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Giant Resonances Excited by Heavy-Ions

A. M. Sandorfi

Brookhaven National Laboratory, Upton, New York 11973

I. INTRODUCTION

The study of Giant Resonances excited in heavy-ion reactions is a

relatively new subfield of heavy-ion research. I associate the birth

of interest in this area with an article by R. Broglia, C. Dasso, and

Aa. Winther in which these authors suggested that in heavy-ion colli-

sions there are really two characteristic interaction times. One is

simply the length of time the ions are in contact, which scales the over-

all strength of the interaction, while the other is the time interval

during which the potential of the interacting ions (the form factor)

changes by a large amount. Quantum transitions corresponding to this

latter time can be on the order of 10 to 20 MeV, and for almost all nu-

clei, most of the sum rule strength in this region is concentrated in

Giant Electromagnetic Resonances. This model thus views energy loss

by Giant Resonance excitation as a microscopic equivalent to what has

been referred to as "friction" in deep-inelastic heavy-ion '.ollisions*

The first experimental indication of the importance of these states was

12 2
provided by inelastic C scattering at 82 MeV (R. Betts et̂  al. ) which

•>7
showed enhancements in the Giant Resonance region of Al.

Work supported by the U. S. Department of Energy under Contract No.
EY-76-C-02-0016.



lf Giant Resonances do play a significant role in this type of re-

action, heavy-ion inelastic scattering may be a means of studying their

spectroscopy. The Giant Dipole (G.D.R.), the Giant Quadrupole (G.Q.R.),

and more recently the Giant Monopole (G.M.R.) Resonances have been

studied intensely with projectiles ranging in mass from electrons to

alphas. Backgrounds and excitation strengths vary, and comparisons of

spectra obtained with different projectiles have proved useful when

several different tnultipole resonances lie in the same region of tac-
«

citation. Heavy-ions may serve as yet another probe. Furthermore,

4 5
as several authors have already pointed out, ' the scattering cross

sections are strongly peaked functions of L, and angular momentum match-

ing of the incoming and outgoing cliannels favours the transfer of higher

L-values and hence the excitation of higher multipole resonances with

heavy-ion scattering. Several estinates of the distributions of higher

multipole strength can be found in the literature. The calculations of

Liu and Brown show considerable concentrations of octupole and hexa-

208
decapole strength in a range of nuclei. Their results for Pb are shovm

in Fig. l(a). Both these and the RPA calculations of Bertrand predict a

?n8

concentration of EA strength (about 22% of the sum rule limit) in Pb at

the same excitation energy as the G.Q.R., while the 5 and 6 strength dis-

tributions appear quite spread out and show no significant peaking. How-

ever, Bertsch and Tsai have compared several different effective inter-

actions that give essentially the same results for properties of the low-
*>08

lying states of ~ Pb. These yield vastly different predictions for con-

centrations of 6 strength CFig. l(b)). These discrepancies can probably be
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resolved only by experiment. (The measurements of the distributions of

higher order multipole strength could in fact be used as a sensitive

test of the effective interaction. )

In the last 1 1/2 years a number of experiments have reported the

excitation of Giant Resonances by the inelastic scattering of various

5 9-14 5

heavy-ionsa ' and at least one of these has reported possible con-

centrations of higher order (3~ and 5~) multipole strength. A few of

these are discussed in detail below. However, the purpose of this paper

is not to review Giant Electromagnetic Resonance (G.R.) spectroscopy, but

rather to try to evaluate; che potential of heavy-ion scattering in the

study of G.R. phenomena. To "calibrate" this evaluation, frequent com-

parisons are made with inelastic alpha scattering, and so as to avoid

unessential complications the comparisons are restricted to only two

target nuclei—lead and nickel.

