeV in
excitation energy, Correspondingly, the apparent
maximum shifted from 37 to 38 Me V (-195A '~'

MeV) to 34 MeV (175A '~' MeV). This is evident
in Fig. 5, where the lower spectrum clearly shows
that the resonance at the highest excitation energy
(fixed at 37 MeV) does not describe the data very
well; a relative maximum appears to be at 34 MeV.
Our interpretation is that the y' fit, attempting to
achieve the lowest possible y' (per degree of free-
dom) mismatches the background, verifying our
rule of thumb, that in order to fit the continuum
resonances reliably the spectra. have to extend at
least one full half-width beyond the last resonance
fitted. Naturally, it would be possible to insert
two resonances in this region one at 34 and one at
37 MeV, and attempt to disentangle the spectra
that way. However, to do so would pretend that a
greater accuracy is achievable, than justified by
the data basis and our method of fitting the back-
ground together with the resonances. The latter
obviously leads to difficulties at high excitation en-
ergies. The values given in Table X for the 34-38
MeV region thus should be interpreted as upper
limits with any mixture of monopole and octupole
possible. Within the errors both microscopic"

TABLE IX. Known E4 (isoscalar. ) continuum excitations.

4 Ni

Ez (MeV) Ex Q ~~3 MeV)

60Ni a

R E& (MeV) Ex g -'~' MeV)

. 140C

R b Ex (MeV) E (A-1/3 MeV)

9.6
15.1

37
58

5+ 2
40+ 15

11.4
14.9

40 157

3+ 2
20+ 10

150+ 75

7.4
~12

25c
31

38
62

-130
161

7+ 3
20+ 10
60+30
80+40

'g, eference 92.
bR =E~B (E4)/EWSR(E4, 6T = 0).
'Inferred from difference to E2 form factor.
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and macroscopic"'" predictions can be accommo-
dated.

jE. Hexadecapole strength

There has been little convincing evidence'for
E4 excitations into the continuum. Similar to the
E3 states, they are fragmented into four transi-
tions (28'&o, 48 ~, and these into isoscalar and iso-
vector), and since they are even higher in excita-
tion energy, they mill be more spread out and
smaller cross sections mill exhaust the sum rule.
As outlined earlier, to determine a certain multi-
polarity with certainty, on the basis of the form
factor alone, one has to have a momentum trans-
fer which covers the maximum of the form factor.
This is not the case for the E4. However, for
the states believed to be E4 a classification with
A. & 4 would lead to multiple exhaustion of the sum
rule. Table IV shows the results from our labora-
tory for '8'"Ni (Ref. 92) and '4'Ce. For the Ni
isotopes a line shape fit for all the E4 contribu-
tions mas possible; in '"Ce, as already discussed,
some are inferred from differences to form fac-
tors and thus might be due to failures of models.
The table shows a certain regularity concerning
strength and position (in A ' ' MeV), surprising
for nuclei that far apart in the nuclear system.
Comparison with Table I shows some agreement
with the schematic model prediction for both iso-
scalar 2k+ and 4hv transitions what concerns the'
excitation energy, but clearly more work and bet-
ter data are needed to establish a systematic be-
havior. The states at 7.4 MeV and 31 MeV, how-
ever, could be fitted by a line shape; Figs. 12 and
10, respectively, show that an E4 assignment is
favored by the form factor.

It is clear that the sum rule would be approxi-
mately exhausted by a factor of two if all the
states in Table IX indeed mould be E4. Figure 9
shoms for the 12 MeV region that E3 is favored
in explaining the difference in cross section to the
GT E2 DWBA calculation (Fig. 8); for the 25 MeV
region (Fig. 10) we have argued above that one
would not expect the Goldhaber-Teller model to
fit the isovector E2. That means, together with
the 2.08 MeV state (4/0 EWSR, Ref. 2), some 90%%uq

of the isoscalar sum are exhausted, but the dis-
tribution seems to be different than predicted by
the schematic model, "or the microscopic calcu-
lations. " Homever, the large uncertainties pre-
clude definite conclusions.

