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Abstract. — An imaginary potential associated with the inelastic excitation of the nuclei is
computed in a multiphonon excitation model based on the random phase approximation. The
surface properties of this potential are found to be dominated by giant-resonance degrees of
freedom.

Recent studies of heavy-ion inelastic scattering have shown a strong excitation of both
low-lying and giant vibrational states [1] and it appears now that heavy ions are one of the
best probes for the investigation of these collective states [2]. Theoretical calculations [3, 4]
have shown that multiple excitations of giant resonances may have detectable cross-sections
(do/dE dQ of the order of 1mb/sr-MeV for the two-phonon state) and that these
multiphonon states could be responsible for part of the high-energy strength observed in
some reactions [5]. In the light of these developments it is important to assess the influence
of such collective states on the global properties of heavy-ion reactions such as optical
potentials. Indeed the inelastic excitation is related to a loss of flux in the elastic channel and
thus to an imaginary potential ([6, 7] and see eq. (7)). It will be shown that this absorption is
strong and thus must be an important contribution to the total imaginary potential. The
more interesting feature is that, at high incident energy, the surface properties and long-
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range component of this inelastic potential are dominated by giant-resonance excitation.
This long-range inelastic imaginary potential is in qualitative agreement with the results of
ref. [8] obtained in a quantum-mechanical approach.

In this letter we use the multiphonon model presented in ref. [3,4]. In this model the two
nuclei follow a classical trajectory R (¢) which is obtained by solving the equations of motion
with an ion-ion potential obtained by folding the target ground-state Hartree-Fock density
with the projectile mean field and renormalizing by a factor 0.5 according to the prescription
of Satchler [9] in order to simulate the effects of the Pauli principle between nucleons of the
two nuclei [4]. For the Coulomb part a point charge potential was used. The energy and
angular-momentum losses due to the inelastic excitation of the partners were not taken into
account in the trajectory calculations. The excitations of the two nuclei are described
microscopically within the random phase approximation (RPA). It must be noted that the
use of RPA form factors can lead to appreciable differences with other similar calculations

TABLE 1. - RPA 7response functions for the three nuclei considered in the calculations.

Nucleus JT E (MeV) % EWSR
40Ca o 20.00 —
2+ 17.88 98.9
3~ 3.56 18.6
3~ 9.77 13.1
3~ 32.99 67.3
4% 17.56 48.5
4+ 41.00 48.0
N7y 0+ 18.53 —
1- 31.00 —
2+ 5.36 8.9
2+ 15.77 77.9
2+ 46.50 0.1
3~ 2.59 10.5
3~ 7.86 23.9
3" 29.95 51.4
4* 5.82 3.6
4+ 7.93 5.0
4+ 14.80 17.8
4* 44.00 40.0
5- 1.75 0.6
208py, ot 14.63 —
2+ 5.19 14.4
2+ 12.74 60.8
2+ 39.18 16.7
3~ 3.68 22.0
3~ 24.25 33.7
4+ 5.69 6.8
4t 9.56 6.4
4+ 15.24 13.2
4* 35.44 17.3
5” 4.56 3.3
5 19.16 7.9
5 26.00 15.5

57 46.54 3.4
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using the phenomenological form factors [10]. These differences are discussed in ref. [11].
The wave function of each nucleus excited by the mean field of its partner is found to be a
coherent state

|4 (@) ) = exp[—ix(})] [H exp [Ay (1) b} — c.C-]] 0), 1)

where [0) is the RPA ground state and b} the creation of the one-phonon RPA state
l1) = b}|0) (b;]0) =0). We have used the RPA results of ref. [12] and the main properties of
the RPA excited states can be found in table I. In eq. (1) « is a global phase and Ay, is the
amplitude given by

t

Au®y=h" [ explivet') (i| V(R @) 0) dt', )

-

where Aw,, is the excitation energy of the state |i) and V(R (¢')) is the Hartree-Fock mean
field of the partner travelling on the classical trajectory E(t).
The probability amplitude for the system to remain in its ground state reads