II. SOME EXAMPLES

208
The top portions of Fig. 2 show the Giant Resonance region of Pb

excited by inelastic electron and alpha scattering. Shown for com-

parison in the same composite are spectra from three recently published

9 13 5
heavy-ion scattering experiments. ' ' All five spectra reveal a ̂  3

MeV wide (FWHM) peak at 11 MeV excitation that has been identified as

the G.Q.R. from the light-projectile scattering experiments. ' How

pronounced these structures are depends on the nature of the backgrounds

underneath them, which is clearly very different for different projectiles.
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The upper curve in the (e,e') spectrum is the raw data including the

large radiative tail from the elastic peak. This background is avoided

in the hadron scattering experiment, but is replaced by other sources

of background that change significantly as we go from alphas to 0.

The various effects contributing to these yields are discussed below

in Section V. Broad peaks, other than that associated with the G.Q.R.,

are also evident in several of the spectra of Fig. 2. In particular,

the peak at ̂  19 MeV in the ( 0, 01) spectrum has been reported as

a possible candidate for 3 and 5 Giant Resonances, predicted at about

8 17
this energy by RPA calculations, ' and exhausting 100% and 10-to-20%

of their sum rule strengths respectively. In the discussion that fol-

lows, frequent comparisons are made between the (a,a') and the ( 0, 0*)

spectra. The alpha-scattering spectrum is used as a "calibration," while

the ( 0, 0T) spectrum is used because it is both potentially the most

interesting and at present the highest-energy heaviest-projectile spectrum

available.

III. ANGULAR DISTRIBUTIONS

In the light-projectile scattering experiments angular distribu-

tions have been used to distinguish between Giant Resonances of differ-

ent multipolarity. Fig. 3 shows the "Fraunhofer" defraction pattern

characteristic of inelastic alpha scattering to 2 (solid line), 3~

i 208

(dotted line), and 4 (dashed line) states at 11.0 MeV in Pb. The

essential feature to note is that the peaks and valleys in the dis-

tribution occur at different angles, and measurements over a 20° range
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are usually sufficient to determine the multipolarity of the excitation.

(These calculations, along with the majority presented in this paper,

18
were performed with the distorted-wave code PTOLEMY using optical

model partameters, taken from the literature (e.g. from Ref. 16 for the

calculations shown in Fig. 3), that have been fitted to elastic scatter-

ing. The effective interaction leading to these transitions was the

radial derivative of the Coulomb potential and of the real and imagi-

nary parts of the nuclear optical potential. The calculations assume

that the excitation exhausts a fixed percentage of a linear energy weighted

19
sum rule, thereby determining a reduced transition rate B(EL,+) and the

associated deformation parameter 3T . The nuclear and Coulomb deformation
Li

lengths (3TR) have been taken as equal. The effects of a complex coup-
on

ling (back to the ground state) were checked with the program CHORK

and were found to be less than a few percent for the high excitation en-

ergies considered here.)

For comparison Fig. A shows the distribution of 312 MeV 0 scat-

208
tered from, the same states in Pb as were assumed in Fig. 3. (The

potential parameters used were taken from Ref. 21, Table I, set Q.)

The distributions display a "Fresnel" type diffraction pattern which

reflects the strong distortion of the incoming waves by the Coulomb

22
field. The majority of the cross section (90%) is concentrated near

the grazing angle (̂  16° for the case of Fig. 4), and the angular dis-

tributions display nearly identical behavior in this region. The dif-

ferentiation between spins is much more difficult. The distributions
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do differ at very forward angles, although the cross sections are an

order of magnitude smaller here than at the grazing peak. However, the

forward angle heavy-ion spectra are very sensitive to the amount of ab-

sorption in the optical potential. Fig. 5 shows the expected distribu-

1 £ onft

tion of 0, scattered from the G.Q.R. in Pb, calculated with three

very different sets of optical parameters all of which fit elastic scat-

21
tering equally well. Although there are considerable variations at

forward angles, the differences in the vicinity of Che grazing peak (con-

taining most of the cross section) are only in scale and would corre-

spond to an error of about 12% ia the sum rule estimate extracted from

the peak cross section. For completeness, we note that an unreasonably

large change in the Coulomb radius parameter from 1.300 to 1.200 fm re-

sults in a reduction of about 30% in the peak cross section and corre-

sponds to a difference of only 18% in the sum rule estimate obtained from

this.

