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I. Introduction

Giant resonances are manifestations of elementary modes of nuclear
excitation. Since giant resonances are general properties of all nuclei,
they lend themselves to description as general properties of nuclear
matter. The term giant resonance has over the years come to be used
nearly synonymously with the giant dipole rescnance (GDR) discovered
in the 1940's. However, as we know from theoretical considerations and
now experimental observation, such a correspondence is largely a product

of history.

In 1970 the first non-dipole giant resonance, the giant quadrupole
resonance (GQR), was experimentally observed.l It is significant to note
that the observation of this new giant resonance was not made by photo-
nuclear reactions, the conventional means of exciting the GDR, but by
direct reactions -- specifically, inelastic scattering of medium energy
protons and electrons. Thus, new resonances and new techniques were

simultaneously thrust upon the well established field of photonuclear

physics. In the ten years since the discovery of the GQR the study of
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so-called giant multipole resonances has grown into a bonafide subfieid
of nuclear physics, one that is pursued in most medium-energy nuclear
physics facilities throughout the world.

In this talk 1 will review the current situation as regards obser-
vation of the new resonances. Since the bulk of *he results have come
from hadron measurements, I will concentrate on results from hadronic
direct reacticns, This selection is prompted by constraints of time and
should not be interpreted as a negative opinion of results from electron
scattering or particle capture, areas of study which have provided signi-
ficant and important contributions to the new raesonance field. More
detailed information on this topic may be found in references 1-3.

Although this talk concentrates on non-dipole resonances, it is
helpful to remind ourselves of the properties of what was for so many
years the only giant resonance established experimentally. Figure 1
shows the spectrum of 208Pb as seen in the (vy,n) reaction.4 The only
structure observed in the spectrum is the peak from the GDR centered at
about 13.5 MeV of excitation energy. The fact that photoabsorption pro-
ceeds overwhelmingly by dipole absorption leads to such beautiful GDR
spectra which are uncomplicated by competing reactions. (Excitation of
the GDR is 10-100 times stronger than E2 excitation via photoabsorption.
This selectivity makes photoabsorption measurements of higher multipole
resonances very difficult.) As shall be seen later such clean spectra are
unfortunately not the case for excitation of giant resonances via direct
reactions.

Consideration of the GDR systematics established over many years can

provide a guide for the search for resonances related to other modes of



nuclear excitation. Shown on fig. 2 are va]ues4 of the excitation energy
(Ex) plotted as EXAI/3 MeV, the width and sum rule depletion for the GDR
for many nuclei spanning the periodic table. For nuclei with mass above
1/3

~ 130, the GDR is located at the systematic energy of ~ 78 A~ MeV and

most of the GDR sum rule is accounted for. For lighter nuclei the reso-
nance energy falls steadily from the systematic value and less than 100%
of the sum rule is accounted for (at least up to ~ 30 MeV of excitation).
The width of the GDR is narrowest near shell closures {A=90, 144, 208)
and widest for deformed nuclei {e.g., rare earth nuclei).

These systematics yield a few characteristics of giant resonances
that may be useful for experimental searches for new resonances.

1) Giant resonances are general properties of nuclei.

2) The excitation energy of a giant resonance varies smoothly
with nuclear mass (at least over most of the nuclear mass range).

3) Giant resonances exhaust an appreciable fraction of an appropriate
sum rule.

4) Giant resonance strength is generally localized in excitation
energy (more an experimental than theoretical necessity).

11. Background

Giant resonances are often considered to be highly ccllective modes
of nuclear excitation in which an appreciable fraction of the nucleons of
a nucleus move together. Indeed the motion is so collective that it is
appropriate to think of these modes of excitation in hydrodynamic terms
1ike the oscillation of a liquid drop.

Figure 3 shows a representation of several of these modes of

oscillation, where L represents the angular momentum quantum number of



the mode. The monopole (L=0) mode is & spherically symmetric oscilla-
tion or compression of the nucleus; the dipole (L=1) is pictured as a
motion in which the neutrons and protons oscillate in bulk against each
other while the quadrupole mode is an oscillation of the spherical

nucleus to oblate shape then to prolate shape. 0Oscillations with L > 3
are, of course, possible but are not shown. The nuclear fluid has
neutron, proton, "spin~up" and "spin-down" components and hence, for each
multipolarity (L) there are four possible combhinations of these com-
ponents. Modes in which neutrons and protons oscillate in phase are
characterized as isoscalar mcdes (denoted as T=0 here) while those modes
in which the neutrons and protons oscillate out of phase are called iso-
vector (T=1)}). Similarly, spin-up and spin-down nuclecns oscillating in
phase yield 5=0 modes while the so-called spin-flip modes {S=1) are pro-
duced by spin-up and spin-down nucleons oscillating out of phase. The S=0
oscillations are the electric modes while the S$=1 oscillations are the
magnetic modes. The well knowrn GDR is an example of an L=1, T=1, S=0 mode
of excitation, while the first 2t level of nuclei are examples of L=2,
T=0, S=0 modes.

The collectivity of these modes {i.e., of the nuclear states that
are the observable manifestation of the various modes) can be deduced by
studying the transition rates for their electromagnetic excitation (er
de-excitation) or by measuring the cross sections for their excitation
via direct reacfions such as inelastic scattering. Useful "benchmarks"
for comparison are the single particle transition rates and sum rules.

While the former provide an estimate for a single nucleon promoted from



one shell-model level to another, the latter tell us how much tota] tran-
sition strength we can expect for a mode having particular (L,T,S)
values. Throughout this talk giant resonance strength will be described
in terms of the energy weighted sum rule (cLWSK) which is a particularly
useful sum rule because it is nearly model independent. Generally, the
criterion for a transition to be considered collective is that its tran-
sition rate be many (2 10) times the single particle value, in which case
the transition would exhaust an appreciable fraction of the EWSR fur the
mode in question. As we shall see giant resonances exhaust 20%-90% of
their sum rules.

