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ABSTRACT:- The several roles of multipole giant resonances in
heavy-ion reagtions are discussed. In particular, the modificatians
in the effective ion-ion potential due to the virtual excitation
of giant resonances at low energies, are considered and estimated
for several systems. Real excitatién of giant resonances in
heavy~ion reactions at intermediate energies are then discussed
and their importance in the approach phase of deeply inelastic
processes is emphasized. Several demonstrative examples are

given.
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I.  INTRODUCTION

In this talk I shall discuss the role of giant
resoﬁances in heavy-ion reactions. B&s is well known. the giant
resonances have been excited by several probes, most notable
of these are electrons, photons, pions, protons, «, etc.. In
the case of electrons and photons probes, although the reaction
mechanism is guite simple (electromagnetic), the .cross section
however is very small. A larger cross-section is cbtained with
hadron probes, with a price paid: a more complicated reaction
mechanism, The guestion of the nature of the background seen in
the spectrum of hadron-induced nuclear reactions is still a rather
subtle one,

The usual interpretation given to the background
is based on the contribution of multistep processes. It is
suggested that multi-phonon excitations.(of several multi-
polarities} results in a spectrum composed of strongly overlapping
broad- peaks that would show up as a practically structureless
background below the isolatéd, rather prominent, peaks attached
to one-photon states (giant resonances). It is well-known that
in heavy-ion reactions, the multi-step processes are the rule
rather than the exception. One would therefore expect that
HI-induced reactions leading to GR excitation exhibit more
complicated spectrum, whose back-ground is of an even more subtle
nature .than that of the reactions induced by simple hadronic
probes.- :

Nevertheléss, Ehe excitaﬁicn of GR inrheavy ions
has, in the past few years, been shown to play an important
role, especially in the mechanism responsible for the .large

energy loss encountered in deeply inelastic processes.  These
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. processes occur at c.m. energies of the order of 2-3 EB . where
E is the height of the Coulomb barrier. For very heavy ions,

B
these processes almost completely exhaust the total reaction
cross section at these energies. They represent events where
the two heavy ions emerge from the reaction after having lost
practically all their kinetic energy into intrinsic excitation
energies.

Aside from their importance in deeply heavy-ion
reactions, the GR's may have a role in the effective ion-ion
interaction appropriate for the description of heavy-ion elastic
and quasi-elastic scattering at lower energies. At these
energies, the GR's enter into the picture in the form of
polarization coﬁponents that should be added to the bare
interaction.

This paper is organized as follows. In Section
II, the polarization effects of GR's at low energies are discussed

“in the contekt of elastic scattering and the optical potential.
In Section IIT a brief account of the experimental evidence 'in
support of the direct -excitation og GR's in intermediate energy
heavy~ion inelastic scattering is given. In Section IV, the .
relevance of. these excitations in deeply inelastic heavy-icon
‘collisions is discussed and, finally, in Section V, sewveral

concluding remarks are made;

II. EFFECT OF GIANT RESONANCES ON THE HEAVY TON OPTICAL POTENTIAL

A% low energies; the heavy ion elastic scattering
.rangular -distribution is-characterized by several features; at small

7§ngles the .cross-section oscillates about the Rutherford value

-4,

(;§£ (0) = 1) and eventually, at intermediate angles, drops
rather rapidly to small valuves, indicating clearly the presence
of a phenomenon reminiscent of Fresnel diffraction. The only
explicit information about the nuclear structure seems to be
associated with the size of the system contained in the grazing
angular momentum extracted from the value of the angle

g
at which Eg£ = (.25 (gquarter-point-recipe).
R

81/4 r
Nuclear structure effects in elastic scattering
become more conspicuous at higher energies and larger angles,

manifesting themselves through characteristic oscillations in

;§£ at angleé larger than the grazing angle 81/4 . The
oscillations arise from interference effects related tc specific
nuclear structure aspects of the heavy-ion system (coupled
channels}. Some of these coupled chamnels effects may} in some
cases, become important even at small angle§. This is the case

