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In8uence of multiple excitation of low lying states and giant resonances
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The inelastic excitation probabilities of ~Ca, Zr, and Mspb impinged upon by Ca projectiles at
bombarding energies between 10 and 100 MeV/nucleon are calculated in a model in which the exci-
tation amplitudes are evaluated along classical trajectories. The excited states are calculated in the
random-phase approximation and the nuclear and Coulomb excitations of both low lying states and
giant resonances of the target and projectile are taken into account. A general feature of the calcu-
lated spectra for near-grazing impact parameters and bombarding energies above 20 MeV/nucleon
is the presence of broad regularly spaced structures mainly due to the excitation of multiphonon
states built with 2%co giant resonances. Cross-section estimates for the inelastic excitations are
given.

I. INTRODUCTION

The excitation of collective nuclear states by heavy ion
inelastic scattering has attracted much attention in recent
years. ' Indeed heavy ion probes should be favorable
for the excitation of high-energy or high multipolarity
states. Moreover, collective excitations are predicted to
be efficient doorways towards energy dissipation and
thermalization in heavy ion reactions. The first studies
using low-energy (E ( 10 MeV1'nucleon) beams gave clear
evidence for the excitation of the giant quadrupole reso-
nance' whose cross section has been shown to increase
strongly with incident energy. A subsequent detailed
study of the inelastic spectra revealed the presence of low
cross-section structures ranging up to 80 MeV excitation
energy. ' The nature of these structures is still contro-
versial. In experiments using light heavy ion beams (i.e.,

Ne), some of the structures have been seen to be related
to projectile excitation followed by particle decay. Con-
versely, in a systematic study of these high-energy struc-
tures undertaken for several target nuclei using inter-
mediate energy Ar beams, ' the excitation energies of
the bumps were found to be well reproduced by phenom-
enological laws of the type E' ~ Az ', where Az is the
target mass. These observations are compatible with an
interpretation of the structures in terms of excitations of
collective modes of the target. In light of these experi-
ments two questions must be addressed: Do collective
nuclear excitations contribute to the high-energy part of
the inelastic spectra and if so can they be responsible for
the relatively narrow structures observed experimentally?

The excitation of collective states in heavy ion reac-
tions has been investigated from a theoretical point of
view by several methods. ' " ' Recently it was pro-
posed by the authors in Refs. 9, 16, 17, and 19 that multi-
phonon excitation can generate structures at high energy.
However, in other calculations very low multiphonon ex-

citation probabilities were found. ' ' In all these ap-
proaches the nuclei are assumed to follow classical trajec-
tories but the treatment of the nuclear excitations differs.
The Copenhagen model' ' ' ' ' treats these excitations
classically and it was shown that the excitation probabili-
ties of giant resonances are too weak to generate multi-
phonon structures in the inelastic spectra. ' Conversely,
when the excited states are calculated in the random-
phase approximation (RPA) it was found that the excita-
tion of 2%co isoscalar giant resonances is sufficiently im-
portant to lead to multiphonon bumps in the inelastic
cross section. ' ' ' However, in the latter calculations
low-lying states were not included in the response func-
tion and the Coulomb interaction was not taken into ac-
count. It has been claimed that the inclusion of these
points would wash out the observed structures as in the
Copenhagen case. '

In this paper we present calculations of the inelastic
excitation probabilities of several nuclei impinged upon
by Ca projectiles at various incident energies. The ex-
cited states are calculated in the RPA and both low lying
states and giant resonances are taken into account. Nu-
clear and Coulomb excitation of the target and the pro-
jectile are calculated. In Sec. II we briefly review the hy-
pothesis and results of the model. Section III is devoted
to a study of the properties of multiphonon excitations as
a function of target mass, bombarding energy, and im-
pact parameter. Cross-section estimations are also given.
In Sec. IV conclusions are drawn.