For direct reactions the transition rate and the angular momentum
transfer are generally deduced by comparison of measured angular distri-
butions with those calculated by use of the Distorted Wave Born
Approximation (DWBA). The analysis procedure for giant resonance Sstates
is the same as has been established for direct excitation of low-lying
states. In the case of electron scattering the transition rate, B(EL),
for the state in question can be directly obtained. In inelastic hadron
scattering however, the situation is not nearly so direct. Comparison of
the calculated cross sections with those measured, yields a quantity

called the deformation parameter, B s as:

do(L) dofL)

2 _ o
B = —gqg— Measured / To calculated (1)

If 8 1is assumed to be proportional to the mass multipole moment for a

uniform distribution then

2 44 \2
g, = B{EL . 2
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Whether or not the transition rate as directly determined in inelastic
electron scattering or deduced in hadron scattering through use of
equations (1) and (2) yield the same result has teen an often debated
topic. However, it is clear that hadron inelastic scattering is more model
dependent than electron scattering. The application of the DWBA theory to
giant resonance excitation by hadron inelastic scattering has been detaiied
by Satch]er5 and the experimental results have usually been analyzed

following Satchler's formalisms. The EWSR is related to the transition

rate as:
S, = B(EL)(E, - E,) = Lan? pl ze2¢pll=2y (3)
L RS KA om “& <7 , 3

where Ef and Ei dencte the energies of the final and initial states 1in the
transition and <rL> is the RMS charge radius of the ground state. For
T=5=0 transitions and <rL> z [3/(L+3)]RL for a uniform mass distribution,

the EWSR for a transition of multipole L can be written as:

2
_3Ah L2L-2

SL 8mm LR

where m is the nucleon mass and A is the nuclear mass nunber.

Using equation (2) relating BE and B(EL) the following expression

for 62 in terms of 100% EWSR depletion is obtained (for T=S=0):

L
2
B2 _erh L(2l+1) 1 60L(2l+1) (4)
L 3m AR2 E A5/3E s

if R=1.2 A1/3 fm and E = excitation energy in MeV. Equation (4)



provides the Timit of the EWSR for a transition of multipole L and energy
E. Throughout this talk the measured giant resonance cross section will
be presented as a fraction of the limit from equation (4). Sum rules for

isoscalar monopole transiticn and isovector transitions are different and

have been treated by Satchler.5

Figure 4 provides a representation of transitions thdt might
comprise various electric modes. The figure schematically represents
single-particle transitions between shell-model states of a hypothetical
nucleus. Collective transitions result from coherent superpositions of
many such single-particle transitions. Major shells are denoted as N,
1/3

N+1, ets. and a~e separated by ~ 1Ay or ~ 41 A7 MeV. Giant resonances

may be considerec to result from transitions of nu¢leons from one major
shell to another, under the influence of an interaciion that orders these
transitions intc a coherent motion. The interactior for inelastic scat-
tering can excite a nucleon by at most l#fw, or, to state it differently,
the nucleon can be promoted by at most L major shells. The number of
shells is either odd or eveis according to the parity.

Thus, the isovector giant dipole resonance (GDR) is built up of El
transitions spanning lfw. The GDR might then be expected to be located
at an excitation energy of ~ 41 A'l/3 MeV; however, it 1is located at ~ 77
A'l/3 MeV. This difference arises from the fact that the spin and
isospin dependence of the nucleon-nucleon interaction ensures that the
$=T=0 collective states move down in energy, and that S=1 or T=1 states

move up from the expected energy.

For E2 excitations two different classes of transitions are allowed,.

The first of these, with lowest energy, is comprised of transitions



within a major shell, the so-called Offiw transitions. A second set is
comprised of transitions between shells N and N+2, the 2#fw transitions.
These transitions would be pushed up or down in energy from 2fw for iso-
vector or isoscaler modes respectively. While the Offw, EZ2, excitations
are identified with the familiar low-lying 2% levels, the 2fiw class carry
most of the EWSR and are associated with the GOR. By similar arguments
E3 excitations of 1fiw and 3w and E4 excitations of OHw, 2Hw and Hiw are
expected.

For each class of transitions (El, E2, etc.) the sum rule should be
exhausted by the sum of the strength in all the transitions. For example,
for E2 transitions the sum rule should be exhausted by the sum of the
strength in the Offw and 2w transitions.

For the GDR we know 100% of the sum rule is accounted for {fig. 2).
What about other multipoles? Figure 5 shows the percent of the EWSR
depleted in the first 2% level of even-even nuclei. Except for the
lightest nuclei, only ~ 10-15% of the EWSR is accounted for in the first
2% level. Table 1 shows a few cases (from inelastic scattering) where
the ertire bound state excitation region ({ neutron separation energy)
was scudied. Only for 24Mg is any appreciable fraction of the L=2 EWSR
strength fcund in the bound-state region. Thus, there is good reason to
expect considerable quadrupole strength to be in the AN=2 excitations.
Indeed, less than one half of the possible sum-rule strength for any
multipole is located in the bound states for the nuclei studied. In

fact, there were predictions6 that the aN=2 quadrupole strength would be

apprecianle and locilized at an excitation energy of ~ 60 x A‘l/3 MeV.



TABLE 1. Percentage of isoscalar EWSR multipole strength depleted in
bound states of 2%ug, 40ca, and 208pp,

. Multipole
Nucleus 0 1 2 3 4 5 6 7 8
244 0 10 3
40, 0 0 14 38 7 11 1 0.2 0
208, 0 0 20 47 14 3 3 2 1

From these brief background comments one derives a complicated picture
of giant multipole resonances. For each multipolarity there may be four
independent modes and for each of these modes there may be more than one
class of transitions, e.g. -- for L=4, $=0, T=0 we could find a 2fw and
4tfw giant resonance. How then do we sort out this complicated picture?
The answer lies in the selectivity of the nuclear reactions we use to
search for the resonances. We have already seen an outstanding exampie of
such selectivity in the photonuclear excitation of the GDR.

Since we have said that photonuclear reactions are not especially
well suited to study giant resonances other than dipole we must, of
course, ask what is an appropriate technigque? The answer has been
through direct reactions, especially inelastic scattering, of medijum
energy projectiles. It has long been known that the inelastic scattering
reaction provides strong excitation of low-lying collective T=S=0 states.

