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Two pure mean field theories, the classical Vlasov- and the quantal TDHF-approach, are used to study 85 MeV/N 12C 
induced reactions with targets from 12C to 197Au. Both theories predict nearly identical results: the nuclei slip through each 
other; for C+C about 85% of the longitudinal momentum is conserved in the surviving fragments. Inclusion of two body 
collisions via an Uehling-Uhlenbeck coUision integral yields - in sharp contrast to results at lower energies - two clearly 
distinct components: only 20% of the initial momentum resides in the slipped-through fragments, which retain only 40% of the 
nucleons. The remaining 60% of the nucleons undergo one or more n-n  scatterings and form a mid-rapidity source. These 
nucleons decelerate rapidly with a time constant t = 12.5 fro~c, corresponding to a deceleration length of x = 2.5 fm. The 
number of slipped-through nucleons decreases even further when heavier target nuclei are studied: for C + Au collisions, 97% 
of the projectile nucleons undergo at least one collision, transferring 80% of the total longitudinal momentum to the target-like 
fragment. The number of emitted uncollided projectile nucleons falls off exponentially with the thickness of the target nucleus, 
yielding a mean free path of the nucleon of X = 2.6 fm. 

Recent data on pion production in intermediate 
energy heavy ion reactions [1 -3 ]  *t suggest that at 
energies as high as 84 MeV/nucleon carbon nuclei 
may be able to stop each other. This point of view 
seems to be supported by the successful description 
of these pion yields and spectra by phenomenological 
models which rest on the assumption of complete 
momentum transfer [5] ,2 [7]. In contrast, TDHF 
calculations [8] which do no include n - n  collisions 
predict transparency even for small impact parame- 
ters. The nucleon's mean free path has been estimated 
to exceed the diameter of the carbon nucleus (see, 
however, ref. [9] ). The more surprising is the reason- 
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able agreement of the inclusive proton cross sections 
with the predictions of the fluid dynamical model, 
which relies on the assumption of a short mean free 
path and predicts therefore nuclear stopping and rap- 
id disintegration at these energies [10]. In the present 
work we study the interplay of the mean field dynam- 
ics and two body collisions and their importance for 
the nuclear stopping power in a self-consistent theory. 

Recently several attempts have been made to study 
the influence of the nuclear mean field dynamics and 
Pauli blocking on the reaction dynamics in a micro- 
scopic theory based on the Vlasov-Uehl ing-  
Uhlenbeck (VUU) equation [11] *a [15-20] .  The 
VUU equation can be solved via a Monte Carlo pro- 

*a This method has been applied to nuclear collisions at vari- 
ous levels of sophistication by several authors [ 12 ]. The 
equivalence of the Vlasov equation and TDHF in one di- 
mension has been demonstrated by Tang et al. [13], and 
Wong [14], who first employed the particle-in-cell meth- 
od used in refs. [15,16] to solve the Vlasov equation. 
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cedure [11-20],  which represents the single particle 
distribution function by a large number (several thou- 
sands) of test particles. In this framework, the time 
evolution of the single particle distribution function 
is given by 

(~/at) f  + o.(a/ar)f  + a.(a/ao)f  

r d3p2 d3p'l d3r  
= J 0012 

(2706 

x [ff2(1- fl)(1- f2)-flf2(1-f)(1-f2)] 

X 83(p +p2 - P l  - P 2 ) "  (1) 

Vlasov's classical transport equation for a collision- 
less plasma with a mean potential field is obtained by 
setting the right-hand side of eq. (1) equal to zero 
[ 11-14]. Trajectories of the test particles in config- 
uration and momentum space are computed by as- 
suming that each particle moves under the influence 
of an acceleration term generated by the gradient of 
the mean field. For the density dependent potential 
field, U(p), a local Skyrme interaction is used: U(p) = 
-353  P/Po + 303 (p/#o) 7/6 MeV, with a compressibil- 
ity coefficient o f K  = 200 MeV. 

Two nucleons may undergo s-wave scattering if 
they approach each other with a minimum distance of 
less than (o/it)l/2 and ff the final states are not Pauli 
blocked. The Pauli blocking factor is computed via 
the ensemble averaged density in the six-dimensional 
sphere around the phase space coordinates of the scat- 
tered particles. The Pauli blocking factor for each nu- 
cleon is given by (1 - f ) ,  and the scattering cross sec- 
tion is then reduced by the Uehling-Uhlenbeck factor 
(1 - f i X 1  --f2). 