II. THE MODEL

In this section we briefly outline the multiphonon mod-
el described in detail in Refs. 16, 19, 22, and 23. This
model is analogous to the classical model of Copenhagen
except for the microscopic treatment of the nuclear exci-
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tations. A complete comparison of the two models can
be found in Ref. 24.

In the model discussed here, the calculation of the in-
elastic excitations is performed in two steps. The first
step consists of the microscopic description of the target
and projectile responses to the external field created by
their respective partners. The excitation modes are ob-

tained using the RPA and are considered as bosons noted

In the second step a classical calculation of the reac-
tion dynamics is performed. For a given trajectory R (t)
associated with an entrance channel angular momentum
I, the mean number n z(I) of phonons of type A. in the nu-
cleus a excited by the nucleus p is obtained through

+oo ice t 2

n &(I)=
~

Az(l)
~

= h ' f e "(I,
~

V~(r —R(t))
~

0 )dt (p&a),

where %co& is the excitation energy of the phonon A, . In
Eq. (I)

(A,
~

V~(r —R(t)) ~0 )

is the RPA matrix element of the one-body mean field V~

created by the nucleus P traveling on the classical trajec-
tory R (t) calculated between the ground state

~

0 ) and
the one-phonon state

~

k ) of the nucleus a.
The probability P&(l, n) of exciting n phonons of type

A, in the nucleus a is given by the Poisson distribution:

P&(l, n) = n ~(1) exp nz—(l) /n! .

In order to extend the present formalism to the case of
a continuous RPA spectrum we introduce the average
phonon number density

N(E, I ) = g n q(I)5(E —Acoq),
A,a

and we obtain the excitation probability distribution of
the n-phonon states

P,„(E,n, l)= JVfN(E„I),. . . ,N(E„,I)5(E E„.. . , —E„)dE„.—. . , dE„
1

n! (4)

with

A'=exp —fN(E, 1)dE

The total excitation probability distribution then reads

P,„(E,I)= QP,„(E,n, l) .

It must be noted that P,„(E,I) does not correspond to
the measured inelastic excitation probability. Indeed
since the projectiles are detected after particle decay un-
bound projectile states must not be included in the convo-
lution (4). Thus P„(E,n, I) must be replaced by P (E,n, I)

P(E, n, l)= JVfN(E&, I), . . . , N(E„,I)5(E E„.. . , E„—)H(Bt' Et'—)dE, , . . . , d—E„,1

nt

P(E,I)= QP(E, n, l) . (8)

III. RESULTS

Using the model described in Sec. II we will discuss the
excitation of giant resonances and multiphonon states in
inelastic heavy ion collisions.

where E~ is the total excitation energy in the projectile,
8~ is the particle emission threshold of the projectile, and
H is the Heavyside function. The excitation probability
distribution in the inelastic spectrum is then given by

A. Numerical details

In Ref. 19 the comparison of the excitation of high-
lying particle-hole and giant resonance states with the
multiphonon states shows that, under grazing conditions
and for intermediate incident energies, multiphonons
built on 2%co target resonances dominate the inelastic
spectrum and give rise to regularly spaced structures.

In this article we perform a complete calculation of
collective state excitations both in the projectile and tar-
get nuclei for several heavy ion reactions: Ca+ Ca,
Ca+Zr, and Ca+Pb. In these calculations Coulomb ex-
citation and the influence of low lying states are included.
We have used the RPA results of Ref. 25 which were ob-
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TABLE I. RPA response functions for the three nuclei con-
sidered in the calculations. The widths of the states are deter-
mined as explained in the text.

