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Abstract. 

Broad structures have been observed in the incompletely relaxed part 

of the energy spectra of fragments emitted in the symmetrical reactions 

Ca* Ca at 284 NeV and Cu+ Cu at 450 MeV« Excitation energies of these 

structures, angular distributions and Z, N distributions leading to multipli

cities for nuclaon emission have been measured. They can he interpreted as 

being due to a predominantly direct reaction process, possibly proceeding 

through the excitation of highly collective high energy modes in the region 

of giant resonances. 
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The mechanism; of heavy ion induced transfer reaction? have usually 

been described by assuming that two different processes are taKing place : 

component could in fact be described by the coexibtence of : a) a "slow" pro

cess, completely damped in energy, characterized by a 1/sine angular distri

bution and a broad Z distribution, b) a "fast" process, characterized by an 

incompletely relaxed kinetic energy, an exponentially decreasing angular dis

tribution, and a very narrow, angle-independent 2 distribution. 

In this letter, we present more complete data on symmetrical systems, 

namely Ca+ Ca and Cu+ Cu, showing the existence of some structure un

resolved up to now in the incompletely relaxed component. Complete A, Z iden

tification was used, so that the choice of symmetrical systems in the entrance 

channel gave direct information on the multiplicity fur emitted particles in 

12 
with those obtained by bombarding C and B_0_ targets. A complete identifi-

tion, by means of a E-ÛE telescope in the focal plane cf <J magnetic spectro

meter. The addition of a time of flight measurement between a thin plastic 

scintillator at the entrance of th-; spectrometer and the E detector allowed 



Moreover, a Z identification of the fragments was made by means of a usual 

E-AE system between 10" and 50°. 

Center of mass Kinetic energy spectra for Ti isotopes detected in the 

40 40 

Ca+ Ca reaction are shown in Fig.1-a. The main features observed for these 

isotopes are general : for nuclei close in Z and N to the projectile, i.e. the 

center of mass energy spectra exhibit three different components at all three 

observation angles. Incompletely relaxed events are peaked in energy at a 

total excitation energy E ^50 HeV, between the quasi-elastic and the comple

tely damped events. For heavier isotopes,while the quasi-elastic peak UÎD-

appcars.the intermediate corrponent remains present.Its position does not vary 

very much with the considered isotope. For fragments farther removed from the 

projectile, only completely damped events remain present at all three angles. 

For the Cu+ Cu reaction, available results show even more clearly the exis

tence of a structure in the incompletely relaxed corrçjLnent of the energy spectrum. 

Two "bumps" are observed at [I =50 MeV and E « B0 FîeV, for nuclei close in Z, 

and N to the projectile, as shown in Fig.1-b. The completely relaxed events 

correspond to E - 125 HsV. In the Cu energy spectrum itself, elastic scat

tering is aJ GO well separated from two incompletely relaxed "bumps" and from 

the completely relaxed events [Fig.1-cï. Within a few HeV t10 at most), the 

position of the "bumps" are independent of the isotope. It is worth rioting 

that these structures in the incurrpletnly relaxed cdTponsnt were net clearly ob

served in the vr.uigy spectra recorded in the single •:-£" telescope; at small angles 

[10° Ln 20° ]£)•. J. At lore'-- • nicies {> 25° lab. ) only the coripletely damped events remain. 

A striking feature of the kinetic energy spectra of fragments obser-

40 40 
ved in the Ca* Ce reaction Is that the position uf the "bump" on far 



the incompletely relaxed component at E - 50 MeV does not change with the 

laboratory angle (Fig.2). Kinematic considerations show that it docs not 

change appreciably either with the c m . angle. Ths measurements at 7°, 10° , 

14° (lab) also show that the angular distribution of the incompletely relaxed 

events (30 < E < 60 MeV) is quite similar to the angular distribution of the 

quasi-elastic ones (0<E <30 MeV] and very much different from the approxi

mative 1/sinO shape observed for completely damped events (60 < E < 10D MeV). 

The Z and N distributions of the fragments emitted in a given exci

tation energy range hove been obtained for both reactions and are shown in 

Fig.3 in the Cu+ Cu case. In the incompletely relaxed region, the distri

butions are narrow and centered near the projectile. Particle multiplicities 

and variances of the distributions are small : on the average 0.2 proton and 

0.7 neutron are emitted by each fragment in the total excitation range 

30 <E < 65 rieV ; variances are O- = 1.1, a = 1.8. For 65 < E^ < 100 MeV, the num

bers are respectively 0.8 proton (o 7 = 2.4) and 1.1 neutron (a =4.1). The com

pletely relaxed component exhibits a broad distribution centered farther away 

from the projectile : particle multiplicities are 2.5 for protons la = 0.7) 

and 3.5 for neutrons [crM = 13.7). For Ca+ Ca, Z and N distributions for the 

quasi-elastic and for the intermediate energy burrp also exhibit a similar 

behavior, different from what is observed for the completely relaxeo component. 