seen in the elastic scattering of deformed heavy ions, where

multiple Coulomb excitations are important. The strong Coulomb

- coupling of the elastic channel to the collective inelastic

channels in these systems is seen to result.in an effective
long-range component in the ion-ion potential. This component
is found to be predominantly absorptive in the case of coupling
to low-lying cellective states. The reason is that these states,
being low-lying, are excited with such high probabilities and
very small energy leosses that a treatment based on the sudden
approximation is quite app;opriate. The reascn being ﬁhat the
reaction time is much shorter that the vibrational period. This
basically implies a loss of flux from the elastic channel with
very little change in the effective real interaction. In contrast,
giant resonances, being high-lying states, have a much smaller

vibrational period. The system, .therefore, reacts adiabatically,
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resulting iﬁ a change in the effective real_interaction which
becomes more important at sub-barrier energies.

To see this_more quantitatively we consider below
the amplitude for the excitation of a vibrational state of
multipolarity X , and excitation energy QEA-’ using first ordef

time~dependent theory of Coulomb excitationl).
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The largest ‘contribution to the integral in Egq. (12) comes from

the vicinity of the classical turning point, rtp = xr(0) . Thus
; 1l - 2 .
by expanding r(t) = rtp t 35 rtp t® , and keeping lowest order

terms in t , one obtains the simple estimate

ql(ao) = Jf’;\—" - _Tt?_ exp| - 2 T ow } (3
YA ¥ A+l ¥ A
P t tp

where C is a constant, F is the radial acceleration at the

tp
AE _ .
classical turning point and Wy E ﬁﬁl « Introducing the average
collision time, Teott = -~ 2 ; we have finally
r
[Ees)
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Eg. (4) clearly shows that the guantity that decides upon the

strength of the transition isg wchoﬁﬂ + which has the following.

simple relation to the relevant physical variables
W ¥ :,t.z(—-——_) 5
A Ceott E, K LT (5)

where N 1is the Sommerfeld parameter , n = v being

fiv ’
the asymptotic relative velocity.

P >> 1} reactions at low . -

energies, M >> 1 , therefore one expects U Toprs >> 1 for -+

For heavy ion {zpz

‘giant resonance excitation and W toopp << 1 - for excitation of

low-1ying éollective states. This indicates that afR(WJ << 1
and accordingly very little amount of flux is lost from the
elastic channel. ©On the other hand, aA(W) -1 éﬁr the emﬁxa%ion
of low-lying states, which reflects the need to incorporate into
the elastic channel optical potential, the resulting, absorptive

long-range component3).

The fact that 'afR(w) <<.l for heavf ion
scattering at low energies implies that the.system follows
adiébatically the motion. This in turn implies that a way to
account for the GR ﬁolarization in the optical pétential is
simply to minimize thé multidimensional potential energy surface
with respect to the deformation parameters. 7

To be specifie, we consider the polarization'

. : 2
effect due to the coupling to the giant guadrupole mode ). Then
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the potential energy is taken to be

~ ZpZtel | (21,@4;*&@;,): [ 2
V= r 2r? +2CPﬁf‘+?c:tﬁ* (6)

where Qi is the intrinsic guadrupole moment of the projectile

{p} or target (%) nucleus, given by

(n

-
~~
1, ]
#
Nt
N

82(1) is the guadrupole deformation parameter, Ro,i the radius
and c:i is the spring constant of the'assumed harmonic vﬂn2¢or,

. Differentiating Eq.{7) , first with respect to B_t and .then with
respect to Bp_,_setting the resulting first derivative of V

equal to zero at each case, we obtain

: N & 2 2 .
v(r) - E—Le—..t-_e_z — ,_ﬁ_ _UIE + RO,‘t’ /9 a.'b %P etf / (8}

P +

Using for.the séring conétants ﬁhe value 14,8 MeV , cobtained by.
éssuming that the isoscalar giant guadrupole resonance at an
exc1tat10n energy Aﬁ 1/3 MeV , exhausts the energvaeighted
sum rule, we flnally obtaln the follow1ng estimate for the

polarlzatlon correctlon (second term on RHS of Eq{ (8))