Thus, it seems reasonable to assume that high-lying collective states of
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simiiar modes should also be excited. Inelastic electron scattering had
been used for some time to study the GDR. However, while the electron
scattering mechanism (electromagnetic) is well understood the selectivity
¢f the reaction is rather low. The use of hadrons as projectiles provi-
des much more variety for the reactions and thus, more selectivity. This
can be seen by considering the effective interaction between a nucleon in
the projectile and one in the target nucleus. The interaction is both

spin and isospin dependent. For example, the central part of the

interaction may be written as in Table 2.

TABLE 2
VTS(]J) Voo(r_'J) + Vlo(r_'J)T.' TJ' + VOl(r_iJ-)G_i'OJ"' Vll(rij)ci'o\j T.i'TJ

T=0 T=1 T=0 T=1
S$=C $=0 S=1 S=1
GQR GDR spin-flip M1

1st 2%, 3~ 2-,3% Gamow-Telier

1AS
(p,p") (p,p") (Psp") (psp")
(G-:a')
(d,d')
(p,n),(3He,t) (pyn),(3He,t)

bL1, bHe)

—

The four modes for each multipolarity arise from a different term in

the effective interaction. For example, the low-lying 2% and 3~ nuclear
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~ 7-MeV. The peaks from elastic scatteriny and inelastic scattering to
low-lying levels are shown on a much raduced scale. It is immediately
obvious that the experimental spectra we deal with in inelastic scattering
measurements of multipole resonances are more complicated or, to stete 1t
differently, less clean than the photcnuclear spectra used to deduce the
parameters of the GDR. While the («,a') reaction provides selectivity of
T=S=0 modes, all multipolarities may be, and indeed, generally are
excited. We show on the 13 degree spectrum a decompasition of the
spectrum into quadrupole (GQR), and monopole resonances (GMR) and & peak
from the so called low-energy octupole resonance (LEOR). These resonances
are discussed in some detail below. A possible additional resonancc is
shown centered at ~ 24 eV of excitation. Tnis resonance is now known to
arise from excitation of the giant octupole resonance (GOR) recently pro-
posed from inelastic alpha, proton and helium-3 scattering.

Figures 6 and 7 serves to illustrate what is perhaps the most serious
problem in inelastic scattering studies of giant resonances -- the giant
resonance cross section is only a part {(often a small part) of the total
continuum cross section. Some assumption must be made aoout both the
magnitude and shape of the continuum which lies under the resonance peak.
It is assumed that the giant resonance cross section does not mix with the
underlying continuum and the resonance peak is “stripped off" of the con-
tinuum by extrapolating the continuum magnitude and shape from higher
excitation energies. 1 feel that cross sections for the giant resonances
cannot be obtained from inelastic scattering with less than a 15-20% abso-

lute uncertainty. We have not yet found a way to eliminate the continuum

and leave just the resonance peaks.
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The remainder of this discussion will be devoted to a summary of

experimental results on the new giant resonances, especially the electric

multipole resonances.

111. Isoscalar Giant Quadrupole Rescnance

In the notation of this presentation the isoscalar giant quadrupole
resonance has quantum numbers (L,T,S) = (2, 0, 0). The T=0 GQR was the
first of the new giant resonances to be discovered1 and it remains the
most well studied and carefully documented. In general there is excellent
agreement between various types of hadronic measurements of the GQR and in
most cases agreement with electron and particle capture reactions.

Figure 8 shows inelastic spectra8 from five targets spanning a wide
nuclear mass range, bombarded by 152-MeV alpha particles. In each
spectrum a broad peak is observed at an excitation energy that varies
smoothly with target mess. Prior to approximately three years ago the
entire peak in each nucleus was atiributed to excitation of the GQR. (For
the (a,a') reaction the GDR is not excited to an observable extent.)
However, as will be discussed below, we now know that {at least for nuclei
heavier than about A=50) the peak contains both moncpole and quadrupole
resonances. The jdentification of the resonance, i.e., the portion marked
E2, as ar L=2 excitation is provided by comparison of the measured angular
distributions with those calculated using the Distorted Wave Born
Approximation (DWBA). The strength of the resonance in terms of percen-
tage depletion of the EWSR is determined by the normalization of the
calculated cross sections to those measured. Figure 9 shows such a com-

parison8 for the five giant resonance spectra shown on fig. 8. The data



are described very well by the DWBA calculation assuming the state to be
quadrupole (L=2). For all five nuclei most of the T=0, L=2, EWSR is
dep]éted in the resonance peak.

For nuclei having A < 40 the character of the GQR changes dramati-
cally as is seen in fig. 10. These data9 were taken with a magnetic
spectrograpn which provided energy resolution considerably less than
100 keV (FWHM). For 40Ca one observes a broad peak located at ~ 63
A—1/3 MeV (position of arrow) similar to those in heavier nuclei.

1/3

However, nc such broad structure is found at €3 A~ MeV 1in the lighter

nuclei. Rather, the excitation energy region between 12 and 20 MeV
contains peaks arising from excitation of a large number of individual
states. !ost of these peaks are attributable to L=2 excitations.lo’11

The sum of the L=2, T=0, EWSR depleted in the individual quadrupole states

is found to provide a significant fraction of the total EWSR.

Systematics for the energy, width and strength (sum rule) of the T=0
GCR are presented in fig. 11. The data were mostly taken from ref. 1 and
ref. 2. Where more than one measurement has been made on a given nucleus
the results were averaged. In general the excitation enerqgy for the GQR
~1/3
[a

for A 2 100 falls at the systematic energy of ~ 65 ¥eV. For nuclei

lighter than mass 100 there is a clear tendency for the GQR peak to fall
below the systematic energy. For nuclei lighter than A=40 the energy of
the strength centroid of the individual fragments has been plotted. The

1/3 MeV is taken from a recent ca]cu1ation.12

dashed line at 64.7 A~
The width of the GQR increases smoothly with decreasing nuclear mass.

