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The t ime dependence of the Ca + Ca deep ine las t ;c 

col l is ions i s studied from the charge and m a s s d i s t r ibu t ions 

of f ragments . Two t ime-components a r e unfolded. The " fas t" 

one exhibits all fea tures of "quas i - f i s s ion" . The c h a r a c t e r i s t i c s 

of the "s low" component cannot be dis t inguished from compound 

nucleus fission. 
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The observat ion of " s t rong ly -damped" heavy-ion reac t ions has 

prompted many exper imenta l s tudies . The main fea tures of these r eac t ions 

a r e now well establ ished (I -2) . I t has been shown (2-3) how the so-cal led 

"deep inelas t ic col l i s ions" ( D . I . C . ) and "quas i - f i s s ion" essen t ia l ly r e su l t 

from the same physical p r o c e s s but manifest t hemse lves differently, 

according to the re la t ive impor tance of the Coulomb repuls ion. Although 

the quasi-fission phenomenon exhibits features which ru le out any confusion 

with the compound nucleus fission, the situation i s not so c lea rcu t in the 

D . I . C . case where broad Z-d is t r ibu t ions and nea r ly (sin 0) dependence 

of the angular dis t r ibut ions a t backward angles a r e observed for l a rge m a s s 

and charge t r ans fe r s . For products c loser to the projec t i le , the forward 

peaked angular dis t r ibut ions and the nar row Z-d is t r ibu t ions can be considered 

a s evidence for a non-compound mechan i sm. 

An e a r l i e r exper iment (4) has shown that the main c h a r a c t e r i s t i c s 
40 40 

of the Ca + Ca D„î. C. r e m a i n in good ag reemen t with the genera l t rends 

men t ioned above. This l e t t e r r e p o r t s on some new data on the same sys t em. 

In discuss ing the observed angular and charge d is t r ibut ions , we a t tempt to 

d i sc r imina te between the "fast" and "slow" react ion m e c h a n i s m s which manifes t 

themse lves in the studied reac t ion . . 

The m a s s and charge symmet ry of the chosen sys tem ( Ca + Ca) 

significantly simplifies an in te rpre ta t ion of the r e su l t s because the e n t r a n c e -

channel symmet ry leads to the symmet ry in the exit channel a s far a s b inary 

p r o c e s s e s a r e cors ide red . There fore , even an inclusive exper iment for such 

a symmetric sys tem may provide information on emiss ion of light p a r t i c l e s from 

the react ion products . Moreover , studying the D . I . C . in a s y m m e t r i c sys tem 

one can eas i ly de termine the diffusion p a r a m e t e r (2,5) entering the F o k k e r -

Planck equation, because Lhe drift coefficient mus t be equal to zero in case 
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of the m a s s and charge s y m m e t r y . Among other s y m m e t r i c s y s t e m s 
40 40 

the Ca + Ca combination s e e m s to be especia l ly in te res t ing because 
40 

the c losed-she l l s t ruc tu re of Ca i s ve ry suitable for m i c r o s c o p i c 

calculat ions of the reac t ion dynamics (6). It is impor tan t a l so that the 

e las t ic (7) and fusion (8) channels a r e well-known for this pa r t i cu l a r 

reac t ion . 

In this paper we d i scuss some a spec t s of the react ion m e c h a n i s m 
40 4G 

using a pa r t of the data on the Ca + Ca reac t ion obtained prev ious ly 

(9 -10), together with new data obtained at E =256 MeV for many Z ' s of 

the react ion products ( 5 £ Z ^ 28) detected in a wide angular range 

(7. 5°<. 0 4. 50°) using the £ E - E te lescope technique (11). 

The measu red energy spec t ra were t r ans fo rmed to the c e n t e r -
2 

of-mass energy spec t ra d ^ / j Q J Q assuming the two-body k i n e m a t i c s . 
' c m . w 

AH the spec t ra exhibit the deep ine las t ic component. (The q u a s i - e l a s t i c 

component which is p resen t only for Z y 20 i s not d i scussed in this l e t t e r ) . 

