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We analyze the energy autocorrelation functions and the energy coherence lengths in the strongly dissipative collision 
2sSi (E~ab = 130 MeV) + 48Ti for Z= 11 and l 2 reaction fragments. It is found that in order to obtain a good fit of both the energy- 
averaged angular distributions and the angular dependence of the energy coherence lengths one has to take into account (i) the 
dissipation and fluctuation of the relative angular momentum of the din ucleus and (ii) the contribution from direct (fast) reac- 
tions in addition to the statistical (relatively slow) interaction processes. The established angular dependence is a direct conse- 
quence of the angular-momentum dissipation-fluctuation effects on the time-space evolution of the intermediate dinucleus. 

1. Introduction 

The study of  f luctuat ions in excitat ion functions of  
diss ipat ive heavy-ion collisions ( D H I C )  [ 1-6]  pro- 
vides us with direct  informat ions  on the t ime evolu- 
t ion of  the collision process. Indeed,  the energy au- 
tocorrelation function (EAF)  of  the fluctuating cross- 
section is expressed by the Four ie r  t ransform of  the 
t ime- space  dis t r ibut ion of  the in termedia te  dinu- 
clear system. As a result the t ime characterist ics,  such 
as average rotat ion velocity, average l ife-time and 
angular  d ispers ion of  the rotat ing decaying dinu- 
cleus, can be extracted by means  of  the analysis of  the 
cross-section f luctuat ions in DHIC  [ 7-12 ]. 

The excitat ion functions of  the differential  cross- 
sections contain informat ions  about  t i m e - s p a c e  evo- 

lu t ion  of the rotat ing dinucleus,  which is related to 
the relative angular  momentum.  The t ime evolut ion 
of  the relative angular momentum is characterized by 
diss ipat ion and f luctuation which convenient ly  are 
calculated from a Fokke r -P l anck  equat ion [ 13-15 ]. 

The main  consequences of  this angular -momentum 
diffusion process on the EAF have been studied re- 
cently [16].  Remarkably  large effects have been 
found on both the t ime power spectrum (TPS)  of  the 
decaying dinucleus,  and, as a result, on the EAF of  
fluctuations. 

A different der ivat ion [ 12,17 ] of  the TPS has been 
given in terms o f a  mult is tep S-matr ix representat ion 
which also allows to model  the t ransport  of  relative 
angular momen tum into intr insic spin of  the dinu- 
cleus. These results support  the expression for the 
t ime-space  dis t r ibut ion of  the in termedia te  dinu- 
cleus [ 16 ] calculated in the f ramework of  the diffu- 
sion model  [ 13-15 ]. 

In ref. [16] we il lustrated the method for the 
strongly dissipat ive collision 28Si(Elab= 130 MeV)  
+ 48Ti without  considering the complete  set of  data. 
This letter is devoted to a complete  and more realis- 
tic descr ipt ion of  the exper imental  cross-sections. 
This includes the angular dependence  of  the energy 
coherence lengths for Z =  1 1 and 12 fragments. 
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2. Time power spectrum in the framework of the 
angular-momentum diffusion approach 

The basic element for the fluctuation analysis is the 
expression for the TPS which accounts for the diffu- 
sion of relative angular momentum of the decaying 
dinucleus [ 16 ], 

/~(t, 0) = H ( t )  (sin 0) -1 [4na+2na~,~,(t) ] -1/2 

X e x p ( - F t / h )  

× [  . . . .  ~ exp(-(cb+O-t-2nn-(Tg)')2~-4~~t) I 

+ exp(- 
(1) 

Here, the decay constant of the dinucleus is denoted 
by F. The mean deflection function • results from an 
angular-momentum expansion of the potential phase 
shifts in the entrance and exit channels. It determines 
the average orientation of the dinucleus at the time 
( t = 0 )  of its formation, which is expressed by the 
Heaviside function H( t ) .  The time-independent var- 
iance 2a of the orientation of the dinucleus is given 
by 

2a=l  (d-2 +qb2d 2 ) , (2) 

where ~ is the derivative of the deflection function 
with respect to l taken at the initial average angular 
momentum L, and d is the size of the reaction l- 
window. The sum over n includes contributions re- 
suiting from multiple rotations of the dinucleus. The 
average rotation angle of the dinucleus (gJ) t is deter- 
mined according to the diffusion equation by [13- 
15] 

( ~v)t = O)st/+ ((O-- O)st)'fang [ 1 - e x p (  - - / / " fang)]  , 
(3) 

where O)st = L~t / ~rel and L~t = L ( 1 - Jim / ~ot) denote 
the sticking values of the angular velocity and the rel- 
ative angular momentum, respectively. Here, J~nt is 
the sum ,~ + ,g2 of the intrinsic moments of inertia of 
the interacting nuclei, ,~el is the relative moment of 
inertia of the dinucleus and ,~ot = ,~t + ~r¢~ is the total 
moment of inertia. 