Ay=(0[¢ (1)) = exp[—ix(D)] exp[— 1/2.4°(})], 3)

where
N() = Z Ty = 2 IAiO (t)|2 . €Y

In eq. (4) we have introduced the mean number of excited i-phonons 7%; = |A;[?. It must be
noted that the sum 3 runs over both target and projectile excitations. In this letter we will

only discuss the im:ilg'inary part of the optical potential. One can define a transmission
coefficient

|S|2=exp [~ N (+ ®)] =A%, ®

which only takes into account the absorption due to the inelastic excitation of the two
partners (transfer reactions, for example, are not included). Several transmission coef-
ficients are presented in fig. 1 as a function of entrance channel angular momenta [ for the
three reactions Ca + Ca, Ca + Zr and Ca + Pb at 33 MeV per nucleon. Their main feature is
a rapid fall-off around the grazing trajectory when one considers decreasing angular
momenta [.

In a semi-classical calculation an imaginary optical potential W produces an absorption
amplitude

t
Ay = exp [— in | dt’W(t’)} , ©)
where the integration is performed along the classical trajectory. By equating egs. (6) and

(3) one gets

f W) dt' = %J”(t). )
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Fig. 1. — a) |S|? transmission coefficient (see eq. (5)) as a function of the entrance channel angular-
momentum [ for the three studied reactions “Ca + *°Ca, *Ca + *Zr, “°Ca + 2®Pb at an incident
energy of the calcium nucleus of 33 MeV per nucleon. ) The three associated deflection functions.
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Since we study the absorption arising from nuclear excitations we have restricted the
potential V in eq. (2) to be the nuclear potential. However, the Coulomb potential was
included in the dynamical part of the calculation.

The validity of eq. (7) at any time ¢ is in fact too stringent a condition because the
measurable quantities that can be extracted from this semi-classical approximation are the
final amplitudes A, (t = + «). Moreover, it is shown in ref. [7] that eq. (7) yields /-dependent
potentials which can be different in the entrance and exit channels (see also ref. [6]).
Therefore, in order to define a local l-independent potential we have fitted the |S|* curve
using the following procedure:

i) For each trajectory (i.e. each [) |S())? is reproduced using several Woods-Saxon
imaginary potentials with different radii and diffuseness. In fact, for a large set of values of
the radius () and diffuseness (@) parameters a depth W,(r, a, [) is determined by applying
eq. (7) at t=+ o,

ii) Then the radius and diffuseness which yield a depth independent of ! (or which
minimize the deviations of Wy(!) from a constant value) are chosen. In the general case a
small I-dependence of the potential remains (of the order of 10% in the region of interest) and
thus this procedure defines a /-dependent imaginary potential W,(R).

iii) By using the fact that for each ! the turning point (D(1)) region gives the dominant
contribution to the left-hand part of eq. (7), this residual dependence can be eliminated by
retaining only the value of the Woods-Saxon at this point. We thus construct the I-
independent imaginary potential W by linking the values of the potentials obtained at the
turning points of each trajectory W(D(l)) = W,(D(1)).

The geometry of this final potential is close to the Woods-Saxon geometry defined in ii)
demonstrating the consistency of the method. In ref. [7] a slightly simplified procedure for
the extraction of the l-independent potential was used. The good prediction found for elastic
scattering data shows the validity of the general approach used here. The present paper
focuses on the absorption mechanisms and thus particular care was taken to extract a
potential fitting as closely as possible the |S|? curve.

The resulting potentials for the three reactions Ca + Ca, Ca + Zr and Ca + Pb at 33 MeV
per nucleon are presented in fig. 2a). Figure 2b) illustrates the evolution of W with incident
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Fig. 2. — Imaginary potential associated through eq. (7) to the inelastic excitation in the three reactions
Ca+ Ca, Ca+ Zr, Ca+ Pb: a) plotted as a function of the relative distance R for a fixed incident
energy E\,, = 33 MeV per nucleon; b) plotted as a function of the incident energy for grazing relative
distances, namely R =12fm for Ca+ Pb, R =10fm for Ca+ Zr, R =9fm for Ca + Ca.

energy for radii close to the distance of closest approach associated with the grazing
trajectory. From these figures one can see that the imaginary potential is strong and
decreases slowly with incident energy in the 10 to 100 MeV per nucleon range. This decrease
can be partly related, through eq. (7), to the decrease of the reaction time. The present
calculations were not performed below 10 MeV per nucleon but the general pattern is a
decrease of the inelastic imaginary potential when one approaches the barrier [7].