F. The 53A-'~3 MeVstate

All the results discussed so far have been cate-
gorized according to certain multipolarities and

straight formard macroscopic and microscopic
considerations. The 53 A '/' MeV (10 MeV) state
defies such treatment. Discovered in the experi-
ments described in Refs. 2 and 3, correctly recog-
nized as electric in character, its systematic
occurrence was first verified by (e, e') on '"An
and '"Pb.' Although Ref. 2 does not give a multi-
polarity, it is clear from the spectra that it scales
with the GQR at 12 MeV. Consequently, it was a
natural candidate for a monopole assignment. '
Since this assignment in '"Pb was based on some
intricate argument concerning fine structure in
both (y, n) and (e, e'), it was argued it might as
well be quadrupole, "or the monopole assignment
was even ruled out." Since we did not agree with
this conclusion, we have given a detailed account
of history and arguments recently, ' to which we
refer for particulars. There are tmo new elements
which make it possible and necessary to amend
the statement in the abstract of Ref. 69 that "the
new analysis makes any assignment for the 8.9
MeV resonance other than monopole difficult to
understand. " Despite that sentence, arguments in
favor of an isovector E2 resonance were given, "
and understood. "

The two new elements are:
1. A '"Pb (n, y) experiment by Raman et al

shows, based on the technique developed in Ref.
17, that the 8.9 MeV resonance in '"Pb has to be
E2 in order to explain the slope of primary E2
transitions (monopole states decay only in higher
order through y emission).

2. The availability of more (e, e') data for the
53 A '~' MeV region in a number of nuclei between

Ni and Pb. The systematics of this resonance
is indeed different from any other electric reso-
nance found so far. Generally, the strength of
giant resonances varies very slowly wi, th A, drop-
ping from approximately 80 to 10(P/~ EWSR for the
isoscalar GQR in the heaviest nuclei, to 50 to 60%
in the A =60 region. "' ' This is quite different for
the 53A ' ' MeV state. If we express its strength
in units of the isoscalar E2 sum rule, because it
undoubtedly follows an E2 (or EO) form factor, its
strength drops from 35/o in ' 'Pb (Refs. 4, 69, 76)
to 9%%uq in '"Ce and below 3%%u~ in "Ni. Figure 12
shows that an E2 (or EO) form factor explains the
'4'Ce data best.

There are many possibilities to display the
strength of the 53A ' ' MeV resonance as a func-
tion of various parameters. The one which pro-
duced the greatest consistency is shomn in Fig. 13
and displays the isovector E2 strength as function
of the neutron excess. Clearly, the strength rises
in proportion to T'. The most important case is
'"Pb. Not only has this state been measured by
several experiments, or different evaluation of the
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FIG. 13. Strength of state at 53 A MeV in nuclei
between Ni and Pb expressed in units of the isovector
sum rule. The calculation of Halbert et al. {Bef.82),
normalized to the strength found experimentally for the
isoscalar E2 in Pb (92% EWSB), is indicated. The ex-
perimental. points are from Bef. 92 (~ ~6 Ni), Bef. 16
P Y), this work ( Ce), Hef. 29 (4 Nd), Hef. 71 ( 5Ho),
average of Bef., 20 and Bef. 72 (which had to be renorm-
alized, see discussion in connection with the 37 MeV re-
sonance) ( ~iTa), Hef. 4 ( ~~Au), and the average of Hef.
4, 69, 76, and 97 {oBPb). For the three lightest nuclei
only upper limits for the E2 strength can be given. A

resonance with a width of 1—2 MeV in the Ni isotopes at
this energy is predominantly E3, in ~Y no resonant
cross section couM be identified at all.

same data have been made, '"'"'"'"it is also
the only case where applicable RPA calculations
have been performed. " Halbert et a/. "have cal-
culated with RPA wave functions that the T = 1 and
T = 0 sums in the region of the isoscalar giant
quadrupole resonance in '"Pb should be in the
ratio 0.23.