The conditions under which the angular distributions are dominated

by either a "Fraunhofer" or a "Fresnel"-type defraction pattern are

22 23
governed chiefly by the Somraerfeld parameter n = Z^Z.o/g. ' For

values of n near 5 (as in Fig. 3) or less, the distribution displays the

oscillatory behavior of "Fraunhofer" diffraction, whereas for n > 7 the

distribution is dominated by "Fresnel" scattering. For 312 MeV 0 on

208

Pb (Fig. 4) n = 23.2. In certain cases it may be possible to dis-

tinguish excitations of different multipolarity in inelastic heavy-ion
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scattering, by reducing the value of n and regaining the condition of

"Fraunhofer" diffraction. For 0 scattering from Pb, the quantity

Z,Z2<x is already 4.8 and n will be substantially greater than 7 at all

but extremely relativistic energies. However, for somewhat lighter pro-

jectiles such as Li it may be possible to regain oscillatory distribu-

tions at sufficiently high energies, such as 360 MeV (60 MeV/A) for

which n = 5. In fact, the trend to oscillatory behavior with lower

fi 208
values of r\ is already evident in the Li + Pb data of H. Gils et al.

(Fig. 2 of Ref. 9).

The only alternative for establishing the raultipolarity of Giant

Resonances in heavy-ion inelastic scattering is to detect particles de-

caying from the excited states in coincidence with the scattered pro-

jectiles. The aagular correlation, measured with respect to the direc-

tion of the momentum transfer, can remove many of the raultipole ambigu-

ities, particularly in the case of alpha decay from spin zero nuclei.

A limited number of such experiments have already been done with a-

14 24 25
particle beams to investigate the decay propevties of the G.Q.R.

These experiments are extremely difficult.

IV. GIANT RESONANCE CROSS SECTIONS AS A FUNCTION OF ENERGY

The beliavior of the peak cross section (measured at the grazing

angle) for exciting the G.Q.R. in Pb at 11.0 MeV is shown in Fig. 6

for Li, C, 0, and for a projectiles. Wherever possible, the op-

tical potential parameters were taken from published elastic scattering
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9 1"3 21 16

experiments. ' ' * The points surrounded by circles indicate ex-

trapolations to different beam energies usir.g thfe parameters of the

highest-energy data. Tha figure is plotted as a function of lab en-

ergy-per-nucleon which is more or less proportional to the difficulty

of obtaining such beams. The cross sections increase rapidly with bom-

barding energy, and the variation in efficiency for exciting the G.Q.R.

is less than a factor of 3 between the different probes. The Coulomb

barrier is at about 5 MeV/A for scattering from lead. The general de-

crease in the high-energy cross section with decreasing projectile mass

is largely due to a decrease in the Coulomb interaction term propor-
2

tional to (Z Z ) , while the departure from this trend for alphas arises

from an increase in the strong absorption radius.

A similar behavior for higher multipole resonances is indicated in

Fig. 7 where the peak cross sections for exciting the G.Q.R. and a por-

tion of the Giant Hexadecapole Resonance, predicted by Bertrand to be

208
at the same energy in Pb, are shown. The cross sections obtained

with 0 and a beams are comparable at the same energy-per-nucleon

(Figs. 6 and 7) and increase rapidly with bombarding energy. However,

there is an interesting difference in the relative importance of the

Coulomb and nuclear parts of the excitation with alphas as opposed to

heavier projectiles. This is illustrated in Fig. 8 where the ratio of

Coulomb excitation to the complete inelastic cross section is plotted.