Nucleus E (MeV) %%uo EWSR I (MeV)

tained by a self-consistent HF-RPA calculation with the
Gogny force D1. For high-energy states with a large
Landau spreading we have summed the different com-
ponents and introduced the corresponding width I L.
Except for the Landau spreading I I the D1 RPA calcu-
lations do not yield the widths of the states. These escape
I 1 and spreading widths I $ were introduced in a phe-
nomenological way by replacing the 5 function in formu-
la (3) by a Gaussian function with a total width
I =I I +I (+I $. The parameter I was taken as the ex-
perimental width. When such data is not available
reasonable widths were postulated (see Table I). We have
tested that important modifications of these width pa-
rameters of high-lying states do not affect the final results
except if very narrow (I = 5 —6 MeV) widths are chosen
for the very high-energy states. In this case these states
could generate structures in the inelastic cross section
but, since neither theoretical reasons nor experimental
observations support this small width hypothesis, this

case will not be further discussed in the following.
It should also be noted that the Doppler broadening

due to y decay of excited projectile states was added to
the width of projectile low lying states (see the Appen-
dix).

Table I gives the energy, width, spin, and parity of the
RPA states used in the calculation together with the vari-
ous exhausted percentages of the energy weighted sum
rule (EWSR) for the r YL 0(8,qr) excitation operator. As
discussed in Refs. 9, 13, 14, and 19, in a microscopic cal-
culation the response to the operator r YL 0(8,y) is not
sufficient to define the excitation probabilities of the RPA
states but either the complete response to the continuous
basis of jL(qr) YL 0(8,q) or the form factor associated
with the considered process are necessary. Figure 1

presents an example of the response of Ca to j2(qr) for

q between 0 and 1.2 fm ' which illustrates the strong
influence of the shape of the excitation operator (see also
Refs. 13 and 14). This emphasizes the need of a complete
microscopic description of the states and partly explains
the differences of the present calculation with the classi-
cal calculation of Ref. 18. As discussed in Ref. 24 strong
discrepancies exist between microscopic and macroscopic
form factors. The microscopic form factors used here
were obtained with a Woods Saxon potential for the nu-
clear part of V:

Ca

Zr

Pb

0+
2+
3
3
3
4+
4+

0+
1

2+
2
2+
3
3
3
4+
4+
4+
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0.1
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V~(r) = V, 1+exp
r —Ro

with the parameter values

Vo ———55 MeV,

a=0.55 fm,

R =1 3A 'i fm,

(10)

and a point-charge potential for the Coulomb part.
The relative motion R (t) was calculated by solving the

classical equation of motion with an ion-ion potential ob-
tained by folding the target Hartree-Fock (HF) density
with the projectile mean field renormalizing by a factor

100
t'QC

(
~ 'i~ EWSR0()

L=2

50—

0
0

)s
1

32 16
I I I I I I I I I I

05
( )) &-o

FIG. 1. Bidimensional contour plot of the L =2 response of
Ca to the jL(qr) operator as a function of momentum transfer

q and of excitation energy E. The RPA calculations are from
Ref. 14.
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100
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X
O
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grazing. Table II gives for 1=225A' this mean number of
excited phonons n for all the considered states. The nu-
clear (n„) and Coulomb (n, ) contributions are also ex-
plicitly given. This table illustrates the strong nuclear ex-
citation and the importance of low lying states. Since
this reaction is symmetric the excitation of the target and
the projectile are equal. Therefore the projectile excita-
tion is strong and cannot be neglected. However one
must discuss the P(E) function [Eq. (7)] which is compa-
rable to the experimental inelastic spectrum. Four P(E)
distributions associated with four different angular mo-

Co + Co

t
b-1320HeV

90Z" 208pb

0.5—

0.1 I (
'

8 9 10 11 12 13 14 p (f n1)

FIG. 2. Real nucleus-nucleus potentials obtained by the con-
volution method (see text) for the three reactions studied as a
function of relative distance R.

0

0

(a )

0.5 according to the prescription of Satchler in order to
simulate the effects of the Pauli principle between nu-
cleons of the two nuclei. Figure 2 shows the nucleus-
nucleus potentials used for the three reactions studied.
We have tested that the same potentials are obtained
when the projectile HF density is folded with the target
mean field. Figure 3(a) shows the three deflection func-
tions for the three reactions at 33 MeV/nucleon and Fig.
3(b) the distance of closest approach associated with each
trajectory.