A constant time-step integration routine is used to 
insure synchronization of the ensembles. The local 
gradient of the field is computed via a finite differ- 
ence method. The acceleration of the test particles 
due to the field gradient is calculated prior to each 
transport step, and is assumed to be constant within 
each synchronization time-step. Two somewhat dif- 
ferent numerical techniques have been developed in- 
dependently to integrate the VUU equations of mo- 
tion in three dimensions, which use the lagrangian 
(co-moving) method [17,18,20] and the eulerian 
(space-fixed) description [ 15,16], respectively. Tech- 
nical details of the different approaches have been 

given elsewhere. In the present work we have em- 
ployed the two independently developed computer 
codes and compared the results to check for the relia- 
bility of our calculation. We observe that the results 
of the lagrangian method [17,18,20] and the revised 
eulerian code [16,19] are in excellent agreement, 
which gives us confidence into our numerical proce- 
dures. 

We first study the system C (85 MeV/N) + C in the 
mean field approximation by excluding two body col- 
lisions in the present theory, thus mimicking TDHF 
by solving the Vlasov equation [11-14,16,18]. These 
calculations are then compared to actual TDHF re- 
suits obtained by using the TDHF code of Cusson et 
al. [8]. 

Fig. 1 shows - for C (85 MeV/N) + C at b = I fm 
- the time evolution of the density profile as ob- 
tained in the TDHF and Vlasov equation calculations. 
We find a very similar behavior in both the quantum 
mechanical and classical mean field theories: both cal- 
culations exhibit nearly identical small longitudinal 
and transverse momentum transfers to the slipped- 
through projectile and target remnants, which survive 
the reaction rather intact. The lack of two body col- 
lisions results in strongly forward peaked angular dis- 
tributions, in sharp contrast with the data in this en- 
ergy regime. About 85% of the initial longitudinal 
momentum is conserved in the projectile- and target- 
like nuclear fragments. This is in sharp contrast to cal- 
culations at lower energies [8,16], which exhibit large 
deflection angles as a result of the mean field dynam- 
ics. 

The inclusion of the Uehling-Uhlenbeck collision 
integral into the Vlasov equation changes this drasti- 
cally (see the right-hand side of fig. 1). In contrast to 
results at 25 MeV/N [16], each individual reaction 
can now be separated into two clearly distinct com- 
ponents. First, we observe again the slipped-through 
projectile- and target-like fragments which, however, 
now retain only about 40% of the nucleons and less 
than 20% of the initial longitudinal cm momentum. 
As we will see later these slipped-through residues con- 
tain mostly particles which have not scattered at all. 

The second component consists of 60% of the pro- 
jectile nucleons which undergo at least one n - n  scat- 
tering and form a non-equilibrated mid-rapidity sys- 
tem, which shows an almost isotopic emission pattern. 
We would like to note that complete stopping of the 
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Fig. 1. Time evolution of  the single particle distribution function for the reaction C (85 MeV/N) + C at b = 1 fm as predicted by 
the quantal mean field theory without  collision term (TDHF, left-hand side column), the classical mean field theory (Vlasov's 
equation without  collision term, center column) and the Vlasov equation with a Uehl ing-Uhlenbeck collision term included 
(right-hand side column). The transparency is evident in both  mean field results without  collision term. In contrast, a rapid decel- 
eration of  60% of  the incident nuclei is observed once the collision term is included into the Vlasov equation. 
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Fig. 2. Same as fig. 1 bu t  for b = 2.5 fm. The two mean field calculations again agree very well, yielding negative angle scattering, 
while the  in t roduct ion  of the  collision term results in a different sideways deflection angle. Stopping is not  observed at these large 
impact parameters due to insufficient geometrical overlap, which results in too  few nuc leon-nuc leon  collisions. 
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projectile in the target is predicted by the VUU ap- 
proach if heavier systems are studied, for bombarding 
energies from 90 to 800 MeV/N [ 18,20]. What is then 
the reason for the incomplete deceleration of the nu- 
clei seen in fig. 1 ? First, the chances for n - n  collisions 
to occur are smaller in C + C reactions than in a more 
extended, massive system. Second, we observe that 'a 
rather large fraction of the attempted n - n  collisions 
is forbidden due to Paull blocking of the exit chan- 
nels. This will be studied in detail below. 