For alphas the nuclear part of the excitation always dominates. However,

for 0 on Pb above about 15 MeV/A the Coulomb part of the interaction
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is at least as important as the nuclear part. This behavior can partially

be understood with the semiclassical model in which the probability for

Coulomb excitation is proportional to (^Z )2/(E2Sin4(6/2)> . The ( Z ^ )

factor is 16 times larger for 0 as compared to alphas, and as is evident

in Figs. 4 and 5, the heavy-ion scattering cross sections are concen-

trated at the grazing angle, which shifts forward as the bombarding en-

ergy increases. The net effect is that the Coulomb cross section at

the grazing angle increases with energy. Its importance in the angle

integrated cross section is somewhat less than indicated in Fig. 8, since

the grazing peak from Coulomb excitation is about a factor of 2 narrower

than that due to nuclear scattering.

Since the Coulomb interaction does not conserve isospin, Fig. S il-

lustrates the region where isovector resonances can contribute to the

scattering. The 315 MeV 0 on Pb spectrum recently published by

P. Doll et al. (Fig. 2 - bottom) revealed several possible Giant Reso-

nance structures. Amid these is a peak at 13.6 MeV which, as these au-

thors pointed out, is the position of the G.M.R. observed in forward

27
angle (a,a') experiments. But this is also the energy of the Giant

Dipole Resonance that is evident in the data of Sasao and Torizuka

(top of Fig. 2 ) , which can be excited by the Coulomb part of the inter-

action. A rough estimate of the yeild from the 13.6 MeV peak in the

0' spectrum can account for about half of the energy weighted Dipole

sum rule. Isovector excitations can clearly be important! However,

assuming that they are Coulomb excited only, their general importance



-10-

in T - 0-ion scattering decreases rapidly with increasing excitation

energy and/or resonance spin. For example, the Isovector Quadripole

Resonance seen in inelastic electron scattering at 22 XeV " (Fig. 2 -

top) can account for only a few percent of the yield in this reijion of

the 0' spectrua (Fig. 2 - bottoa). A more effective way of study-

ing these high-excitation nodes would be with T ^ 0 heavy-ions (e.g.

18
0 scattering) where the Isovector Resonances can be reached directly

through the nuclear part of the interaction.

V. BACKGROUNDS

The previous sections have dealt with the excitation of resonances.

However, the most predominant feature of :he inelastic scattering spec-

tra of Fig. 2 is the huge amount of yield that is somewhat arbitrarily

subtracted away as "background." The behavior of this background with

projectile and bombarding energy greatly influences whether or not a

resonance can be observed as a peak in a spectrua. The backgrounds

affecting inelastic hadron-scattering experiments (other than instru-

mental ones) can be grouped into five categories, and each of these is

discussed in Eurn below.

U ) decays o^ pick-up chan»ieCs:

A well-known background to inelastic a-scattering experiments

is the decay of pick-up reaction channels into particles identical with

the projectile. A typical ct1 spectrum is shown in the top portion of

Fig. 9 (taken from Fig. 4 of Ref. 16) with arrows marking the kinenatic
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5 5
liaits of yield froa the a-unstable (positive Q valnes) He ar.a ' :.i

systems. The three-body kinematics creates peaks in the excitation

function which car. be uoved away frca the Giant Resonance region by in-

creasing the beaa energy. This sa=e type of background can plague heavy-

ion scattering. The decays of ' F and 0 back into 0 plus a r.ucleon

have negative Q-values. The kir.eaatic positions of r.'iese ccntaainants

L 16 , 5 . . . . . . . . _.
to the 0 spectrus, at :nresi»ic, are -ar-'.ec ay tne arrows in rig. 9