Avqag (aozos)(ﬂ +A+) 2{5 ré (Mev) (9§

The factor

- es|un

=1+ %) _comes from the approximate inclusion of -

the isovector guadrupole resonance (AEizé = 2 ﬂEizg) which gives
the factor 1/4.
Similar procedure may be followed for the obtention

of AV due to the isovector dipole resonance (GDR). One cbtains

=3c N N 2 2 74
NS ok S v
Avq:pg —b.7 RI0 [2} ﬁl;’g+ z, ﬁf] 2,2, /r (Mev) (10

where N £ A-z , is the number of neutrons. 1In deriving Eg.(10),

the CGoldhaber-Teller medel is used together with the empirical

excitation energy value of &EGDR = 80 A“1/3

It is clear from Egs. (9) and (10} that the giant

MeV.

resonance polarization is represented by an attractive, real,

long-range component in the ion-ion potential. Though this
component is small (e.g. in 40,y + 80gq + Vaor = -0.2 MeV at

see Table 1 where AV is calculated for several HT

+

r - RB '
systems}, it may be guite important in those heavy-ion procesgses
that are sensitivé to the tail of the nuclear potential (quasi-
elastic reactions populating discrete states). The GR polarization
component may also be important in heavy-ion fusion at sub-barrier
energies where barrier penetration is the dominant mechanhism. A
slight lowering of the barrier height, that would arise from the
inclusion of &V, , may result in a significant increase in the
fusion cross—section over the value obtained from simplé one-
d1men51onal barrier penetration calculation.

It is of interest to compare the purely real
polarization potential discussed above with the predominantly

imaginary dynamical polarization potential arising from the

coupling of the elastic channel to low-lying wibrational or
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rotational states. Owing to the small value of U Toopd in

- this last case, a sudden-limit treatment of the excitation
process. is adequate. The resulting dynamical polarization
potential, has the following simple form3) (setting the energy

loss equal to zero)

a, . b :
- A 2 Ca
AVJ’PPC” - —l[ =+ = =% ] (11)

where the coefficients Zp b2 and c, are complicated functions
of the center of mass energy, E , the reduced transition proba-
bilities, the Sommerfeld parameter, n , and the orbital angular
momentum. The numerical value of }AVDPPl is comparable to

that of AV

GOR

Whereas the consideration of AVGQR

slight change of the real ion-ion potential, and a subsequent

results in a

slight deviation of the classical trajectory and the deflection

function from the Rutherford ones, the effect of AV {(r) on

DPP
the elastic scattering cross section is much more drastic owing

to its absorptive nature. The inclusion of AVDPP(rT in the
do

calculation of dgz results in the following simple form for

the cross section, wvalid at sub-barrier energies

j‘% = do"ﬁ axp[ ZF(QHE):FH})] az

where Fi Are functions related to the coefficients’ 2y, b2 and
cz and fi{e) are simple function of the center of mass angle.

The presence of the exponential factor in BEgq. (12) results in a

.10,

significant damping in the elastic cross section that starts .at
small angles and extends all the way to back angles (see Ref. (3)
for more details).

It should be stressed that the real nature of the
giant resonance polarization potential V

and VGDR is a

GOR
direct consequence of the adiabatic nature of the excitation
process encountered at the sub-barrier energies we have been
considering s¢ far. At higher energies the excitation of giant
resonances is believed +to be responsible for a significant part
of the total reaction cross section especially in cases where
deeply inelastic reactions are found to dominate over fusion.
This implies that if one were to_cqnstruct g.g. VGQR to be
used for the calculations of the heavy-ion elastic scattering
cross section at intermediate energies, one would find it to
contain a strong absorptive component. In the following section,

we shall discuss the experimental situation of GR excitations

in heavy ion collisions at intermediate energies.