To get a deeper insight into both the shape and the incident energy evolution of the
imaginary potential we have analysed separately the contributions of the target and of the
projectile and we have furthermore decomposed the respective contributions into two parts:

1) one part which is due to low-lying excitations (E* < B);

ii) the other which comes from the excitation of high-energy states such as giant
resonances (E*> B).

The limit B between high-lying and low-lying states was chosen to be the particle
emission threshold. The results of this analysis, plotted in percentage of the total absorption
potential Wy, are displayed in fig. 8 for the three reactions studied. In fig. 3a) the radial
dependence of the various W/Wr is presented for the 33 MeV/nucleon reactions, while their
incident energy evolution is illustrated in fig. 3b) for grazing relative distances. Several
remarkable features can be observed in this figure. First of all in asymmetric systems the
projectile (the lighter nucleus) is much more excited than the target. This is in agreement
with previous calculations [6, 8].

The important result is that giant-resonance excitations dominate the surface and long-
range properties of the imaginary potential. For example, in the Ca + Ca case, the slope of
the exponential decrease of W is found to be 0.45 fm for the low-lying state component and
0.54 for the giant-resonance contribution. This difference does not arise from form factor
shapes which are very similar but is due to the dynamics of the reaction. Indeed, the value of
W at each R is determined by considering a trajectory whose distance of closest approach is
just R. The contribution of the various excited states to W is determined by the Fourier
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Fig. 3. - Decomposition of Wy in four parts. The contribution of low-lying state excitations in the
‘projectile (small dash) and in the target (long dash) and of giant resonances in the projectile (solid line)
and in the target (dotted dash). These four contributions are given in percentage of the total potential
for the three studied reactions Ca + Ca, Ca+ Zr, Ca+ Pb: a) plotted as a function of the relative
distance R for a fixed incident energy E\;, =33 MeV per nucleon; b) plotted as a function of the
incident energy for grazing relative distance (see fig. 2b)).

transform of the form factors on each trajectory. For small distances this Fourier transform
is concentrated at low frequencies, while for more distant trajectories the frequency
spectrum is broader. Indeed for small distances of closest approach the nuclear attraction
modifies the trajectories and lengthens the time over which the excitations occur. Thus the
absorption due to high-frequency modes (like giant resonances) relatively to that induced by
low-lying states is more important at large distances.

These results contradict the validity of using simple trajectories (straight lines[13] or
pure Coulomb trajectories [6]) for the calculation of .4”(or W). Within such approximations
the number of phonon can be factorized into

7= (8| VD)0) 2, (wa, D), ®

where S is a cut-off factor depending mainly on the multipolarity X and on the excitation
energy o and has a very small D-dependence. Therefore, the relative excitation of low-lying
vs. high-lying states will not exhibit the strong radial dependence observed in fig. 3a). It
must be noted that these conclusions are independent of the procedure chosen for the
extraction of W, since the same radial dependence is already observed at the level of the
mean numbers of excited phonons and thus of |S|2.

Finally fig. 3b) shows that the dominance of giant-resonance excitation is stronger at high
energy. In fact two regimes can be defined for the inelastic imaginary potential: a low-
energy regime which is characterized by low-lying state excitation and a high-energy regime
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where giant resonances are the most important degrees of freedom. For example, the
transition between these two regimes appears as a small plateau around 30 MeV/A in the
energy evolution of W in the case of the Ca + Pb reaction (fig. 2b)).

In conclusion we have shown that, at intermediate incident energies (E >20 MeV per
nucleon), the surface properties of the imaginary potential are related to the excitation of
giant resonances. This excitation is stronger in the lighter nucleus. The resulting potentials
have thus a longer range than those calculated including only low-lying states. When
describing the surface interaction properties, for example in peripheral reactions, giant
resonances appear as one of the most important degrees of freedom.
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