The mos t probable c m . energy co r r e spond ing to the deep- ine l a s t i c 

maximum is plotted in fig. 1 as a function of Z and compared with the 

energy of the Coulomb repulsion calculated for two touching s p h e r e s . It i s 

seen ' f rom fig. 1 that heavy produc ts (Z > 20) have significantly lower 

energ ies than the calculated Coulomb energy. This m a y suggest that the 

heavy f ragments evaporate m o r e nucléons that the l ight ones . It i s worth 

emphasizing that the average c. m . energ ies for Z ' s close to 20 l a r g e l y 

exceed the energy of the Coulomb repuls ion (especia l ly at forward angles,). 

This means that these products do not undergo the complete re laxat ion of the 

kinet ic energy. 

S t rong ly - re l axed (-110—' Q < -30 MeV) c r o s s sec t ions , when 

plotted as a function of Z for different c m . angles exhibit two dis t inct 

features : at 0 = 20° the Z dis t r ibut ion is na r row and peaks close 
c. m . r 

to Z = 20 ; with increas ing angle the maximum of this dis t r ibut ion shifts 
towards sma l l e r Z ' s and i t s width i n c r e a s e s . The f i rs t two moments-of 
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this --Ustribution, Z and 7" = (Z - Z) , a r e shown in fig. 2 a s 

a function of angle. Both curves exhibit a rapid var ia t ion from 20 to 40 ( c m 

then become flat a t l a r g e r ang l s s . It was checked that these c h a r a c t e r i s t i c s 

remain the same if the ana lys i s is performed for a much n a r r o w e r range of 



Q values (-80 < Q v ' - 70 MeV). This i s consistent with our previous study 
40 40 

of the isotopic dis t r ibut ions in the Ca + Ca reac t ion at E. . = 284 MeV (10). 
It was found that the whole (Z, N) dis t r ibut ion shiftswhen 0 i n c r e a s e s , 

c t m . 
I t s maximum goes from (Z, N) = (19.20) for 0 = l 5 ° to (17, I 8) for© = 30° . 

c.m. c m . 
It i s thus confirmed that l ight par t i c le emiss ion i s not a dominating mode 

of deexcitation of the f ragments emit ted at forward angles . 
It appea r s ve ry attractive to re la te the var ia t ions of Z and <T* 

z 
and the shape of the differential c r o s s section (fig. 2) to the exis tence of an 

incompletely relaxed component in the energy spec t r a observed at forward 

angles . To shed some light on to this p rob lem, we have split the re laxed 

c r o s s section into two components . Th is was achieved in a t t r ibut ing the whole 

of the c r o s s section at 90 ( c . m . ) to a "slow component", with a (sin 9) 

angular dis t r ibut ion. For this component, a broad Z-d is t r ibu t ion i s then obtained, 

the mean value of which i s close to 1 7. This component i s thus observed after 

a sizeable amount of evaporat ion (a noticeable odd-even pa t t e rn i s observed 

which fits well into this f rame) . Substract ing this component, one i s faced with 

a fast p r o c e s s charac te r ized by exponentially dec reas ing angular d i s t r ibu t ions 

and very nar row, angle-independent, Z-d is t r ibu t ions ( Z = 1 9 and T = 3) 

a s shown in fig. 3. The resul t ing spec t ra a r e peaked approximate ly 20 MeV 

above the exit channel Coulomb b a r r i e r . By these p rope r t i e s which a r e 

cha rac t e r i s t i c of a short in teract ion t ime, this "fast component" behaves in al l 

r e spec t s a s the so-cal led "quas i - f i ss ion" . As i t was pointed out above, the 

number of evaporated pa r t i c l e s from the reac t ion products corresponding to 

the "fast component" i s very smallj in spite of the high excitation energy. 

One can suppose, therefore , that the excitation energy i s shared rn-Qstly 

among collective modes . 

Before further d iscuss ion, attention should be paid to the effects 

of the entrance channel symmet ry . Events occuring at ( ^ - 0 ) cannot be d is t in

guished from those a t Q- The deep inelas t ic p r o c e s s e s at backward angles 

a r e expected to be completely re iaxed and to have angular d is t r ibut ions nea r ly 

like (sin 0) . In case of the symmet r i c sys tem, they must contribute to 

the "slow component" at forward angles . 