However, there are apparent shell effects in the data. The narrowest
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resonance widths occur for A=40, 90, 142 and 208. The resonance is widest
in the region of the rare earth deformed nuclei. This behavior is similar
to that observed for the GDR (fig. 2) although the increase in the GQR
width in deformed nuclei is not nearly as great as for the GDR. The

A'z/3 dependence of the width predicted in ref, 12 provides a good
description of the data. The value of the multiplicative constant (90)
has been increased from that suggested (58) in ref. 17 in order to fit the
data.

The percentage of the T=0, E2 EWSR strength depleted in the GQR is
shown at the bottom of fig. 11. It is to be noted that these values do
not include contributions to the EWSR from low-lying (Offw) quadrupcle
excitations. A trend to larger sum-rule depletion with increasing ruclear
mass is clearly evident. For nuclei having A 2 100 essentially 100% of
the EWSR is found to be depleted in the GQR peak (2Hw transitions), while
for lighter nuclei 30-50% of the EWSR is typically found in the high-lying
quadrupole states. However, considerably more EWSR strength is located in
the low-lying 2% states of light nuclei than of heavy nuclei, so that the
sum of the GQR (2fiw) and low-lying quadrupole (0ffw) strengths exhaust

~ 100% of the T=0, E2 EWSR in light as well as heavy nuclei.

I1V. Isovector Giant Quadrupole Resonance

As pointed out earlier, excitation of T=1 (isovector) states via
hadron inelastic scattering is much weaker than excitation of T=0 states.
Charge exchange reactions excite T=1, S$=0 states and there is

evidence13 from (n,p) measurements that the GDR is excited. However,
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charge exchange reactions have yet to cilearly show excitation of the iso-
vector giant quadrupole (L=2, T=1, S$=0). On the other hand, the electrc-
maghetic (e,e') interaction provides equal strength both T=1 and T=0 exci-
tations (all other things being equal, e.g. -- EWSR, L, E,). For the
lighter nuclei (A < 40), particle capture reactions provide information on
isovector strength, however most of the data on the T = 1 GQR have come
from inelastic electron scattering.

The left side of fig, 12 shows inelastic electron scattering
spectra14 from 60Ni. The broad peak observed at ~ 32 MeV of excitation is
identified as the T=1, GQR. This identification is supported by com-
parison of cross sections for the peak with calculated E2 form factors as
shown on the right side of fig. 12 for 58N1 and 60N1.

Plotted in fig. 13 are the systematics for the T=l, GQR. The data
are all from irclastic electron scattering and are taken from ref. 15,
Although much less data are available than for the T=0 GQR the systematics
are very similar. The excitation energy follows the systematic energy 130
A'1/3 MeV for heavier nuclei while for lighter nuclei the energy drops
off. The width of the resonance increases rather smoothly as the nuclear
mass decreases. The available results show that ~ 100% of the T=1, EZ
EWSR 1is located in the resonance peak. The trend observed in the T=0, GQR
for smaller depletion of the EWSR for nuclei having A < 100 is not seen
here, within the constraints of a much smaller avajlable data base. The
EWSR depletion shown on fig. 13 are based on use of the Goldhaber-Teller
model. Use of the Myers-Swiatecki model for the (e,e') form factors

results in a considerable reduction (~ 30% lower) in the EWSR depletion.
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V. Isoscalar Giant Monopole Resonance

Although the most thoroughly studied of the new giant resonances is
the GQR, the resonance which has generated the most interest is the
monopole., We discuss here the isoscalar giant monopole resonance (GMR)
(L=0,T7=0,5=0). Observation of the monopole, "breathing", or
compressional mode of nuclear excitation is of special significance
because knowledge of its excitation energy provides direct information
on the nucleair compressibility. During the past few years several can-
didates for the £O0 resonance have appeared but most have not withstood
the test of further measurements. These early measurements are
discussed in ref. 1, It is important to note that some early indirect
evidence for an EQ resonance16’17 placed the monopole excitation at an

energy of ~ 80 x A'll3 MeV, a value in agreement with those from the

recent more direct observations I will describe.

The first direct observation18 of the resonance that was later
confirmed to be the GMR was made using inelastic scattering of 120 MeV
alpha particles from 208Pb. Those data show the presence of two broad
peaks in the giant resonance region of the spectrum. A Tlarger peak
located at 11 MeV (65 x a~1/3 MeV), the GQR, and & smaller peak located at
13.9 MeV or ~ 80 x A'1/3 MeV. This latter peak is near the energy of the
GDR in 208Pb {13.6 MeV), however the isovector GDR will not be excited by
the (a,a') reaction with nearly enough cross section to account for this

18 ;, 206 209 197Au.

Pb, Bi, and

new peak., A similar peak was also found
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Thus it was established that a here-to-fore not directly observed
resonance peak was located at ~ 14 MeV for nuclei in the lead region.
The obvious question was what is the nature of the peak? It is an
unfortunate circumstance that the angular distributions for L=2 and L=(
excitation via the {a,a') reaction are identical in angular regions
where the giant resonances are easily measured., This fact is
demonstrated on fig. 14 which shows calculated monopole and quadrupole
angular distributions for the ZOBPb(a,a’) reaction using 152 MeV alpha
particles. The two curves are nearly identical for angles as small as ~ 5
degrees with the L=0 curve having somewhat larger peak to valley ratios.
The 120-MeV {a,a') data of reference 18 were taken in én angle range where
L=0 and L=2 angular distributions are not clearly distinguishable. Shown
on fig. 14 are measured cross sections for the 13.9 and 10.9 MeV resonan-
ces obtained using 152 MeV alpha particle inelastic scattering. The
measured cross sections8 for the two resonances provide good agreement
with the calculations, but not positive L=0 identification.

However, as is seen in fig. 14, at very small angles the two angu-
lar distributions are out of phase and convincing identification of the
L=0 component could be made. Two groups have now provided measure-
mentslg’20 on & number of nuclei utilizing detection systems especially

designed to study very small angle (down to zero degrees) inelastic

alpha and helium-3 scattering.

21 of 129-MeV alpha-particles

Spectra from inelastic scattering
144 154 . .
from Sm and Sm at 0, 4, and 6 degrees are shown on fig. 15. It is
immediately obvious from this figure that use of small angle techniques

does not eliminate the problem of excitation of the underlying nuclear
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continuum. Indeed the resonance to continuum ratio may be poorer at very
small angles than at larger angles. Some assumption about the shape and
magnitude of the continuum underneath the resonances must be made in order
to extract the resonance peaks from the spectrum. However, it is
apparent, even in this figure, that the shape of the giant resonance peak
changes considerably with angie.