Only a small number of nucléons are emitted consecutively in incom

pletely relaxed collisions for both rsactions. In the Cn* Cu case, if one 

assumes that the total excitation energy is shared between the two emitted 

fragments, roughly proportionally to their masses, the average excitation 

energy for each of them would be -25 MeV in the first window and - 40 MeV in 



the second one. With respective multiplicities of 0.9 and 2.2 nucléons, this 

would give average excitation energies of 28 HeV and 1B Mev" per emitted nu

cléon. These rather large numbers are expected from a non-equilibrium mecha

nism and would be consistent with the hypothesis Df the direct de-excitation 

by par.t_tcle. emission of a high energy collective 

state , i n t n s completely dampud region, multiplicities are high, variances 

are large and the average excitation energy per nucléon (10 MeV) suggests 

nucléon and/or a evaporation following a statistical equilibrium. 

The interpretation of the observed structures in terms of currently 

used models in heavy ion reaction mechanism theory is not really clear. 

In terms nf the diffusion model, the forward peaking of the angular distri

bution and the sharp Z, N distributions of the incompletely relaxed events 

imply the existence of an intermediate complex with a lifetime shorter than 

the mean rotational period. From the nuclear orbiting collision assumption of 

Wilc2ynski , one can expect three maxima in the kinetic energy spectrum. 

These maxima would correspond to contributions to the cross section observed 

at a given ang]e from both the left and right-hand collisions and a contribu

tion from de-excitation of a colliding system surviving more tftan half a revo

lution. However, in this picture at most three components can be predicted and 

the fact that the total Rxcitation energy of the incompletely relaxed compo

nent is angle-independent cannot be explained.. 

The observed properties of the incompletely relaxed component of the 

energy spectra clearly suggest a short lifetime regime probably relevant of a 

rather direct process [as for quasi-elastic transfers). The observation of 

structures iit hijjh excitation enurgy may be interpreted by the excitation of 
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highly collective modes in an early stage of the reaction. This has been pre

dicted by Broglia, Dasso and Winther as very likely to occur in heavy-ion 

collisions as a consequence of the excitation of giant resonances. If one 

assumes a rather weak interaction between the two ions, each of them would 

be mainly excited through its own resonance mode. The excitation of high mul-

tipolarity modes, as predicted by the calculations of Liu and Brown for 
4D 90 

Ca and Zr would give a plausible explanation of the energy spectra. If 

the interaction is stranger, one would expect to observe resonant modes for 

an Intermediate complex. The data do not exclude such a possibility. 

ThB data presented here furnish strong evidence for some structures 

in the incompletely relaxed part of the energy spectrum of fragments emitted 

after a symmetrical heavy-ion reaction. No definitive explanation of tr.ese 

structures can be given, but the excitation of highly collective modes seems 

a reasonable possibility. The observation of such details in the energy spec

tra was made possible only because of several favorable factors : a] complete 

Z and A identification of the fragments and clear separation of the reaction 

products from the elastic peak, made possible by the use of the magnetic 

spectrometer, b) study of symmetrical or near-symmetrical systems in the 

exit channel, making the observation of broad collective high energy states 

easier, since the excitation energies are about the same for each fragment. 

c) use of a high energy above the interaction, barrier allowing a clear sepa

ration between the various components ; this last point may explain why the 

second component found at 8D MeV in the Cu+Cu case has not been observed in 

Ca*Ca where the excitation energy range is then 50 MeV smaller than in the 

Cu+Cu case. 
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Figura captions 

40 10 Fig.l.a] c m . Kinetic energy spectra for Ti isotopes produced in the Ca+ Ca 

reaction at 284 MeV. The total excitation energy of the fragments, 
44 

the interact ion barr ier and error bars are also indicated for T i . 

b] c m . d i f fe ren t ia l cross-section fo r Zn isotopes produced in the 

energy, typical error bars are shown for Zn. 

cm. kinet ic energy spectrum for Cu produced 

t ion at 450 MeV. The to ta l excitat ion energy i s also indicated. 

42 cm. k inet ic energy spectra for Sc produced 

t ion at 284 MeV at various laboratory angles. 

Fig.3. Z [opsn circ les) and N ( f u l l dots) d is t r ibut ions for three exci tat ion 

energy windows in the Cu+ Cu reaction. For the low energy window 

(30 <E <65 MeV) contamination from quasi-elast ic and/or e las t ic 

events does not allow an accurate détermination of the cross-section 

f o r Z = 29, N = 34 (crosses). 
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