Using the model described in Sec. II, we can compute
the function n &(l) or n &(8), where I and 8 are, respec-
tively, the entrance channel angular momentum and the
classical deflection angle associated with the same trajec-
tory. In Fig. 4(a) the influence of the parameters R0, a,
and Vo which are the only parameters of the model are
tested. For a given 1, the different mean numbers of ex-
cited phonons are seen to be sensitive to a variation of the
parameters, but on the contrary, the n(8) function is very
stable especially when the variations of the grazing angle
as a function of the potential are corrected [Fig. 4(b)].
This reflects a cancellation of the variations of n (I) and of
8(l) which are computed with the same nucleon-nucleus
potential. In conclusion the following results presented
as a function of 0 can be considered as parameter in-
dependent.

1
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B. The Ca+ Ca reaction at 1320 MeV

First let us consider the Ca+Ca reaction at 1320 MeV
as a typical case. We have computed the mean numbers
of excited phonons n for several trajectories near the

FIG. 3. For the three reactions studied at El,b ——33
Me V/nucleon as a function of entrance channel angular
momentum I (a) deflection function; (b) distances of closest ap-
proach; (c) mean numbers of excited phonons for the giant 2+
state; (d) mean numbers of excited phonons for the low-lying 3

state; (e) JV [see Eq. (13)].



38 INFLUENCE OF MULTIPLE EXCITATION OF LOW LYING. . . 2161

I

GQR - 4Qc& + 40c&

E( b
-1760MeV

I

"ca +"co
E( b

=1760 MeV

+~4~
X

X

0.1

001 —~

X

0

rp -1.2fm

=1.3fm

r, =1.5fm

rp -1.3f

rp =1.3fm

, o =0.55fm

, o =0.55fm

, a =0.55fm

, o =0.65fm

, o =0.55fm

, Vp =-55MeV

, Vo =-55Mev

pv =-55MeV +-

, V =-55Mev
X

), Vp =-70MeV

OQ1 —

0

rp =1.2 fm, a =0.55fm, Vp 55MeV

rp =1.3fm, a =0.55fm, Vp 55MeV

rp -1.5 fm, o =0.55fm, Vp =-55MeV

l p
-1.3fm, o =0.65fm, Vp 55MeV

rp -1.3fm, a =0.55fm, Vp --70MeV

3
e (deg)

I

-2 0
e-eg(oeg)

FIG. 4. Mean numbers of excited phonons for the giant quadrupole resonance in the Ca+Ca reaction at Et,b
——44 MeV/nucleon

for different nucleon nucleus potentials. (a) As a function of deflection angle 8. The solid lines join the points corresponding to a
fixed distance of closest approach. (b) As a function of the deflection angle rescaled to take into account the variations of the grazing
angle for the different potentials.

menta I (or four deflection angles 8), are displayed in Fig.
5. The monophonon distributions P(E, l) are also given
for comparison. One can notice the strong angular evolu-
tion of P(E). For large angular momenta the spectrum is
determined by the Coulomb and nuclear excitation of the
monophonon component, whereas for grazing and
subgrazing trajectories the nuclear excitation of multi-
phonons becomes dominant. Moreover, this multipho-
non component exhibits broad regularly spaced struc-
tures.

To understand these structures we present in Figs. 6
and 7 two different decompositions of the l =225k' spec-
trum. Figure 6 shows the contribution of the excitations
of the target to the total spectrum. As expected the tar-

get excitations account for only half of the total excita-
tion of low lying states but the contribution of projectile
states is broadened due to the Doppler shift induced by y
decay before detection. For the high lying part of the
spectrum the influence of the projectile is very small.
This fact is related to the cut at 8~ in Eq. (7) which
reflects the particle decay of projectile before detection.
In addition, the Doppler width smoothes the contribu-
tion of projectile excitation in the high excitation region.
In conclusion, the mutual excitation of the two partners
is important but its influence on the inelastic spectrum is
small.