Fig. 2 shows the same reaction as above, but at b = 
2.5 fm. Negative angle scattering is observed in both 
pure mean field approaches, and again the classical 
and the quantum approach agree remarkably well. 
The collision term results in less inward scattering. 
The mid-rapidity source is much less apparent; two 

slightly decelerated and excited residues survive the 
collision. The effect of the collision term is less dra- 
matic at these larger impact parameters due to the 
smaller geometrical overlap of the nuclei, which re- 
duces the number of nucleon-nucleon collisions even 
more. 

In fig. 3 we investigate the reaction C (85 MeV/N) 
+ C at b = 1 fm in more detail. We display the initial 
and the final density profiles in coordinate and mo- 
mentum space. For the display of the final state we 
distinguish between particles which did not undergo 
any collision (N c = 0) and scattered particles with N c 
> 0. The projectile-like fragments contain on the aver- 
age 3 - 4  unscattered nucleons and about 1-2  scat- 
tered nucleons, which are trapped by the attractive 
mean field of the projectile-like fragment. The mid- 

E 

N 

E 

N 

n 

- 25  
+25 

-25  

+500 

t = 0  

X [ f m }  

0 

e 
e 

i i I 

-500 

+25 - 2 5  0 
• : ' - ' =  " • . ' :  

t = 1 2 0  . 5.1..'. ; :  N c = 0  

• L . , < , ~  

• .b • ." " , ."  

.. ;.~ 

1 f I 

? • ° '  

+25 -25  0 +25 
• . , . : . -  • 

t=  120,.. : ...." • N C > 0  
• . .  • . .  , ° .  . 

' : ".'.!::~. I k "  " 

• " ."  " , ' , t ; ' : ' f . .  " : ,P~  . . . .  • • " " ~ ' " : ; K  " ~ . "  ~ ' .  ". :" 

: ......",.~,;~ .~:.;,  ' . ~ ' . . . . -  

. . .  t 4 . . t  ~ .o ; ; . ; .  • -  : • . 
. . .  . , . ; , : ~ , .  ~ . . . . : .  ,.:;. 

• . . :  ::.,-. :.'.~ ~:," . . .  : . . .  .. 
. .  ~ . . , . . . ; , ~ - . ,  ?:.:.," .~.. . . ' . .  . 

. .  : . . ' ; ,  ; > ; , , :  • 
• " ~ . - . ; . "  ; . . ' .  • • 

• . , ' . . , . . ~ . .  ~ , . . .  : . .  

I I I 

O I 

b 

I I I I J I ) I F 
-500 0 +500 -500 0 +500 -500 0 *500 

PX [fm/c] 

Fig. 3. Density profiles in coordinate and momentum space. The left column shows the initial distributions. The centre column 
show the final distributions o f  nucleons which did not  suffer a collision. The right column displays the final distribution of  the 
scattered particles. 
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Fig. 4. Time dependence of the longitudinal momentum of 
nucleons which undergo at least one collision. A deceleration 
time of t = 12.5 fm/c reproduces the curve for b = 1.3 fro, 
corresponding to a stopping length of 2.5 fm. 

rapidity region contains almost exclusively scattered 
particles. The high momentum components of the ini- 
tial momentum space distribution get most effectively 
depleted by collisions because for them the Pauli block- 
ing is least effective. The projectile-like fragments 
have densities around P0/2. Hence their Fermi energy 
is lowered. A collective deceleration of these projec- 
tile-like fragments is caused by the mean field. Those 
particles which have undergone collisions exhibit a 
nearly isotropic distribution in momentum space, with 
some forward-backward asymmetry. 