Figure 16 shows the exciting advantages to be gained with small
angle measurements.22 The giani resonance peak, after subtraction of the
continuum, is shown at several small angles for the reaction 1165n(a,u')
for Ea = 129 MeV. It is apparent that the centroid of the entire peak
shifts and the width of the peak is not constant as the angle of obser-
vation varies, both effects being indicative of the = istence of two dif-
tferent multipolarities within the single broad peak. The peak is shown
decomposed into two components which clearly change relative magnitude
rapidly with angle, The angular distributions for the two components of
the resonance peak are plotted in the lower part of the figure. The lower
excitation energy peak has an L=2 angular distribution while the cross
sections for the higher excitation peak follows the calculated L=0 angular
distribution. Such measurements have now clearly identified the peak seen
earlier at Tlarger angles as the isoscalar GMR resonance.

The small angle experiments and measurements using the (p,p')
reactionz3 have now provided a significant body of information about the
GMR in many nuclei.

Systematics of the monopole resonance are shown on fig. 17. The top

plot shows the trend with nuclear mass number of the energy of the GMR.



As has been the case for the resunances previously discussed, for heavier
mass nuclei the reéonance is located at a systematic energy, in this case
~ 80 x A'l/3 MeV. For lighter nuclei the now familiar trend for the
reasonance to be found at lower excitation energy is observed for the G(R.
The width of the monopole resonance shows a tendency to broaden as the
nuclear mass decreases in agreement with the trend for other giant
resonances. Thie sum rule depletion for the monopole resonance plotted at
the bottom of fig. 17 shows that all of the T=3, EQ, EWSP is accounted for
in nuclei as Tight as 9OZr. However, less than half of the sum rule
strength is observed for the three lighter nuclei that have been studied.

Perhaps the most interesting aspect of the &R tc be derived from
these studies is the lack of observation of the moncrole resonance in
nuclei having A < 50. There are no apparent theoretical reasons to
suggest that the mcnopole should disappear in light nuclei. On the other
hand, we know the strength for other giant resonances becomes very
fragmented in lignht nuclei. If such is the case for the @GMR and the resc-
nance is spread over many MeV of excitation energy in 1ight nuclei, then
present measurement technigques may not be sensitive enough to locate the
£E0 strength.

It now seems clear that the G¥R has been identified and systemati-
cally observed in a wide mass range of nuclei. The guestion of the Tow
sum rule depletion for mass 50-60 nuclei and the lack of observa.ion of
any EO strength in lighter nuclei is yet to be understood.

Observation of the giant monopole resonance is of special signifi-
cance since the location of the QYR yields the value of the compressibi-

1ty of nuclear matter. This comes about through the relationship from

nuclear hydrodynamics:
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2
3R m [E ]2‘

h2ﬂ2 (0+)

k =

-

1/3

For an energy dependence of 80 A~ MeV as determined for the GMR (fig.

17) and R = 1.2 Al/3 fm, a value of k_~ 200 MeV is deduced. The GMR

observation provides the first measure of the compressibility of nuclear
matter, a fundamental nuclear property. The knowledge of the nuclear
compressibility is important to such diverse applications as the for-

mation of shock waves in heavy-ion reactions and the creation of neutron

stars in the supernova process.

VI. Higher Multipole Resonances

The basic experimental question pertaining to high-L {> 3) giant
resonances is whether the resonance strength is sufficiently localized
in energy to be observable above the large nuclear continuum, Of
course, similar questions were asked about the GQR before its
observation. Nevertheless, there are good reasons, as discussed below,
to expect that high-L resonances will be very difficult to observe.

1) For L > 4 the sum rule strength should be divided between at

least three distinct classes of transitions. As shown on

fig. 4, E4 excitations should be found at Oh., 2hw and 4dhow.
Thus, 100% of the EWSR is in this case distributed among three
transition classes rather than two as is the case for the GQR.

2) The excitation energy expected for the high-L resonances is

much higher than that of, for example, the GQR. That is to
say, the 3nho L=3, T=0, excitation should 1ie at a higher
excitation energy than 2hw excitation. Since the EWSR value is

inversely proportional to the resonance energy, and the ine-
lastic cross section is directly proportional to the EWSR, the
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cross sections for the same EWSR depletion are lower for higher
excitation states.

3) It is expected that the width of the giant resonances will
increase as the excitation energy of the resonance (and the
multipolarities of th2 resonance) increases. For example,
ca]cu]ations12 by Nix and Sierk indicate that the width of the
L=3 resonance should be ~ 3 times wider than the GQR while a
L=4 resonance should be ~ 6 times broader than the GQR.

From these simple considerations one sees that searches for high~L giant
resonances are faced with a decreased EWSR strength spread over & much
wider excitation energy range than for low-L resonances.

The difficulties described abcve to observation of hign-L giant
resonances indicate the need for reactions which provide larger reso-
nance cross sections and clear multipole identification through defini-
tive angular distribution shapes. While no single reaction has appeared
that will provide both of these desired features, the use of medium
energy proton inelastic scattering provides excellent multipole selec-
tivity and medium energy (E 2 25 MeV/amu) heavy ion inelastic scattering
provides very large resonance cross sections. The use of heavy ions
in giant resonance research is just beginning and will be discussed later
in this presentation. However, use 0f medium energy proton inelastic
scattering has already made significant contributions to the giant reso-
nance field.

The most important advantages to medium energy (p,p') studies of
giant resonances are shown in fig. 18 which shows a plot of calculated

angular distributions for the reaction 208Pb(p,p') at 200 MeV. Unlike
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the case for lower energy protons and comparable energy alphas, large dif-
ferences exist between the angular distributions nf neighboring L-transfer
values. For example, the difference between the angular distribution for
a pure L=2 giant resonance and a mixed L=2+4 even for only 15-20% L=4
(EWSR) 1is very large. In addition, the cross sections are considerably
larger in the angular distribution maximum than for the same L-transfer
using lower energy protons. An additional advantage lies in the fact that
the L=1 (isovector GDR) excitation proceeds overwhelmingly by Coulomb
excitation which decreases rapidly with increasing angle. For angles
greater tha ~ 5 degrees the GDR cross section is predicted to be as much

as thirty times smaller than the L=0 cross section which occurs at the

same excitation energy.