It must however be noted that transfer evaporation re-
actions, in which the projectile picks up a nucleon from

TABLE II. Total mean numbers of excited phonons and mean numbers of phonons excited by nu-

clear and Coulomb potentials for the various RPA states in the Ca+ Ca reaction at El,b ——33
MeV/nucleon and I =225fi.

Nucleus

Ca 0+
2+
3
3
3
4+
4+

E (MeV)

20.00
17.88
3.56
9.77

32.99
17.56
41.00

0.42 X 10-'
0.19
0.24
0.78X 10-'
0.28 g 10-'
0.77 X 10-'
0.45 X 10-'

nn

0.42 && 10- '

0.24
0.28
0.89 X 10-'
0.30' 10—'

0.83 &( 10
0.46K 10

n,

0.27&(10 '
0.16' 10-'
0.48 X 10-'
0.24' 10—'
0.12 X 10-'
0.18X 10-'
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FIG. 7. Decomposition of the inelastic excitation probability
(thick line) for the Ca+ Ca reaction at E~,b ——33
MeV/nucleon and 1=225fi into components corresponding to
different numbers of excited phonons (other lines).
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FIG. 5. Inelastic excitation probability spectra for the
Ca+ Ca reaction at E&,b

——33 MeV/nucleon for our different
entrance channel angular momenta. The thick lines represent
the total excitation probabilities and the thin lines the mono-
phonon probabilities.

be mainly related to a two 2fico phonon state. The other
structures correspond to various mixings of multiphonon
states but always contain a large component of 2%co pho-
nons and are roughly located at excitation energies multi-
ples of the GQR energy.

This discussion qualitatively confirms the results of the
previous calculations ' ' ' which did not include low
lying states and projectile excitations. However from a
quantitative point of view these two effects are very im-
portant. (We have also tested that the results we present
and those of Refs. 9, 17, and 19 exhibit a deviation of less
than 10% for the mean numbers of phonons of the giant
resonance excitations. )

In conclusion, this calculation shows that the presence
of high lying structures due to 2fico giant resonance multi-
phonon excitations must be expected in inelastic heavy
ion spectra.

C. Energy and target dependence

)
X 1O

lU

CL

10"

40Co + 40Co

E lab 1320Hev

( = 225h

10

50
I

E (WeV)

FIG. 6. Thick line: total excitation probability spectrum for
the Ca+Ca reaction at El,b ——33 MeV/nucleon and 1=2254'.
Thin line: target excitation probability for the same reaction.

the target and subsequently decays by particle emission
are not taken into account in these calculations but can
contribute to the experimental inelastic spectra (for more
details see Ref. 27).

Figure 7 shows a decomposition of the same spectrum
into the various multiphonon components. One can see
that the situation is quite complex. However, the first
multiphonon bump around 36 MeV excitation energy can

Figure 8 shows five inelastic Ca+Ca spectra at five
different incident energies computed for a grazing trajec-
tory defined by a distance of closest approach d =9 fm.
On this figure three different regimes can be dis-
tinguished. At high incident energy (E & 100
MeV/nucleon) a strong high-energy monophonon contri-
bution is present. In the intermediate-energy region this
contribution is weakened and progressively replaced by
multiphonon excitations. At low incident energy neither
giant resonance nor multiphonon excitations are visible.
This fact is related to the strong excitation of low lying
states compared to giant resonances and will be discussed
in Sec. III D.