(hot ten). However, for excitation e:;er: ies ir. " Y and "'0 higher than

the nacition decay thresholds (O.bO y.a\' ar.z -.15 VeV respectively', the

16
csiitcd 0 3i:t.; 3 kick frcn tht: decay cau.iinj: rhesn arrows to spread

5 5
out ir. a raanner similar to t!.e 'r.cfl.i decays. In particular, if the

17

**? is chitted ir. its second excited 3tate at J.10 >*<»V, the first avail-

able state above threshold, the dipper kinesatic iisit. on the resulting

0' energy vould correspond to 15.3 lie'.7 in ?b. The peak at 19 >!eV

excitation now appears to be very rminiscer;: D: the peaks created by
5 ,5

the three-bedv kinematics of the ( •., He/ Li) reactions. In fact, if

the 19 XeV peak in the ( 0, 0') experiment is due to Giant Resor.ar.ce

excitation and not to decays of ? (3.10 .\'eV} , then one is hard pressed

12 12
to understand its absence in the f ~C, *"C"» spectrur: of Fig. 2 , vhich

was measured at roughly the s-ir.e enerj:y-per-nucleon. (Peaks due to pick-

up react ions have been reported in inelastic Li spectra at energies cor-

Q0 10
responding to 22 Me" in ' Zz. )

As in the case of .t-scatterins, these pick-up backgrounds nove

away with increasing bor.bardinc- energy. Fig. 10 shows the lowest exci-

tation energy that cau be viewed free fron these contaair.ants (assuming
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threshold decays only) as a function of bombarding energy. (For excited

states above threshold, the curves are shifted linearly down.) Heavy-

ions appear as a sonevhat cleaner probe than alphas, at the saae energy-

per-nucleon. If sufficient heas energy is not available to completely

expose the region of interest, experiments that check the relative po-

sition of peaks with different be as energies become essential!

Hi] ±£3.ttz.iu:g ytcr. Light contaminants;

The problems associated with these, contaainants can be espe-

cially troublesone when a lar;>e-solid-angle speccrograph is used

to detect the inelastically scattered projectiles. This point is best

illustrated with an exanpie. The G.Q.?.. has been observed at "-> 16 MeV

(FVllM 2; 6 MeV) in the nickel isotopes through inelastic a scattering.

Fig. H a shows this region viewed with the ( 0, 0*) reaction at 120

:'e\r, and indeed there is an enhancement at the expected position of the

G.Q.R. This data was taken with the QDDD at Srookhaven.*" Kultipole ele-

nep.es in this system can be used to correct for the kinenatic aberrations

from scattering into a large solid angle (assuming a specific target mass)

without soviajj the focal plane detector. When the multipole fields are

increased to optimise scattering from light-mass targets, leaving all

eise fixed, the spectrua in Fig. lib is obtained. Part of the "G.Q.R."

has collapsed into a ziuch narrower peak. In fact two peaks now appear,

separated by 4.A3 MeV. This is the energy of the first excited state in

" C and indicates the presence of carbon on the target.

To properly observe the G.Q.R. one would like to have th** region

up to about.20 MeV in nickel free froa light-mass contaminants. The
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angles at which elastic scattering from carbon and oxygen coincide in

energy with 20 MeV inelastic excitations in Ni are shown in Fig. 12

(dotted and solid lines, respectively). To be completely free of these

backgrounds, measurements should be restricted to angles above the solid

line. However, as is evident from Fig. A, the cross sections are strongly

peaked near the grazing angle, shown by the dashed line in Fig. 12. This

would favor experiments at lower energies where the cross sections are

much smaller (Figs. 6 and 7). The situation is somewhat better for heavier

''OS
nuclei such as *" ?b (Fig. 13) if attention is again restricted to the

G.Q.R. at 11.0 MeV. However, in studying higher excitation structures,

the solid and dotted curves are shifted up and again the same problem

is encountered. Background reduction favors lower energies where the

cross sections are smaller.

This dilemma can be circumvented by restricting measurements to small

solid angles so that these backgrounds can be distinguished as sharp peaks.

Alternatively, the reaction can be turned around. For example, 20 MeV/A

Pb on 0 detecting the recoiling 0 1, or more practically

1*) *>08 1*> ?08 *

*"C( Pb, C') Pb at 20 MeV/A, would completely eliminate this prob-

lem of contaminants. Reactions of this type have an important added ad-

vantage. The particle decay products from Giant Resonance states are

all thrown forward by kinematics and can be detected in a single counter

with a very high efficiency. Coincidence experiments studying the decay

branching ratios of Giant Resonances then become quite straightforward.