III. GIANT RESONANCES EXCITED IN HEAVY-ION REACTIONS AT
INTERMEDIATE ENERGIES

As one can see from Egs. (4) and (5), as the
energy is increased, the factor in the exponential Teaff®y -
becomes smaller, even for the excitation of giant rescnances,
rendering the amplitude ax(m) + For these excitations, appreciable.
Note, however, that at the higher energies, considered here

(& > 2EB) . it is the nuclear excitation (short-ranged} rather

CcM
than the Coulomb excitation (long-ranged) of the giant rescnances

which is dominant. This has an immediate conseguence of restricting



.11.

the excitation process tc the surface region of the nucleus. A
- yesult of this localization is the characteristic Fraunhofer

- pattern in the inelastic distribution. Employing the usual
terminology of heavy-ion physics, therabove paﬁxmnjn the angular
distribution results from the interference between the near-
and far-side components'of the amplitude. ©One immediate
consequence of this interference phencmena is the Blair phase-

rule4)

, which says that the oscillations of the angular dis-
tributions of inelastic transitions to odd multipclarities are
in phase with those of elastic scattering, whereas even multi-
polarities are out of phase.

As an example we show in figure 1 the data on the

light-heavy-ion systen lzC + 27A£ at Elz = 82 MeV studied by
. C
Betts et al}S). The Coulomb barrier, EB , of this system is
E
about 22 MeV, so we are talking about EEE = 3,0 , i.e. center
B

of mass energies well above the barrier. The ammﬂartﬁﬁtrﬂmmions
do show the Fraunhofer pattern, with éhe Blair rule approximately
satisfied. One alsoc sees clearly the large background in the
spectrum, which is customarily attributed to multiﬁle excitations
of several GR modes. As has already been discussed earlier,
this interpretation is not the only possibility. Multiple

excitation of incoherent modes might certainly contribute as

well.

~Another attempt to observe GR.in heavy icn
reactions was made by Buenerd et al.G). These authors looked at
lzc inelastic scattering 0#' Soﬁr and 208Pb at E12 = lZODEV,
and 14N on 40C ' 902r ; lg?Au ' zoaéb and 2OgBi c;t E =

Ly
‘= 161 MeV. Fig. (2) shows the spectrum and angular distribuaticns

ZOSfb (14N 1

at E_ = 11.0 MeV and 2.61 MeV of’ P 4N'). One

‘notices that in the present'case of a heavy target, the GQR

12,

exciation ecross section shows a distribution in angles which is
more of a Coulomb-nuclear interference type (near-side phencmenon,
no Blair phase-rule) than a Fraunhofer type. This is primarily

a consequence of the larger Coulombk interaction (n >> 1) and

excitation than in the lzC + ZTAZ system mentioned earlier.
Similar features in the angular distributicn as

the ones mentioned above may be seen in the data of Doil et al.”,

Fig. (3). These authors measured the inelastic scattering of

16 208 12

o (E = 315 MeV) on Pb  and C , in the Q-value region

Lab
corresponding to the excitation of the GOR in the targets. Again

one sees clearly the near-side dominance in 160 + 208Pb

near-far interference in 16O + 12C (for comparison, n(lso +]2C)=

2

and '
= 1.7 and n (160 + 08Pb) = 23.3 , both evaluated at Elﬁ =
= 315 MeV).

In all of the above cases, several GR's with
different multipolarities were identified. It should be clear
from the above discussion that the disentangling of nuclear
structure information of the GR's (e.g. damping width), using
heavy-ion inelastic scattering is more complicated than in
liéht—ion—induced reaction. This is principally a consaquence
of the much more complicated nature of the background in the
former., However, the observation of these rescnances in HI is
important in so far as the interpretation of the nature of
deeply inelastic reactions (DIC}, is concerned. The relevance
of our discussion in this section to DIC becomes clear when one
recognizes that the energies at which GR have béen populated in

HI reactions (E > 3EB) correspond closely to those at which

cM

the DIC cross-section becomes a major part of the HI total reaction

cross section.
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IV. 'GIANT RESONANCES IN DEEPLY INELASTIC REACTIONS OF HEAVY TONS

The usual scenaric of heavy-ion reactions is that

at CM energies, E.y + close to the Coulomb barrier, E the

B !
total reaction cross section, g v is almost completely exhaustsd
by complete fusion, O This last process is characterized by
a complete amalgamation of the two ions to form a compound
nucieus. All relevant degrees of freedom reach their equilibrium

values in this process usually viewed as statistical. At center-

of-mass energies ECM > ZEB v Op starts deviating appreciably
g

from Op . and at higher energies, EE << 1. The usual intexpretation

of this phenomenon is the occurence, at these energies, of a
process intermediate, in complexity, between fusion and gausi-
elastic reactionsS).