The time dependence of  the average momentum of 
only those nucleons which have suffered at least one 
collision is shown in fig. 4. At the beginning of the 
reaction the attractive mean field leads to a small ac- 
celeration of projectile and target. As soon as two 
body collisions set in the average momentum de- 
creases rapidly. Observe that nearly all (90%) of the 
initial longitudinal momentum is dissipated during a 
period of about 12.5 fm/c if central collisions, b = 1.3 
fm, are selected. Even in rather peripheral reactions, 
b = 4.2 fm, there is about a 75% longitudinal momen- 
tum loss for particles which have undergone at least 
one collision. However, the number of  colliding nu- 
cleons drops rapidly with increasing impact parameter. 
Therefore, the strongest deceleration and equilibra- 
tion effects occur at small impact parameters, as ex- 
pected. We find a time constant of t B = 12.5 fm/c for 
the deceleration, roughly independent of the impact 
parameter. This corresponds to a deceleration length 
o fx  = 2.5 fm. These results are of great importance 
as input for phenomenological models such as the 

pion bremsstrahlung [5,6] and hot spot models [7]. 
Our microscopically calculated parameters are a factor 
of two larger than the values obtained by Vasak et al. 
[5,6] via a comparison of collective 3,-bremsstrahlung 
to the data [3]. A microscopic treatment of the 
bremsstrahlung process seems necessary for a quanti- 
tative understanding of the absolute photon yields. 

The dependence of the nuclear stopping power on 
the target mass is studied via 12C (85 MeV/N) induced 
reactions with six different targets from 12 C to 197Au. 
The number of projectile nucleons undergoing at least 
one collision increases from 60% for the C target to 
97% for the Au target. These collisions result in a mo- 
mentum transfer on the target like residue of 44 MeV/ 
c/nucleon (66% of the maximum momentum transfer 
possible, 67 MeV/c/nucleon) for Ni targets to 18 MeV/ 
c/nucleon (80% of the maximum 22 MeV/c/nucleon) 
for Au targets. For the heavier targets (A T > 50)  this 
goes hand in hand with an almost complete stopping 
of the projectile in the target. This result is similar to 
what has been obtained with the VUU method for 
40Ar + 197 Au at 92,400 and 800 MeV/nucleon bom- 
barding energy [18,20]. 

The number of emitted uncollided projectile nu- 
cleons, NO, falls off exponentially as a function of 
the target diameter. From this fall-offwe fired that 
the mean free path of the nucleons in intermediate 
energy heavy ion collisions is X = 2.6 fm. This value is 
larger than the mean free path estimated from classi- 
cal kinetic theory, kc = (ap)-1/2 = 1.4 fm. This des- 
crepancy is mainly due to the effects of the Pauli- 
principle, which blocks a fraction of the attempted 
collisions in the VUU approach in accord with the lo- 
cal phase space density. Other effects which contrib- 
ute are the density increase in the collision (with de- 
creases X) and the f'mite deceleration due to the mean 
field (which also decreases X). Please note that for C 
and AI targets we observe projectile remnants surviv- 
ing the interaction. Because of residual collisions with- 
in these final clusters - after the dusters have sepa- 
rated - we expect N O to be smaller than what is ex- 
pected from the extrapolation from the heavier tar- 
gets. This is indeed observed. 

We are presently studying the dependence of the 
mean free path on the bombarding energy [19]. The 
dependence on the achieved compression and the ex. 
citation energy ("temperature") of the target is also 
presently being investigated [ 19]. This is done by go- 
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ing from proton induced reactions to heavy projec- 
tiles as available at GANIL and at the low energy beam 
line at LBL [19]. 

In conclusion we have studied 12C induced reac- 
tions at 85 MeV/nucleon on a variety of  targets using 
the Vlasov-Uehl ing-Uhlenbeck  approach. We have 
confronted the VUU results with the pure mean field 
TDHF and Vlasov theories, which neglect two body 
collisions completely.  Slight deceleration of  projectile 
and target is predicted for both  the quantal and the 
classical mean field approaches, which are in excellent 
agreement with each other. Inclusion of the collision 
term via the VUU approach results in two distinct com- 
ponents and greatly enhanced nuclear stopping power: 
Up to 97% of  the projectile nucleons undergo at least 
one n - n  scattering, which results in substantial linear 
momentum transfers to the target-like residues. De- 
celeration times of  12.5 fm have been obtained. The 
number of uncollided projectile nucleons emit ted 
drops off  exponentially with the target diameter. A 
nucleon mean free path of  X = 2.6 fm can be deduced 
from the present results. 
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