There i s no doubt that the "slow component" includes the 

compound nucleus fission which, in this pa r t i cu la r sys tem, cannot be 

distinguished from the two-body complete ly-re laxed r eac t ions . The tota l 

c r o s s section of the"slow component" i s found to be 280 m b . This a g r e e s 

with predic t ions of the fusion-fission c r o s s - s e c t i o n based on the liquid drop 

model (12). It should be mentioned that a s imi la r ambiguity s e e m s to appear 

in exper imenta l data on non symmet r i c s y s t e m s where broad Z-d i s t r ibu t ions 

a r e observed. 

The "fast component" exhibits an angle-focusing which immedia t e ly 

calls for a rainbow effect usual ly assoc ia ted with l e s s damped co l l i s ions . 
40 40 

It should be noted that the grazing angle for the Ca + Ca col l i s ions at 
E, , = 256 MeV is quite small (0 (c. m . ) r 30 ). The observa t ion of the lab ^ gr ' ' 
"fast component" up to 50 c m . shows that the re laxed (Q <. - 30 MeV) 
40 40 

Ca + Ca collisions feeding this component can be a s c r i b e d to t r a j e c t o r i e s 

which c r o s s the beam direct ion. The c r o s s section for this p r o c e s s becomes 

negligible with respec t to the "slow component" cross-sect ion at angles l a r g e r 
o % 

than 50 cm. 
*. Maybe our arbi trary way of removing the fission pa r t from the D . I . C. 

can lead us to too sharp a d iscr iminat ion between fast p r o c e s s e s ( s im i l a r to 

"quasi- f iss ion") and slow decays of the "composi te sy s t em" . However , it m u s t 

be emphasized that removing the "slow component", one obtains a completely 

different t ime scale of the remain ing pa r t of the D. I . C. a s compared with 

usual analysesin the f rame of the diffusion models (2 ,5) . Moret to and Sventek 

found (2) that the c h a r a c t e r i s t i c diffusion t ime i s comparab le with the ro ta t ional 

period of a colliding sys tem. However, the fusion-fission c r o s s - s e c t i o n was 

not subs t rac ted in the analys is (2). It s e e m s ve ry probable that the diffusion 

t ime scale i s much c loser to the energy damping t ime sca le than that r epo r t ed 

in ref (2). 

The diffusion model formal ism mus t now be applied to the only 

"fast" non-compound par t of the c r o s s sect ion. However, the var iance 

is found to be constant, whereas NOrenberg (5) pred ic t s a l inea r dependence 

with angle. One possible explanation of the d i sc repancy may be a t t r ibuted 
40 40 

to the fact that the Ca + Ca coll isions do not fulfil ve ry well the r equ i 

r emen t s for a c lass ica l descr ipt ion, and therefore the c lass ica l cor respondence 

between t ime and ihu sca t ter ing angle is not valid. 
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To summarize this letter, it is proposed that one can understand 
the D.I.C. as resulting from two coexisting phenomena : a slow one, 
indistinguishable from fission and a much faster one, showing all the 
characteristic features of the so-called "quasi-fission". Only the "fast 
component" of the cross-section can be related to the diffusion mechanism, 
but the time scale of the diffusion is quite short, comparable with the time 
scale of the energy damping. This mechanism leadr> to high excitation energies, 
but Z-distributions of the reaction products remain narrow. Only a small 
part of the excitation energy is dissipated in particle emission. This indicates 
that collective modes are excited predominantly. 

We acknowledge the contribution of Dr. C. Stéphan and Dr. 
P. Colombani in the first part of this experiment. We are grateful to 
Dr. Wilczynski for enlightening discussions and a very careful reading 
of the manuscript. It is a pleasure to thank Dr. D.H. E. Gross for this 
interest in this experiment. 



Figure Captions 

Figure 1 : Average c : m. total kinetic energy of the deep inelastic part 
of the energy spectra as a function of Z for various angles. 
The kinetic energies resulting from the Coulomb repulsion 

2 I / 3 I / 3 
of two spherical fragments, B c = Z. Z e /l.225(A ' +A ' )+2) 
are also shown (full line). 

40 40 
Figure 2 : Characteristics of the deep inelastic processes in the Ca + Ca 

reaction at 2b6 MeV, as a function of angle : 
a) angular distributions dCT*/J Q for various elements close 
to Z = 20 i 
b) average Z-value, and 
c) variance Ç~ of Z distributions. 

Figure 3 : Z-distributions of the "fast deep inelastic component" at various 
c. m. angles. 
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