Figure 9 presents three inelastic spectra calculated for
the three reactions Ca+Ca, Ca+Zr, and Ca+Pb at an
incident energy of 1320 MeV. These three reactions are
calculated for the respective grazing trajectories defined
by a distance of closest approach d = l. 3 ( A '~ + AT~ ).
In Fig. 9 one can see that the excitation of rnultiphonon
structures built with 2Aco giant resonances is a general
property of heavy ion reactions. However it appears that
these structures are more pronounced in the case of
lighter target nuclei.
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FIG. 9. Inelastic excitation probabilities for the three reac-
tions studied at E~,b ——33 MeV/nucleon and impact parameters
slightly inside the grazing. Thick lines are total probabilities
and thin lines monophonon.

10

D. InAuence of lo~-lying states and nonlinear effects

1P-6 g
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10

10

1P-8 q

50
I

E (Mev}

FIG. 8. Inelastic excitation probabilities for the Ca+ Ca
reaction at a distance of closest approach d =9 fm for five
different incident energies. Thick lines are total probabilities
and thin lines represent the monophonon excitations.

The explanation of the absence of multiphonon struc-
tures at low incident energies or for heavy targets can be
found on Fig. 10 which displays the mean number of ex-
cited phonons for the low lying 3 state and the giant
quadrupole resonance as a function of incident energy for
the three considered reactions. In Fig. 10 one should
note that the 3 excitation dominates at low incident en-
ergy and for heavy targets. This strong excitation of
low-lying states washes out the multiphonon structures
built on giant resonances because almost all the excited
multiphonon states will contain a contribution of low-
lying 3 excitation. However, the present calculation is a
first-order approximation in the sense that the recoupling
of low lying states to giant resonances is not taken into
account. This is illustrated in Fig. 11: only the linear
coupling (l) is included in our calculation and all higher
terms such as quadratic terms (2) and (3) are neglected.
The inAuence of the nonlinear coupling between phonons
(3) was tested in a previous calculation for the
Ca+ Ca case and it was shown that it induces a depopula-
tion of low lying states and a strong enhancement of the
excitation of the giant resonances. This makes both the
giant resonance and the multiphonon structures observ-
able in the calculated inelastic cross section. A complete
calculation of these higher-order terms will be discussed
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Co+ Pb
d =12 frn

in a forthcoming publication. It is already clear that
the effects of such terms will be important for heavy tar-
gets because of the strong difference between the excita-
tion of low lying states and giant resonances.

~3 LLS E. Cross section and absorption

0-
"Ca+ Zr

d =10.5 frn

In this model the classical cross section is related to the
P(E, 8) function through the formula

0
dE dQ '

b(s) sin(8)
(E,H)= g . P(E, H)T,„,(b(8)),

0.;

X3 LLs

2+GR

where b(8) is the classical deflection function and where
the sum runs over all impact parameters b leading to the
deflection angle 8. T,„,(b(8)) is the transmission
coefficient describing the loss of flux in all the channels
not explicitly taken into account in the calculation (e.g. ,
transfer reactions). If all these channels are modelized by
a simple imaginary potential W the coefficient T„,can be
expressed by

Ca+Ca g
d =9 frn T (b(8))= 2' f™W(R(t))d~

(12)

It is interesting to note that the multiphonon excitations
are also related to an absorption in the elastic channel.
Indeed the flux which remains in. the elastic channel is
equal to

0
0

I I I I I I I

10 20 30 40 50 60 '70 80 90 100
E/A (MeV)

T;„,( b ( 8) ) =JV= exp —fN (E, I)dE (13)

FIG. 10. Mean numbers of excited phonons for the low lying
3 and giant 2+ states in the three reactions studied as a func-
tion of incident energy. The calculations are performed for the
distances of closest approach indicated which correspond to im-

pact parameters slightly smaller than the grazing.

3X'

2A

The function T;„,(b(8) } is shown in Fig. 3(e) for the three
reactions at 1320 MeV.