A. Isoscalar Giant Octupole Resonances

As discussed earlier there are two classes of octupole transitions,
the lhw and 3Huw classes. In addition, the low-lying collective
3~ states generally account for very little of the T=0, E3 EWSR thus
raising the possibility that considerable octupole strength may be found
in the 3w transitions.

Recently, what has begn interpreted as a localization of Miw,
3= strength has been observed24 by inelastic scattering of alpha par-
ticles from a large number of nuclei. Results from these measurements
are shown on fig. 19. For most nuclei a broad peak is observed at the
systematic energy of ~ 32 A~173 ey, Although for 197ny the peak falls
considerably below this energy. Angular distributions for the peak

cross section above the dashed line indicates an L=3 assignment for the
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excitation. Suggestions of such strength were also made through the
197Au(p,p') react1’on25 and the 116Sn(e,e') reaction.?® The fraction of
the EWSR depleted in the so-called low-energy octupole resonance is

10-20% for most of the nuclei studiea. No LEOR is observed in 40Ca or

208y,

Within the past year systematic observation of a 3tiw giant octupole
resonance (GOR) have been made through inelastic scattering of 800-MeV
protons,27 172-MeVv alpha—partic]es,28 and 110-140 MeV helium-3

partic1e529 and 200 MeV pro‘cons."O Figure 20 shows spectra30 from the

90 120

reactions “"Zr(p,p') and Sn(p,p') for 200-MeV prote-s. Data are

shown at angles which should provide maximum cross sections for excita-
tion of the GDR, GQR and GCR.

At 4°, a large peak is observed which is located at the excitation
energy of the GDR. The solid curve shown on the 4° data is the GDR
shape and energy from (v,n) measurements,4 with magnitude Titted to our
data. The GDR accounts for virtually the entire observed peak at 4°.
The GMR is located at nearly the same energy as the GDR but the DWBA
calculations (e.g., fig. 18) indicate that the GMR cross section is at
least an order of magnitude smaller than that of the GDR at 4°. Since
the E1 cross section drops rapidly with increasing angle, the EO cross
section becomes increasingly more important at larger angles. The 8°
and 10° spectra were obtained at a maximum for the L=2 angular distribu-
tion for 90Zr and 1ZOSn, respectively. The solid curve, taken from the

shape and location of the GQR as determined from (a,a') measurements,8

provides excellent agreement with the present data. The cross section
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for the GDR at the larger angles is greatly reduced from that otserved
at 4°. It can be assumed that at tnese angles, the cross section in the
excitation energy region where GJ. . Tlocated is comprised of GDR and
GMR components in unestablished proportions. In the 12° spectra broad
peaks seen somewhat less clearly at 8° and 10° are observed at 25 # 1
and 27 £ 1 MeV in 120Sn and 90Zr, respectively. Figure 21 shows angular
distributions for these peaks. The data are seen to be very well
described by the L=3 DWBA calculation but not at all by the L=4
calculation, Thus, we interpret these peaks as arising from excitation
of the 3tfw, GOR (E3).

Similar data were obtained27 earlier from inelastic scattering of
800 MeV protons. Angular distributions from these data are shawn in fig.
22. The data agree with the very characteristic angular distribution
calculated for L=3. Figure 23 shows a spectrum from the 208Pb(a,a‘)
reaction28 using 172-MeV alpha-particles. In addition to the GQR at
10.5 HeV and the GMR at 13.8 MeV the data indicate anather peak which
the authors subdivide into a peak at 17.5 MeV and one at 21.3 MeV. The
angulur distribution for the 17.5 MeV peak agrees very well with an L=3
DWBA calculation. (The authors assign the 21.3 MeV peak as an isascalar
dipole resonance [L=1,T=0,5=0].} The inelastic helium-3 measurements29
were made on a wider mass range of nuciei and the angular distributions
of the peaks are again well described by L=3.

The results from these measurements are summarized on fig. 24. The

resonance excitation energy follows the systematic trend of ~ 110 A_l/3
~1/3

MeV. The dashed line gives the value of 108.2 A MeV calcuiated in
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ref. 12. The resonance width again follows the familiar trend of
increasing width with decreasing nuclear mass. The dashed curve for the
value 140 A-2/3 is from ref. 12 where the constant has been adjusted
from the author's suggested value in order to fit the experimental
results. There is clear discrepancy in the sum rule depletion as
deduced from the (a«,u') and (3He,3He') results on the one hand and the
(p,p') results on the other hand. The EWSR strength depleted in giant
resonances is inherently difficult to extract from inelastic hadron
measurements because uncertainties in both the continuum shape and the
model dependent calculations must be contended with. 1If one accepts,
for example, the EWSR value for the T=0 GOR of ~ 60% for 20%Pb from the
(a2,a') measurement then all of the 7=0 E3 sum rule strength is accounted
for since ~ 25% of the strength lies in Tow lying states.31

These rasults sugcest that the GOR (3ho) has been located.

However, as was the case ten years ago for the GQR and three years ago

for the G‘R, more data are needed to firmly establish the identity and

systematics of this resonance.