(The first measurement of this type, 100 MeV/A argon on lithium, is
29

presently scheduled for the low energy beam line of the BEVELAC. )
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i-ccc] ptmjzcJJJLz <Lxcu£cutia>ii>i

Excitations of the projectile, rather than the target nucleus,

are not a consideration in ot-scattering, but may be important for heavier

projectiles with lower lying excited states. A peak from the 6.13 MeV

3 state in 0 is very strong in the inelastic - 0 spectrum of Fig. 2

(bottom). However, the excitation of states above 7.17 MeV in 0 will

not generally contribute to the inelastic scattering spectra since most

of these states decay predominantly by particle emission and hence will

not roach the detector as 0. Two exceptions are the 0 and 3 levels

30
•it 10.95 MeV and 11.08 MeV respectively, which occur aC the same en-

20fi

argy as the G.Q.R. in Pb. However, these unnatural parity states can-

not be reached with single-step inelastic scattering from spin-zero tar-

gets. For contributions from more complicated mechanisms, resonance

widths should distinguish discrete levels from Giant Resonance excita-

tions. (The kick from the gamma decay of states at 11 MeV results in a

spread of only ^ 1/2 MeV in the final 0 energy.)

Backgrounds to heavy-ion scattering spectra from projectile exci-

tation are most effectively reduced by using Li as the projectile.

The only excited states of Li that do not decay principally by parti-

cle emission are the T = 1 levels at 3.56 MeV (J7r = 0+) and 5.37 MeV

(J = 2 ) . These can be excited by the Coulomb interaction, but are

well separated from the Giant Resonance region.
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Uv) qiuUA.-fiAze. knock-oiU fizactioni:

Another form of background that is quite prevalent in (a,a')

singles measurements comes from "quasi-free scattering," or knock-out

of a cluster that is identical with the projectile and is detected in-

stead of the inelastically-scattered particle. There is a strong angu-

lar correlation between the knock-on alpha and its inelastic counter-

part that is determined by two-body-kinematics, smeared out only by the

Fermi momentum of the a-cluster in the target nucleus. This background

has been largely removed from the (a,a'x) coincidence experiments by re-

stricting the measurements to correlation angles far away from the knock-

out angle.

For heavy-ion scattering, this process is almost irrelevant since

the chance of finding heavy clusters ( Li, C, 0,...) inside the tar-

get nucleus becomes negligible as their mass increases. (It is for

this reason that Li is considered a "heavy-ion" in this presentation,

whereas alphas are not.)

(u) cQyttlnuum zxcitaution:

The remaining background, present in both alpha and heavy-ion

scattering, is due to the excitation of the underlying continuum states

14
and is by far the hardest to quantify. A recent analysis by Knopfle

illustrates the differences between alphas and heavier projectiles.

58
The spectrum of alphas inelastically scattered from Ni is shown in

the top of Fig. 14 (from Ref. 14). The background (dashed line) is a

combination of quasi-free knock-out and continuum excitation. Only the
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latter contributes to the yield of inelastic - Li (Fig. 14-bottom).

If the same spectrum of continuum states is assumed for both experi-

ments (solid line), the shaded area in the top of the figure must rep-

resent that portion of the a1 yield associated with knock-out reactions.

This assignment may be tested by examining the (a,a'x) coincidence

spectra (middle of Fig. 14) which do not contain significant knock-out

contributions (see previous section). If the yield associated with the

solid line in Fig. 14-top is assumed to decay statistically, the re-

sulting proton and alpha yields (solid lines in Fig. 14-middle) follow

14

the coincidence data quite closely. On the other hand, if the statis-

tical decay of the dashed curve (Fig. 14-top) is calculated, the pre-

dicted (a.a'p) and (ot,a'a) spectra (dashed lines in Fig. 14-middle) are

in complete disagreement with the coincidence data. (The G.Q.R. in

medium-to-heavy weight nuclei does not appear enhanced over the background

in the (a.ot'x) coincidence spectra since it too decays largely statis-
14 25

tically. ' ) This analysis indicates that the continuum background,

which peaks near the G.Q.R.. but falls off rapidly at higher energies, is

essentially the same for alphas and for Li. The large yield at high ex-

citation energies in the a1-singles spectra is then mostly due to knock-

out reactions, and it is the absence of this contribution to heavy-ion

scattering that results in the significant background reduction evident

in the bottom three spectra of Fig. 2.