The time-dependent component of the angular dis- 
persion of the rotating dinucleus results from the 

angular-momentum diffusion and is given by 

, ~ . ( t )  = ( ( ~ -  ( ~ ) , ) 2 ) ,  

~nt 
= TZ, ng ~el Jtot [ 2 t -  3 rang 3i- 4'fang exp ( -- t~ "fang ) 

--"fang exp( --2t/"fang)] . (4) 

Here, T denotes the dinucleus temperature. The re- 
laxation time "fang for angular-momentum dissipation 
is given by 

"fang = ( T/DMM )flint 4el / 'Z~ot ,  ( 5 ) 

where DMM is the angular-momentum diffusion 
coefficient. 

The TPS ( 1 ) transforms to that without angular- 
momentum dissipation by putting ( T ) t = o ) t  and 
a~,~, ( t ) =  0 for "fang >> h/F. This limit means that the 
dinucleus decays before a sensible amount of relative 
angular momentum is dissipated. The TPSs with and 
without angular-momentum dissipation differ in two 
respects. Firstly, the power spectrum exhibits a de- 
crease in angular velocity due to the dissipation of 
relative angular momentum, while the TPS without 
angular-momentum dissipation corresponds to rota- 
tion with a constant angular velocity. Secondly, due 
to the diffusion of the relative angular momentum, 
the angular dispersion of dinuclear orientation in- 
creases with time [cf. eq. (4) ]. In other words, the 
dissipation and fluctuation of relative angular mo- 
mentum yield damping of the rotation velocity of the 
dinucleus and delocalization in orientation. 

Eq. ( 1 ) for the TPS, which includes the effects of 
angular-momentum dissipation, represents the basis 
for calculating the EAF of the fluctuating cross- 
section. Physically, the angular-momentum dissipa- 
tion modifies the energy autocorrelation, because it 
introduces new time dependences in the collision pro- 
cess. The new time scales are the angular-momentum 
relaxation time and the rotation period for the stick- 
ing value of the relative angular velocity. 

3. Analysis of cross-section fluctuations in 2sgi + 48Ti 

We employ the above formulation to study the ef- 
fects of angular-momentum dissipation in the strongly 
dissipative collision 28Si(Elab= 130 MeV)+48Ti in 
the exit channels Z =  11 and 12 [3-5].  The angular 
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distributions (fig. 1) for both fragments are very 
similar and show strong focussing near the grazing 
angle 0gr = 50 °, while outside of 0g, they are suppos- 
edly given by an isotropic background. Accordingly 
we assume the contributions from two reaction 
mechanisms: a quasielastic mechanism with a decay 
constant F=Fq~>>hcn, and a statistical one with 
F=Fstat<hoJ which generates fluctuations in the 
cross-section. 

The similarity of the angular distributions in fig. 1 
is not surprising because of the neighbourhood of the 
charges Z=  11 and 12 of the reaction fragments. In 
addition, the experimental data on the angular de- 
pendence of the energy coherence lengths are very 
similar (see fig. 2). Therefore, we fit the data for 
Z =  11 and 12 using the same set of parameters. 

For the energy-averaged cross-section we have 

(a(E, 0) ) = (sin 0) -~ [ a q e ( E ,  0) + (a~t,,(E, O) ) ] 
(6) 

with 

aqe(E, 0 )=  i dt/~qe(t, 0) 
o 

=A exp[ -- (O-cb)2/4aq~] (7) 

and 

( O'stat(E , 0)  ) = f dt/~stat ( t ,  0)  = K ,  (8) 
o 
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Fig. 1. Angular distributions of the Z =  11 and 12 fragments from 
the collision ZSSi + 48Ti at Eia b = 130 MeV. The curve represents a 
fit in accordance to eqs. ( 6 ) -  ( 8 ). The data are from refs. [ 4,5 ]. 
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Fig. 2. Angular dependence of the energy coherence lengths (co- 
herence energies) Fcoh for the Z =  11 and 12 fragments in the col- 
lision 28Si+48Ti at E~,b= 130 MeV. The solid curve is calculated 
from eqs. (1), (9) and (10) with angular-momentum dissipa- 
tion. The dashed line is calculated without angular-momentum 
dissipation. Parameters are given in the text. The data are from 
refs. [3-5].  