This new mechanism of ﬁhe heavy-ion reacﬁion,
usually referred to as deeply inelastic collision, involves a
partial equilibrium of the system, and might be accordingly
considered as the HI-analogue of light-ion-induced pre-equilibriim
reactions. The difference betwsen the two reactions is, however,
quité clear. Figure (4) shows a typical spectrum of a HI-induced
reaction at intermediate energies. For comparison we show in
the inset a typical spectrum of a light-ion-induced reaction.
The rather wide hump centered at the exit channel Coulomb barrier
is the DIC component.

'The picture employed to describe DIC is that the
two ions after reaching the interaction zone, suffer a large
amount of energy loss, exchange many nucleons and emerge as two
highly excited, deformed, fragments. They do not fuse because
not all the degrees of freedom reach their equilibrium values.

Several macroscopic variables are employed in the

-14.

descriﬁfioﬁ of the év&iuﬁion'of the system; In parﬁicular,
owiﬁg to the classical nature of reldtive motion, ﬁhe detection’
angle {(deflection function) is used as a measure of the reaction
time. The longer the reaction time is, the.greater would be the
energy loss. This last observation has a clear'consequence on
the angular distribution. Depending on the final fragment masses
and the total energy loss the angular distribution shows a marked
evolution from side-peaked (for final fragments egual to initial
ones) to forward peaked. Fig. (5) shows the spectra of heavy

232Th

particle products and angular distributions in 4OAr + at

Eqy = 330 MeV.

Other macroscopic variables relevant for the
description of DIC are the mass, charge, orbital angular momentum

and charge-to-mass ratio. It is now evident that the charge-to-

mass ratio eguilibrates guite fast (TZ/A = 1.3 % 10~22 s)

followed by the energy (TE = 3 x 10_22 s) , the orbital angular

22

momentum {T£ = 15 x 14~ s}, and finally the charge or mass

22

{t, = 60 x 107 s). Actually in most DIC events the charge or

mass never reaches equilibriumg).

) The equiiibration process associated with, z/A
z and A, in DIC, is nicely described by a diffusion equationl®)
The important poinc one discovers from this description is that
the width, T , of the distribution P(x,t) of a given macroscopic
variable (x = z/A , z or A), satisfies the usual diffusion

172 With the association of t with the

relation T = t
deflection angie (see earlier discussion), one reaches the

conclusion that the larger the deflection angle is, the larger
the width of the distribution (P2 « @) . lLarger angles, in our

case, may be obtained by simply alldwing the systeﬁ to scatter

to negative angles. The "“angle” wvariable (which is connected
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with the nuclear reaction time) is measured from a reference
angle, eg , related to the position in angle~space where guasi-
elastic processes (small energy loss} reach their maximum values.
A very nice demonstration qf the_above picture is seen in fig,
{6) which represents the width of the charge distribution in
the system 4OAr + 23‘.2'1‘11. )

Many more evidencell) has accumulated in support
of the above diffusion picture. However, the question of the
relaxation process associated with the energy variable remains
unsetteled. A simple diffusion picture as the above was found
not to work so well for the E-relaxation. This clearly points
for the need of treating the evoluticn of several of the
collective variables associated with the E-relaxation process
in a completely non-statistical, coherent fashion