32
Tsai and Bertsch have calculated the spectrum of continuum states

208
in Pb directly excited by 65 MeV a-scattering, but could account for

no more than about 1/3 of the observed cross section. More recent
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33
calculations by Broglia et al. support the conclusion of these authors

that the majority of the inelastic cross section in the continuum region

is due to multiple excitations of several states. In a contribution to

34
this conference, Lee and Braun-Munzinger have calculated the spectrum

of alphas and 0, inelastically scattered from low-lying surface-

203
vibrational states and Giant Resonances in Pb, allowing both single

and double phonon excitations. The direct Giant Resonance excitation

stands out above a large background from two-phonon excitation that is

somewhat larger for 0 than for alpha projectiles. This trend may be

the origin of the increased background evident in Fig. 2 as the projec-

tile mass increases from Li to 0. (It should be noted that none of

these calculations include Coulomb excitation. As discussed in section

IV, this effect can be important in the region of the G.D.R. but will not

significantly alter the results at higher-excitation energies.)

VI. SUMMARY

It is very unlikely that the 11 MeV peak observed in the three

heavy-ion scattering spectra of Fig. 2 is anything other than the Giant

Quadrupole Resonance of Pb. However, whether or not higher multipole

resonances have been observed with heavy-ions is still very much an open

question. No conclusive technique has yet been demonstrated for deter-

mining the spins of even isolated resonances in heavy-ion scattering,

and this is a serious drawback to the use of these probes. Measurements

at high energies, with the hope of regaining oscillatory angular
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distributions (section III), and/or coincidence experiments, measuring

the angular correlation between particles decaying from resonances and

the inelastically scattered projectiles, must be pursued before heavy-

ions can be used to identify Giant Multipole Resonances.

The Giant Resonance excitation cross sections shown in Figs. 6 and

7 are rapidly increasing functions of bombarding energy and do not dif-

fer appreciably for heavy-ions as compared to alphas. However, Coulomb

excitation can be much more important for heavy-ions and can lead to the

excitation of isovector modes (section IV).

Several of the sources of background discussed in section V are as

prevalent with heavy-ions as they are with alphas. The decays of pick-

up channels into the inelastic channel can create peaks in the excita-

tion function that resemble broad resonances (section V(-c)). However,

these peaks move with bombarding energy, and measurements that check the

relative position of peaks with different beam energies are essential.

Scattering from light contaminants in the target can produce broad bumps

in inelastic scattering spectra when large solid angle detectors are used

(section V(-t-t)). The restriction to small solid angles limits the kine-

matic broadening of these background lines. Alternatively, reactions

such as C( Pb, C ) Pb avoid this problem completely. Excita-

tions of the projectile can occur in heavy-ion scattering (section V(-cci.J),

However, these are not expected to contribute significantly in the Giant

Resonance region since states at these energies decay predominantly by

particle emission and thus will reach the detector as ions that can
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be distinguished from the projectile. Quasi-free knock-out reactions

account for the majority of the high-excitation-energy background in

(a,ct') experiments, but are almost totally absent from heavy-ion scat-

tering measurements (section V[-cu]). Finally there appears to be little

difference in the amount of background from the excitation of continuum

states that is encountered either in alpha scattering or in heavy-ion

scattering (section V(v}). This background peaks roughly in the region

of the G.Q.R. and falls off quite rapidly at higher excitation energies.