B, Ispscalar Hexadecapole CGiant Resonance

There has been no direct, (i.e. - peak observed in a spectrum),
experimental evidence for an E4 giant resonance (4,6,0). RPA calcula-
tions for 208Pb have shown32 that the 2hs giant hexadecapole resonance
(GHR) should occur at virtually the same excitation energy as the
2hu GQR. Other ca]cu1at1’ons33 on 208Pb indicate that ~ 40% of the L=4
EWSR should be Tlocated in the 2ho transitions and ~ 60% in the

4ho transitions. Tt was shown34 through microscopic DWBA calculations
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that the resonance cross sections from 61 MeV (p,p') and 96 MeV (a,a')
measurements on 208Pb were consistent with the existence of ~ 20% of the
T=0 E4 EWSR within the (predominately) GQR peak. However, the inclusion
of L=4 strength was based only on the total resonance crcss section since
the angular distributiors could not definitively indicate a necessity

for inclusion of GHR strength,

While the angular distributions for =2 and L=4 excitations are not
very different in low energy proton and alpha-particle in.lastic
srattering, as pointed out earlier, the differences are very large for
higher energy inelastic proton scattering. The angular distribution dif-
ferences between L=2 and L=4 snould provide far rather easy detection of a
20-40% mixture of E4 strength in the GQR peak even with uncertainties on
the data as large as 20-30%.

Figure 25 shows angular distributions3U for the GQR peak from the
reacticn 90Zr(p,p') and 120Sn(p,p') (fig. 20). The comparisons of fig.
25 show that the GQR cross sections are well described by the L=2 DWBA
calculation. The sensitivity of these results to higher multipole
contributions in the GQR peak is shown by the dashed curve which results
from a mixture of only 5% of the L=4, EWSR, with the L=2 angular
distribution. Clearly, the GQR peak contains very little, if any,
contribution from excitation of a 26w, E4, giant resonance. This state-
ment only indicates that there is no major L=4 strength within the GQR
peaks shown in fig. 20. Strength from 2fw, E4, resonance excitation may
be present but, may be many MeV wide and thus, escape detection in the

present experiment. Similar results have been obtained for 6ONi and

208Pb.
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The location of the GHR is thus an unsolved question. If the strength
is localized at all it will probably be situated at very high excitation
energies. The calculations of ref, 12 place the L=4 strength at 150
A7173 Mev or ~ 25 MeV in 208p, 1t s also very likely that the peak
would be even broader than that reported for the GOR. Location of the

GHR presents a considerabie experimental challenge as does the location

of even higher multipole resonances.

VII. Future Directions

There are manv uses of direct reactions for giant resonance studies
that 1 have not described. Of these, the recent work in charge exchange
studies of isospin/spin flip giant resonances is most notable. Such
studies as (p,n), (n,p) and (%, 7°) require another lecture in order to
do justice to :he topic. I believe the recent resultis frem these charge
exchange measurements are only the beginning of a very exciting new era
of measurement in giant resondnces.

Since this discussion has dealt nearly exclusively with excitation
of the so-called new giant resonances via inelastic scattering of medium
energy hadrons, I would like to mention two inelastic reactions which
show potential prcmise for giant resonance studies, but which have not
yet been exploited. Some of the future direction in this field is cer-
tainty to be found in the use of heavy-ion inelastic scattering and pion
inelastic scattéring. I briefly discuss some very new results from the
heavy-ion field.

The primary advantage to heavy-ion excitation of giant resonances
is the large resonance cross section expected with higher energy inci-

dent beams. Figure 26 is a plot of maximum cross section (grazing
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angle) versus incident energy for L=2 and L=4 excitation (Q = -12 MeV,
100% EWSR) in the reaction 298pb(160,160¢), For 400 Mev 100 beams the
GQR cross section should be ~ 50 mb/sr, nearly five times larger than
for the 200 MeV (p,p') reaction and twice as large as achieved with 150
MeV alpha-particle inelastic scattering. Some measurements of giant

. . ) . 35
resonance excitation using low-energy heavy-ions have been made.

However, the small cross sections realized in those measurements provi-
des no advantage, in fact, provides a disadvantage over what can be

achieved with other probes.

Recently, measurements36 have been made of inelastic excitation of
giant resonances using the 400 MeV 16O beam from the HHIRF accelerator
at Oak Ridge MNational Laboratory. A partial spectrum of the giant reso-
nances is shown on fig. 27. The GQR is clearly visible at 10.9 MeV as is
a peak at 13.7 MeV which arises from excitation of the GMR and GQR. The
peak at 17.6 MeV is not completely understood but may be the same as the
peak reported28 to be L=3 in 172 MeV alpha-inelastic scattering (fig. 23).
The peak at 24.8 MeV probably arises from kinematical nucleon pick-up and
subsequent decay processes. The large peak (off scale) at ~ 7 MeV of
excitation arises from excitation of states in the 160 projectile which
are Doppler broadened. The solid lines indicate fits to the peaks and the
estimation of the shape and megnitude of the underlying continuum.

The most obvious giant resonance feature in the spectrum of fig. 27
is the very large ratio of the GQR peak height to the height of the

underlying continuum. The ratio is ~ 2.2:1. Using 152-MeV alpha par-

ticles® the best ratio obtained for the GQR in <0%pb is ~ 1:1.
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The measured angular distributions fer the GQR and GDR + GMR peaks are
shown on fig. 28. Indeed the GQR cross section reaches a value of 50 mb/sr
over twice that obtained using 150 MeV incident alphas. The calculations
show that ~ 100% of the GQR is accounted for, in excellent agreement with
results using other probes. However, the calculations assuming 100% of the
GMR cannot, by nearly a factor of three at small angles, account for the
magnitude of the 13.7 MeV peak. Since the 15O projectile is iscscalar it is
expected that nuclear excitation of the GUR would be very small. Coulomb
excitation of the GDR is indeed possible and the calculated GDR cross section
is shown on fig. 28. However, the sum of the GDK and GMR excitations do not
quite agree with the data. It is to be noted that there is no low-lying
GMR state in which to test the calculation.

Thus, use of heavy-ion inelastic scattering does indeed, provide & very
targe GQR cross section with the added benefit of a very large peak to con-
tinuum ratio. This combination makes the heavy-ion probe very useful for
excitation of the GQR and measurement of the resonance subsSequent decay

modes, especially rare decay modes.