It is here that the GR,s come intoc the piéture. Within

' 12
the DIC model developed by Broglia et al. )

the GR,s are explicitly
involved in the removal of energy from the radial mofion to .
intrinsic excitations. A set of.coupled classical eguations of
“motion that inveolves as coordinates, the vector that specifies
the relative position of the two heavf ions, as well as the
usual variables that describe harmonic oscillators representing
the different modes of collective vibrations, are solved. In order to
guarantee that the energy deposited into the GR,s does ﬁot return
to the relative motion, these oscillators are rendered danped.
The damping widths attached to these oscillators represeht, on
the average, the fragmentation of the GR due tg its coupling to
the non-coherent, statistical, (ph), degrees of freedom.
What one usually ends up obtaining from.such a

model, are average guantities: the energy loss as a function of the

impact pafameter, the average deflection function, and the

.16,

classical cross-section. In order to smooth out the classical
singularities in the classical cross section (causties) and to
obtain a measure of the dispersion in energy, Broglia et al.lz),
invoke the zero point motion of the harmonic oscillators which
generates dispersicons in measurable quantities, of a purely gquantal
nature. This is to be contrasted with the purely statistical
nature of the dispersion that results from a transport {(diffusion)
interpretation of DIClO).

One should mentien that the Copenhagen model for
DIC does contain scme statistical aspects as well. 1In order to
reproduce the - average energy less, it was found necessary to
involve not only the GR,s but also particle transfer treated as
a diffusion process. This last mechanism was found to be
responsible for as much as 50% of the average energy less., One
would expect, therefeore, that a significant part of the widths
(dispersion) of the distributions of the observable macroscopic
variakles, arises from statistical fluctuations related to the
diffusion of particles.

It seems clear that both guantal and statistical
fluctuations are present in DIC. The gquantal effects are mostly
operafive in the approach phase of the collision process,

During this stage GR,s may paly z dominant role as "doorways” to
the more complicated p-h configurations. A recent discussion on
unifying both statistical and ccherent effects in DIC may be
found in Ref. (13}. Actually the importance of GR,s in the
processes involved in DIC has been clearly demonstrated through
the rather extensive TDHF calculations that have beeﬁ performed

in the last few yearsl4).
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Though in thg discussion we have had sc far, wé
have considered the isoscalar GR,s; recently several suggestions
have been made concerning the possible importance of the iscvector
giant rescnances in the charge equilibration process. It is
suggested in Ref. 15) that the experimental width of the &
distribution at fixed mass asymmetry might be related to the
thermal and guantal fluctuations of the axial component of the
isovector El1 mode associated with the intermediate complex,
The authors of Ref., 15) suggest further that the rather small
widths of the Z-distributions observed in asymmetric systems

49 . 197Au

such as Ay + + are predominantly thermal in nature,

whereas the large widths observed for nearly symmetric systems,
e.g., BBKr + 98MO r are guantal.

The above suggestions, though not directly
confirmed by experimental findings point clearly for the possible
role of the gilant dipole resonance in the charge equilibration
process in DIC. It should be mentioned, however, that a completely
different interpretation of the charge width can be found in

Ref. 16) where a simple diffusion picture is invoked together

with a proper account of the Pauli blocking effect.

V. CONCLUSIONS

In this talk the role of giant multipole rescnances
in heavy ion reactions has heen discussed. It is seen that at
low center of mass energies, the GR,s enter into the picture in

the form of polarization effects modifying primarily the real

part of the ion-ion potential. At higher energies the excitation

of the GR,s become possible. Several illustrative examples were-

.18.

pfesented demonstrating the éxistence of the GR peaks on top of
a rather compliéated background. The possible importance of
the GR excitation in deeply inelastic collisions waé then
discussed, both in the process of energy dissipation and
equlibration, and in determining the Gidth of the charge dis-
tribution at fixed mass asymmetry.

In conclusion, the giant resonance excitation in
heavy ion reactions should be considered as an integral part of
a process involving necessarily many collective and intrinsic
degrees of freedom. The interplay between the resulting c&herent
and statistical responses of the system is a dominant theme of

present day research in heavy ion physics.



.19,

REFERENCES -

1)
2)
3)

4)
5)

6)

7}

8}

9)

10)
1)

12)

K. Alder and A. Winther, "Electromagnetic Excitaticns"”,
North~Holland, Amsterdam, 1975.

J. Rasmussen, P. M&;ler, M. Guidry. and R. Neese, Nucl. Phys.
A341 (1980) 149, and references therein.

B.V. Carlson, M.S5. Bussein and A.J. Baltz, Ann. Phys. (NY)
138 (1982} 215, and references therein.