In order to compute the cross section (11) assumptions
for W(or T,„,) must be performed. The simplest assump-
tion is to take T„,=1 which will give an upper limit
to the cross section der ldQdE=N, P(E, H). The
coefficients N, associated with the P(E, H) functions
presented on Fig. 9 are given in Table III. A better ap-
proximation is to take T„,= T;„„which means that the
inelastic excitation exhausts roughly one-half of the total
absorption. It is shown in Ref. 29 that this is a rather
good approximation. The corresponding normalization
coefficients NT [do ldQdE=NTP(E, H)] are given in
Table III. The obtained cross sections are in reasonable
agreement with the experimental values. '

IV. CONCLUSION

FIG. 11. Schematic diagram of linear and quadratic cou-
plings. Only the linear coupling (1) is taken into account in the
calculations presented. The quadratic terms of type (3) will be
important whenever a low lying state is strongly excited.

The inelastic excitation probabilities for several heavy
ion reactions have been calculated and the corresponding
inelastic cross sections estimated using a semiclassical
model. The trajectories have been treated classically
while the nuclear excitations were described microscopi-
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TABLE III. Cross-section estimates corresponding to the three spectra of Fig. 9. N, gives an upper
cross-section limit and NT takes absorption into account (see text).

E/A (MeV)

1320

Reaction

4oCa+ ~«Pb

Ca+ Zr
Ca+ Ca

475
355
225

8.5
5.5
3.7

N, (mb/sr)

27
48
46

NT (mb/sr)

1.9
12.1

23.2

cally using the RPA. The response function thus includ-
ed both low lying excitations and giant resonances.
These RPA states were excited by the nuclear and
Coulomb fields of the other partner.

The most remarkable result is that in most cases the
excitation of 2A'co giant resonances is large enough to in-
duce structures in the energy spectra due to multiphonon
states built with these resonances. The excitation ener-
gies, the widths and the cross sections of these multipho-
non states are compatible with those of the experimental-
ly observed structures. At low incident energy (E &10
MeV/nucleon) and for heavy targets the excitation of the
low lying 3 states is important and washes out most of
the structures. However it was shown ' that the in-
clusion of the coupling between the low lying states and
the giant resonances enhances the excitation of the latter
and restores the structures in the inelastic spectra.
tra.

The present work shows that the excitation of multi-
phonon states should contribute with non-negligeable
cross section to the inelastic spectra induced by inter-
mediate energy heavy ions. Such multiphonon states
built mainly with 2%co giant resonances could provide a
convincing interpretation of the broad regularly spaced
structures observed experimentally over a wide range of
measured systems. '
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APPENDIX: DOPPLER BROADENING

Consider the two step reaction:

1+2~1*+2~1+y+2, (A 1)

where nucleus 1 is excited and subsequently decays by
emission which contributes to the cross section of the in-

clusive inelastic reaction. In the center of mass (c.m. ) of
the reaction (Al) the energy of particle 1 after reaction
reads as

(pc.m. }2
Ec.m.

2M)

(P )2 2P P' cos8'
2M& 2M]

(A2}

where P', is the impulsion modulus of 1* in c.m. while

P~ and 0 are the modulus and the azimuthal angle of the
impulsion of the y ray in the rest frame of particle 1*
with the z axis cligned on the p, + direction. Thus the ap-

parent excitation energy of reaction (A 1) can be estimat-
ed through the formula

M)+M2E*=-E'
tot M 1 1

E' =E*——cos0
2

(A3)

where E,',, is the total entrance channel center of mass

kinetic energy and E*, the excitation energy of nucleus 1

in the first step of reaction (Al}. In formula (A3) the
Doppler broadening I is given by

2E
' 1/2

I =2 E*, (A4)

where A, is the mass number of particle 1 (i.e., the pro-
jectile) while m is the nucleon mass. For example, for a

Ca projectile at an excitation energy of E& ——4 MeV,
Eq. (A4) yields I = 1.2 MeV at 10 MeV/nucleon, I =2.5

MeV at 44 MeV/nucleon, and I =3.7 MeV at 100
Me V/nucleon.
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