The greatest single advantage of heavy-ions over 3.ighter hadronic

probes is the absence of the contributions from knock-out reactions,

and this results in the large background reductions, at high excita-

tion energies, that are evident in Fig. 2. Several interesting struc-

tures are expected in this region (for example, the strong concentra-

tions of isovector E3 and E4 strength predicted between 30 and 45 MeV

208
in Pb which could be reached in T jf 0-ion scattering), and it is

here that heavy-ion probes could make significant contributions to Giant

Resonance spectroscopy. Furthermore, kinematic focusing in reactions

such as 20 MeV-per-nucleon Pb on C or 0 would allow the detection

of fragments, decaying from Giant Resonances in the projectile, with

^ 100% efficiency - a tremendous advantage over the previously reported

14 '4 25
(a,afx) measurements. '*" * These features of heavy-ion scattering,

along with the rapid increase in cross section with bombarding energy,

will best be i.tilized with high energy beams such as are expected from

the newest generation of accelerators soon to come on line.
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FIGURE CAPTIONS

Figure 1: The RPA predictions of Liu and Brown (Ref. 6) for the dis-

— + 2 08

tributions of isoscaler 3 and 4 strength in Pb are

shown in (a). Similar calculations for 6 states, shown

in (b), compare results for three different effective inter-

actions (Bertsch and Tsai, Ref. 8).
208

Figure 2: The Giant Resonance region of Pb excited by inelastic

scattering of projectiles ranging from electrons to 0.

(The data are taken from Refs. 15, 16, 9, 13, and 5.) The

Giant E2 resonance is evident in all spectra at 11 MeV

excitaiton.

Figure 3: Angular distributions of alphas following inelastic scatter-

ing from states in Pb.

Figure 4: Expected distributions of 0 scattered from the same states

208
in Pb as assumed in Fig, 3.

Figure 5: Angular distribution of 0, scattered from the Quadrupole

208
resonance in Pb, calculated with different sets of optical

model parameters.

208
Figure 6: Cross sections for exciting the G.Q.R. in Pb as a function

of energy. Points, surrounded by circles indicates extrapo-

lations to different", beam energies using the optical param-

eters of the highest energy data available. The Li points

were taken from Fig. 2 of Ref. 9.

Figure 7: Peak cross sections for exciting E2 and E4 resonances in

OflQ

- Pb at 11 MeV.
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Figure 8: The ratio of Coulomb excitation to the conplete inelastic

cross section (Coulomb + Nuclear + Interference) is plotted

here as a function of energy for both a and 0 projectiles.

Figure 9: The spectra of alphas (Ref. 16) and 0 (Ref. 5) scattered

from Pb are shown here. The arrows mark the kinenatic

limits of contributions from the decay of pick-up reaction

channels back into the inelastic channel, assuming threshold

decays only (see discussion in text).

Figure 10: The low-excitation-energy kinematic limit for the neutron

and proton pick-up backgrounds of Fig. 9 is plotted here as

a function of bombarding energy.

Figure 11: 0-inelastic scattering spectra in the region of the G.Q.R.

in nickel (Ref. 28). Multipole elements of the spectrometer

were used to correct for the kinematic aberrations from

scattering into a large solid angle assuming an A = 60

target (a), and an A = 12 target (b). See discussion in

text.

Figure 12: The angles where elastic scattering from light contaminants

60
coincides with 20 MeV inelastic excitations in Ni are

shown here as a function of bombarding energy. The behavior

of the grazing peak containing most of the cross section (see

Fig. 4) is also indicated.

208
Figure 13: Calculations for 15 MeV inelastic excitations in Pb. See

caption to Fig. 12.



Figure l'«: The spectrua of alphas ineiast ically scattered from " Ni is

shown here in singles (topi, and in coincidence with decay-

alphas and -protons (aiddle). Shown for comparison in the

bottom of the figure is the spectrum of inelastic Li' taken

under alnosc identical kinematic conditions. (These data

are frora Ref. 14.) See text for .1 discussion of backgrounds.
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