Figure 13 shows this calculation to be in close
agreement with the strength of the 533. '~' MeV
state. From the context of the discussion in Ref.
82, it appears that this strength is thought to be
due to the excess neutrons, although a simple mass
oscillation model would only produce isovector
strength of the order (N-Z) /A', or —,

' of the mi-
croscopic result. " Similar considerations by
Bohr and Mottelson (Ref. 11, page 513) must not
be interpreted as suggesting a special mode of
oscillation associated with the excess neutrons, "
because it would be difficult to imagine a force
which holds together the excess neutrons in a
separate oscillation against the rest of the nucle-
us." On the other hand, it seems clear from the
experimental evidence (see discussion in Ref. 69,
especially the apparent nonexcitation in hadron
scattering) that this mode is not just a simple sec-

TABLE X. Results in units of the reduced transition probabilities (8 values), ground state radiation width (I"&),
and energy weighted sum rule exhaustion, for the major resonances found in this experiment. Some results for weaker
states, and those inferred from differences between cross sections and DWBA calculation, are, together with the
appropriate discussion, scattered in the text. The isospin assignments are not determined by this experiment, but
were taken from comparison with other experiments and theory.

Ez (MeV) Ez A 3 (MeV) I {MeV) EA, ET B,„„(fm ~) I'& {eV) Rb
Std. c

dev.
Total d

error

6.0+ 0.2
10.0 + 0.2

j.2.0 + 0.2

15.3 + 0.2

22 + 1
25 + 1

31
52

79

114
130

175
195

1.7 + 0.2
1.8 + 0.2

2.8 + 0.2

4.4+ 0.2

1
6.5+ 1

3
2
0

2
2
1
1
3
2
2
3
0

0
0
0

0
0
1
1
0

1
1
0
1

1.3 x10'
430
770

2.5 x103
2.0 x 103

41
55
3.7 x104
1.3 x103
2.1 x 103

1.2 x10~
2.8 x 103

2.0x10 3

7.6

10.0
8.7
5.1x 104

6.9x 104

4,9
2.1x 103

3.3x 103

6.8 x 102

19
9

13
63'
50f

122 g

167"
19
50'
77h
75

130

3
2
2

+17
5

+12
+40

2
8

+25
+10
+20

6

6
+13
+ 10
+20
+27
+10
+15
+23

+ 45

'For the monopole the measured quantity is ~M.
~

(fm ).jf"R = E& B (EA, )/EWSR(EA, , AT)x 100.
'The error given (in units of R) is the standard deviation of the average sum rule exhaustion and is, therefore, more

a measure for the fit to a certain model than a measure for,the total uncertainty.
The total error (in units of R) is based on the maximum and minimum values found for the areas under the curves

during the many attempts to fit the spectra.
C tr 1.0C,
c„=0.95c.

gMS model with + = 0.76.
"GT model.
' MS model with n = 1.0.
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ond branch of the GQR at 12 (63A ' ') MeV. . De-
spite the objections raised, the explanation as a
separate excess neutron isovector E2 shape os-
cillation seems to be the only one which explains
all the data in a consistent manner.

V. SUMMARY

This work covers a large range of the nuclear
' continuum, which contains many resonances. Since

they have been discussed in detail, often with com-
plicated arguments, in the text, we do not want to
give a short version of our paper here, open to
misinterpretation. For a short overview concern-
ing the major resonances, Table X may be consul-
ted. Rather, we want to state the shortcomings.
We have measured '"Ce up to 48 MeV in excita-
tion energy. The full use of the data has been
hampered by two problems.

First, the continuum states are wide and overlap
and are, therefore, difficult to disentangle with the
overlapping resonances. This difficulty is a prin-
cipal one and cannot be helped. Coincidence ex-
periments are sometimes proposed as a remedy,
but they do not measure the total cross section,
and, as additional difficulty, will produce inter-
ference between resonances of different multipo-
larity. 4'

Secondly, the radiation tail fails at higher excita-

tion energy, where those resonances lie which are
open mainly to investigation by (e, e') (the isovec-
tor states). Little theoretical progress has been
made here since the pioneering work of Refs. 27
and 30. Experimenters have made some heuristi-
cal improvements, first by inserting correct elas-
tic cross sections into the peaking approximation, "
and then by extending this method" to the forma-
lism of Ginsberg and Pratt. " A greater theoreti-
cal effort to overcome this problem is clearly
needed.

Coincidence experiments may be, however, the
only method to decide whether or not the total
photon cross section below pion threshold contains
a large E2 contribution, or not. From our exper-
iment we can only show that it might be possible.

If the 10 MeV state (53 A '~' MeV) is indeed a.

neutron oscillation, coincidence experiments may
also help here. On the other hand, they may not,
because neutrons are the only particles which come
out of the nucleus at this excitation energy in heavy
nuclei anyhow.
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