where Pqe and/~stat are given by eq. ( 1 ). In the deri- 
vation of O'qe(g , 0)  through Pqe(t, 0) we have re- 
placed e x p ( - F q d / h )  by &(t) because of ho~<<Fq,. 
The constants A, K, aqe=¼(1/d2~ " 2 2 +(~bqedqe ) and q) 
are determined by a fit to the experimental data on 
the angular distribution. We obtain A = 200 and K= 2 
(both in arbitrary units), aq~=0.0016 and 60=50 °. 
Putting ~qe =0 we have dqe = 12.5. For the/-window 
of the dissipative contribution we assume ds~at 
=dqe= 12.5. To obtain a rough estimate for the de- 
rivative of the deflection function for the statistical 
process we use a simple e s t i m a t e  ~bstat=lr/L= 
0.0628 where the value L = 5 0  [3] was used. This 
yields astat--- 0.15. 

In order to fit the experimental coherence lengths 
(coherence energies ) Fcoh (which were defined in refs. 
[3-5] as the minimal widths at half maxima of the 
EAF C(~, 0)) in the 28Si+48Ti  dissipative reaction 
for Z=  11 and 12, we use the expression 

C(E, 0 ) =  [~(~, 0 ) [ 2 + 2 0 " q e ( 0 )  Re ~(~, 0) (9) 

with ~(e, 0) expressed by the TPS ( 1 ) as 

~(~,0)~ f dtexp(iet/fi)Ps~at(t,O). (10) 

The solid curve in fig. 2 is obtained from eqs. ( 1 ), 
(9) and (10) with the decay constant Fstat= 270 keV 
for the dinucleus. A quasiclassical estimate yields 
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he)= 1 MeV [3], while O)st/O)= 0 . 7 1 ,  where ~ost is the 
angular velocity which corresponds to the sticking 
angular momentum. We take the temperature to be 
T= 1.5 MeV which corresponds approximately to 30 
MeV excitation energy above the yrast line. We esti- 
mate the diffusion coefficient from eq. (3.4) of ref. 
[14]. Then, taking into account the dependence of 

DMM on AI+A2, we obtain DMM(Si+Ti) 
-~DMM(Kr+Er), while DMM(Kr+Er) was found, on 
the basis of the analysis of data [ 13 ], to be equal to 
D~M(Kr+Er) / f i2= 1023 s-L Accordingly, taking 
DMM(Si+Ti)/fi2=0.33× 1023 S -1 and using eq. (3) 
of ref. [13], we have r~,g=6× 10 -22  S which corre- 
sponds to 0,,g=r~,g~o=0.92 rad. All other parame- 
ters are the same as determined before to reproduce 
the angular distributions in fig. 1. 

In fig. 3, the EAFs for 0=40 °, 50 ° and 60 ° are 
shown. In order to interpret the strong variation in 
C(e, 0) and/"co h in the vicinity of 0= q~= 50 ° we re- 
fer to the corresponding TPSs in fig. 4. We observe 
that the decrease of F¢oh with increasing 0 reflects the 
transition from strongly overlapping near- and far- 
side contributions in time for 0< ~ =  50 ° to the con- 
tribution mostly from the far side for 0> q~=50 °. 
Thus, the angular dependence of F~oh is the direct 
consequence of the high sensitivity of the EAF of the 
fluctuating cross-section to the shape of the TPS, and 
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Fig. 3. Energy autocorrelation functions C(e, 0) for 0 = 4 0  °, 50 °, 
60 ° calculated from eqs. ( 1 ), (9) and (10). Parameters are given 
in the text. The arrows indicate the coherence energies. 
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Fig. 4. The time power spectra for 0=40  °, 50 °, 60 °. Solid lines 
are calculated with angular-momentum dissipation. Dashed lines 
are calculated without angular-momentum dissipation. Parame- 
ters are given in the text. The notations n.s. and f.s. indicate near- 
and far-side contributions. 
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Fig. 5. Energy autocorretation functions C(e, 0=40  ° ) with (solid 
line ) and without (dashed line ) angular-momentum dissipation. 
Parameters are given in the text. The arrows indicate the coher- 
ence energies. 

hence to the detailed time-space evolution of the col- 
lision process. 