VIII. Summary

Through this rather rapid summarization of the experimental measure-
ments of electric giant multipole resonances hopefully one sees that the
field has progressed a great deal during the past ten years. The parameters
of the giant quadrupo]e resonance are now firmly established by an extensive
set of measurements. The GQR is providing a significant influence in other

areas of nuclear physics. The monopole resonance has now been established



and its observation has provided the first direct measure of the nuclear
compressibility. A strong case for the existence of a giant octupole reso-
nance is now being made through a variety of hadron reactions.,

However, we certainly have not exhausted the supply of giant multipole
resonances. The newer techniques such as higher energy proton scattering,
charge exchange reactions, heavy-ion scattering and pion reactions offer con-
siderable hope for identifying new resonances during the next few years. We
have come a long way in the past ten years but there js still a great deal to

do in the giant multipole resonance field.
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Figure Captions

Fig.
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Fig. 8.

Giant dipole resonance in 208Pb as observed in the (v,n)

reaction {(ref. 4).

Systematics of the isovector giant dipole resonance excitation
energy, width and sum rule depletion (ref. 4).
Modes of oscillation of a nucleus.

Schematic representation of electric multipole transitions
between shell-model states of a hypothetical nucleus. Major
shells are denoted as N, N+l, N+2, etc. and lie ~ Wy or ~

1/3

41 x AT MeV apart,

Percent energy weighted sum rule depleted in the first excited

2% state plotted versus Z and N.

Proton spectrum at 27° from 62 MeV protons in 54Fe. The energy
of the outgoing proton is plotted at the bottom of the ficure,
while the approximate excitation energy is plotted at the top.
Data have been plotted in ~ 1 MeV-wide bins up to ~ 49 MeV,
then plotted in 50 keV-wide bins. Protons below ~ 1.5 MeV were
not detected 1in the experiment. The small, broad peak near

Ey ~ 16 MeV is identified as arising from excitation of the
giant quadrupole and dipole resonances (ref. 7).

120Sn(a,a') specira for E = 152 MeV (ref. 8). A decompositicn
of the spectrum into giant resonances (established and
possible) and a continuum is shown on the 13 degree spectrum.
Spectra from inelastic scattering of 152-MeV a]pha—partié]es on

208Pb, 1‘ZOSn, QOZr, 58N1 and 46T1’. The giant resonance struc-

ture located near the excitation energy 63 x A'l/3 MeV has been
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decomposed into contributions from the giant quadrupole and
giant monopole resonances. The peak located a* higher excita-

tion energy in the 208Pb and 1205n spectra are due to hydrogen

contamination of the target (ref. 8).
Angular distributions of the E2 portion of the spectra from fig.

6. The data are compared to an L=Z2 DWBA calculation normalized

to the indicated EWSR depletions (ref. 8).

24

(a,a') spectra for 120 MeV alphas on " "Mg, 26 28 40¢4

Mg, “°Si and
{(ref. 9). The arrows are located at the excitation energy

63 x A7L/3 mev.

Systematics for the excitation energy, width and sum rule
depletion of the isoscalar giant quadrupole resonance. The
data are mostly from refs. 1 and 2.

Left; Inelastic electron scattering from 6ON1. The broad peak
at ~ 32 MeV of excitation is assigned as isovector quadrupole
resonance (ref. 14). Right; Form factors for thé isovector E2

58 6u

states observed (ref. 14) in “°Ni and ““Ni. The solid curve is

for the Goldhaber-Teller model while the dashed curve is from
the Myers-Swiatecki prescription.

Systematics of the excitation energy, width and sum rule deple-
tion of the isovector giant quadrupole resonance. The date are
from ref. 15.

Calculated inelastic scattering angular distributions for 152
MeV alpha particle excitation of the GQR and GMR in 208Pb

compared with data from ret. 8.
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Fig. 15. Inelastic alpha particle spectra at very small angles for
129-MeV alpha-particles in 144Sm and 154Sm (ref. 21).

Fig. 16. Top; Giant resonance spectra from the reaction 116Sn(u,a‘)

for E, = 129 MeV. The nuclear continuum has been subtracted

from the data. The peak is decomposed into monopole and
quadrupole contributions (ref. 22).

Fig. 17. Systematics for the excitation energy width and sum rule
depletion for the jsoscalar giant monopole resonance. Data are
from refs. 19, 20, 21 and 23.

Fig. 18. DWBA calculations for excitation of various multipoles (all

ZOBPb(

isoscalar except L=l is isovector) by the reaction p.p')

for Ep = 200 MeV.

Fig. 19. Inelastic alpha-particle spectra from several nuclei bombarded
by 96 and 115 MeV alpha-particles. The low-energy octupole
resonance is located above the dashed line (ref. 24).

Fig. 20. Spectra from inelastic scattering of 200-MeV protons from 9OZr
and 120, (ref. 30). The multipolarities shown for the resonances
are discussed in the text. The dashed line shows the shape and
magnitude assumed for the nuclear continuum underlying the
rsonance peaks.

Fig. 21. Angular distributions for the GOR compared with DWBA calcula-
tions (solid and dashed curves) (ref. 30).

Fig. 22. Angular distributions for the giant octupole resonance as

excited by 800-MeV protons (ref. 27).
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23.

25.

26.

27.

28,
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Giant resonance spectra from inelastic scattering of 172-MeV
alpha particles from 208Pb. The resonance rtructure is decom-
posed into a GOR (10.9 MeV), GMR (13.8 MeV), a proposed giant
octupole resonance (17.5 MeV) and an isoscalar giant dipole
resonance (21.3 MeV) (ref. 28).

Systematics of the excitation energy width and sum rule deple-
tion for the isoscalar octupole resonance as prcposed from the
indicated experimeats (refs, 27, 28, 29 and 30).

Anguiar distributions for the GQR peak in 90Z.r‘ and lZ[)Sn
excited via 200 MeV (p,p') compared with DWBA calculations
(solid and dashed curves) (ref. 30).

Grazing angle cross sections calculated for L=Z and L=4 excita-
tions by the reaction 208Pb(160,160') plotted as a function of
incident 16, energy (100% EWSR).

Spectrum from the reaction 208Pb(160,160‘) for 5160 = 400 MeV.
The solid curves are fits to the peaks and an estimate of the
shape and magnitude of the underlying continuum (ref. 36).
Angular distributions for excitation of the GQR (18.9 MeV) and
the GDR + GMR (13.7 MeV) peak. DWBA calculations for indicated

L-transfers are shown as solid and dashed curves (ref. 36).
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