J.5. Blair, Phys. Rev. 115 (1953} 928,

R.R. Betts, $.B. DiCenzo, M.H. Mortensen and R. L. White,
éhys. Rev, Lett. 39 (1977) L1B3.

M. Buenerd, D. Lebrun, J. Chauvin, ¥. Gaillard, J.M. Loiseaux,
P. Martin, G. Perrir and P. de Saintignon, Phys. Rev. Lett.
40 (1978) 1482,

P. Dole, D.L. Hendrie, J. Mahoney, A. Menchaca-Rocha, D.K.
Scott, T.J.M. Symons, K. Van Bibber, Y.P. Viyogi and H.
Wieman, Phys. Rev. Lett. 42 (1979) 366.

For a review see, D.K. Scott, in "Theoretical Methods in
Medium-Energy and Heavy-Ion Physics", Ed., K.W. McVoy and
W.A, Friedman, Plenum Press, New York and London, 1378.

See also D.X. 8coft, in Dynamics of Heavy-Ion Collisions,

N. Cindro, R.A. Ricci and W. Greiner, Editors, North-Holland,
Amsterdam, iBBl.

See, e.g., L.G. Mofetto and R.P. Schmitt, Rep. Prog. Phys.
44 (1981) 533, '

W. Norenberg, Phys. Lett. 52B {1974) 289.

For a review, see H.A. Weidenmﬁller, Prog. Rucl. Part. Phys.
3 (1980} 49.

R.A. Broglia, C.H. Dassoc and A. Winther, Phys. Lett. 53B

(1974) 301, 61B. (1976) 113. See also NORDITA-80/16.

13}
14}

15}

16)

.20,

W. Ndrenberg, Phys. Lett. 104B (1981) 107,

See, e.y., S5.E. Koonin, Prog. Nucl., Part. Phys. 40 (1980)
283.

L.G. Moretto, J. Sventek and G. Mantzouranis, Phys. Rev.
Lett. 42 (1979) 563;

L.G. Moretto, C.R. Albiston and G. Mantzouranis, Phys. Rev.
Lett. 44 (1L9380) 924;

E.S. Hernandez et al., Preprint LBL-9761, 1979.

W.U. Schrdder, J.R. Birkelund, J.R. Huizenga, W.W. Wilcke
and J. Randrup, Phys. Rev. Lett. 44 (1980) 308;

W.U. Schrdder, J.R. Huizenga and J. Randrup, Phys. Lett.



Systemr : wam- okw.ﬁf) -VGDR.r4 @EN.ﬁf)
405, , 160 3. 10° 6.239 x 103
ar + Bgy 3. 10° 5.71 x 103
16 4+ M8, .. 104 1.08 x 10°
8y 4 208, 9, 10° 1.892 x 10°
2085y, 4 208y, 1.39 x 107 2.37 x 10°
238, 238, 2.3 x 107 2.45 x 10°

TABLE 1 Numerical values of the giant resonance pelari-

zation potentials for-several heavy-ion syétems.

These potentials should be used in the description

of heavy ion scattering at sub-barrier energies

{no overlap of the heavy ion densities). A

reasonable value of the minimum radius down to

which the  AV's

given above for the

be considered with reservation, since the estimate

. _80
AEl ;-175 (MEV)

of BEgs.

16

(2) and

(10) are valid

excitation energy is really valid for

s~ 1.8 (Aé/3 + Ai/3}[f@]. The values of AV

O~induced reactioms should

for dipole giant resonance

A > 40.

inelastically scattered

E = 82 MeV.
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QUASIELASTIC

FIGURE 4 - A schematic plot of a typical heavy ion energy

spectrum at intermediate energies.

centered at E

barrier, corresponds te the DIC component .,

The broad peak

F close to the exit channel Coulomb

In the

inset we show a typical spectrum of a light ion

induced reaction.
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Figure 5 - Energy spectra and angular distributions of several

Figure 6 -

nuclear species originating from the reaction

“Tar + 23274, From Ref. (8).
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