In fig. 2 we also display the angular dependence of 
the energy coherence length calculated without 
angular-momentum dissipation. The difference in the 
behaviour of the energy autocorrelation characteris- 
tics appears due to the different time-space evolutions 
of the dinucleus (see fig. 4) with and without angular- 
momentum dissipation. 

The sensitivity of the EAF to angular-momentum 
dissipation is further illustrated in fig. 5, where the 
solid and dashed lines are with and without angular- 
momentum dissipation, respectively. The inclusion 
of angular-momentum dissipation increases the en- 
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ergy coherence  length Fcoh o f  f luc tua t ions  by m o r e  

than  a fac tor  two,  f rom 360 keV to 780 keV. 

N o t e  that  a good  fit  o f  the  angular  d e p e n d e n c e  o f  
Fcoh in 2sSi+48Ti was a l ready  ob t a ined  in ref. [8] .  

H o w e v e r ,  there  it was necessary to use an angular  ve- 

loci ty cons iderab ly  smal le r  (280 keV)  than  the real- 

istic one  o f  1 M e V  [3] .  F u r t h e r m o r e ,  the  s t rong fo- 

cussing in the angular  d i s t r ibu t ions  could  not  be 

r ep roduced  in ref. [8 ] ,  because  the  con t r i bu t ion  o f  

d i rec t  reac t ions  was not  taken  into  account .  In the  

present  work  we have  r e p r o d u c e d  bo th  the angular  

d e p e n d e n c e  o f  F~oh and the s t rong focussing in 

( a ( E ,  0) ) using a real ist ic  va lue  for the angular  ve- 

loci ty h~o= 1 MeV. As m e n t i o n e d  in ref. [8]  we at- 

t r ibu te  this to the i n c o r p o r a t i o n  o f  bo th  the angular-  

m o m e n t u m  d i ss ipa t ion  and the con t r i bu t ion  f rom 

direct  processes.  

4. Conclusion 

We have  d e m o n s t r a t e d  that  the analysis  o f  the en- 
ergy structures in the excitation./'unctions of  DHIC is 

a sens i t ive  tool  to s tudy the time-space evolution of  
the intermediate dinucleus. In par t icular ,  the  analysis  

o f  the energy au toco r re l a t i on  clearly shows remark-  

able effects  f rom a n g u l a r - m o m e n t u m  d iss ipa t ion  in 
the 2sSi +4STi col l is ion.  Indeed ,  the a n g u l a r - m o m e n -  

t u m  d iss ipa t ion  changes  the T P S  o f  the i n t e r m e d i a t e  

d inucleus .  Th is  is the reason why  the EAF,  as the 

Four ie r  t r ans form o f  the TPS,  is changed,  accordingly.  

Physical ly,  the energy au tocor re l a t ion  is sens i t ive  

to a n g u l a r - m o m e n t u m  d i ss ipa t ion  because  it changes  

the t i m e  e v o l u t i o n  o f  the col l is ion process  in t roduc-  

ing new time scales such as a n g u l a r - m o m e n t u m  re- 

laxa t ion  t ime  and the ro ta t ion  pe r iod  for  the s t icking 

angular  veloci ty .  

Such detai ls  o f  the t i m e  evo lu t ion  o f  the col l is ion 

process  are not  ava i lab le  f rom the analysis  o f  the en- 

ergy averaged  angular  d is t r ibut ions .  Indeed  these are 

time-integrated reac t ion  character is t ics .  In par t icu-  

lar, the  angular  d i s t r ibu t ions  in fig. 1 are the same 

with  and wi thou t  a n g u l a r - m o m e n t u m  diss ipa t ion .  

Thus  we conc lude  that  the s tudy of  f luc tua t ions  in 

exc i ta t ion  func t ions  o f  D H I C ,  in add i t i on  to energy 

averaged  values,  p rov ides  us wi th  new i n f o r m a t i o n  

on the reac t ion  m e c h a n i s m s  and the i r  t i m e - s p a c e  

evo lu t ion .  
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