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With an improved Boltzmann-Uehling-Uhlenbeck code, we have calculated the excitation energies and the angular momenta 
of heavy composite residues formed in 4°Ar+27AI collisions. At E/A >1 35 MeV, the maximum residue angular momenta are 
predicted to be significantly smaller than the static limits predicted by the liquid drop model. The excitation energy of residues 
produced in central collisions is predicted to increase with incident energy, reaching a value of about 5-6 MeV/nucleon at El 
A = 40 MeV. 

1. Introduction 

The format ion and the subsequent decay of  hot nu- 
clear systems have been extensively s tudied in nu- 
cleus-nucleus collisions at energies between E/A  = 15 
and 100 MeV [ 1-21 ]. One challenging goal of  such 
studies is to de termine  the thermal  and dynamical  
l imits of  hot composi te  systems formed in the colli- 
sions [ 1-27] .  Calculat ions predict  that  metastable  
composi te  nuclei cannot  exist at tempera tures  in ex- 
cess of  5-10 MeV [23-271.  The max imum or " l im-  
iting" temperature  of  metastable  nuclei is predic ted 
to be sensitive to the nuclear equat ion of  state (EOS)  
and the tempera ture  dependence of  the l iquid drop 
surface energy [23 ]. 

Experimental  investigations of  the stabili ty of  hot 
nuclei have repor ted two striking observations.  The 
cross sections for fusion-like processes appear  to van- 
ish at incident  energies E/A>~35 MeV [1 -5 ,7 ,10-  
13 ]. Measurements  of  residue velocities, mult ipl ici-  
ties of  evapora ted  particles and populat ions  of  ex- 
cited states of  emit ted  fragments suggest that  there 
are l imits to the excitat ion energies of  hot nuclear 
systems [1 -15 ] .  Simple model  calculations, which 
relate the vanishing cross sections, residue velocities, 
particle spectra and multiplici t ies,  to the predict ions  
of  l iquid drop calculations, support  the interpreta-  
t ion of  this exper imental  data  in terms of  a " l imi t ing  
tempera ture"  for hot nuclei [ 1-4 ,6-13 ]. 

In terpre ta t ions  of  residue observables in terms of  
a " l imi t ing  tempera ture"  focus upon the stabil i ty of  
hot nuclei and do not address questions concerning 
their  formation.  To investigate dynamical  l imits  to 
the excitat ion energies and angular momenta  of  hot 
residual nuclei, we performed calculations for 
4°Ar + 27A1 collisions using the Bo l t zmann-  Uehl ing-  
Uhlenbeck ( B U U )  equation.  We find that  the maxi- 
mum calculated residue angular momenta  decrease 
much faster with incident  energy than expected from 
rotat ing l iquid drop model  calculations. The calcu- 
lated residue excitat ion energies are sensitive to the 
nuclear equation of  state (EOS) and effective nu- 
c leon-nucleon cross section. Similar  to results ob- 
tained for simulations of  other light systems [ 17-22 ], 
the residue excitat ion energies increase slightly with 
incident  energy, reaching values of  about  E*/A ~ 5- 
6 MeV at E / A  = 40 MeV. At all incident  energies, the 
residue excitat ion energies are considerably less than 
the values expected for complete  fusion. 

The calculations were performed by solving the 
BUU equation [ 28,29 ] in the latt ice hami l ton ian  ap- 
proximat ion  [ 30 ]. The mean field potent ia l  in these 
calculations included Coulomb and symmetry  en- 
ergy terms and an isoscalar mean field for which the 
compressibi l i ty  was var ied [ 31 ]. For  simplicity,  the 
in-medium nucleon-nucleon  cross section in the 
BUU equat ion was taken to be isotropic and energy 
independent  [29].  The mean field and the Pauli  
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blocking factors in the collision integral were calcu- 
lated with d is t r ibut ion  functions ensemble averaged 
over  80 parallel  s imulations.  Over  an elapsed t ime of  
300 fro~c, the calculated total  energy and total  angu- 
lar m o m e n t u m  are conserved to within 0.1 M e V / n u -  
cleon and 6%, respectively. Two paramete r  sets ( 1 ) 
a soft EOS (nuclear  compress ibi l i ty  K = 2 0 0  MeV)  
and an in -medium nuc leon-nuc leon  cross section, 
aNN= fdI2 aNN(g2)=50 rob; and (2)  a stiff EOS 
( K = 3 8 0  MeV)  and a y N = 2 5  mb were used in these 
calculations. These pa ramete r  sets have not been ad- 
jus ted  to reproduce exper imental  observables.  Both 
paramete r  sets predict  essentially equal residue cross 
sections for 4°At+ 27A1 collisions at incident  energies 
E/A = 25-40  MeV [ 31 ], with an energy dependence  
of  the residue cross sections qual i ta t ively s imilar  to 
that observed experimental ly.  

2. The freeze-out criterion 

Since the residue continues to decay after its for- 
mation,  the residue masses, exci tat ion energies and 
angular momen ta  are sensit ive to the freeze-out t ime 
at which observables are evaluated.  To indicate how 
this freeze-out t ime was chosen, we show in fig. 1 
the decomposi t ion  of  exci tat ion energy following 
Remaud  et al. [ 19,21 ] for 4°Ar+ 27A1 collisions at E~ 
A = 3 0  MeV with the soft EOS. At t ~ 4 0  fm/c, one 
observes a m a x i m u m  in the thermal  excitat ion en- 
ergy. This max imum is an art ifact  of  the init ial  mo- 
mentum distr ibut ions,  in which the longi tudinal  ve- 
locities of  the projecti le  and the target nuclei cancel 
each other, causing a m i n i m u m  in the computa t ion  
of  the collective energy. After  t ~  40 fm/c, the system 
expands for a while and then contracts  back, exhib- 
iting a monopole- l ike  v ibra t ion  [ 19 ]. At t ~  120 f m /  
f one can see a local max imum in the thermal  exci- 
ta t ion energy. At this t ime, the preequi l ibr ium emis- 
sion has just  comple ted  [ 19 ], and after this t ime, the 
thermal  energy gradually decreases. Indeed,  if  one 
plots the number  of  part icles emi t ted  as a function of  
time, one observes a change in emission rate at t ~ 120 
fm/c, with a high rate for fast emission at the earl ier  
stage and a low rate characteris t ic  for slow evapora-  
tion at the later stage. We therefore choose t ~  120 fm/  
c as the thermal  freeze-out t ime for the heavy resi- 
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F i g .  1. A d e c o m p o s i t i o n  o f  t h e  t o t a l  e n e r g y  p e r  n u c l e o n  i n t o  t h e  

potential energy (bottom line), Fermi energy associated with the 
Pauli exclusion principle (difference between the bottom and 
second lines), kinetic energy of emitted particles (difference be- 
tween the second and third lines ), collective energy of bound nu- 
cleons (difference between the third and fourth lines) and ther- 
mal energy (difference between the fourth and fifth lines). The 
freeze-out time is indicated by the dotted line. 

dues at this energy (for the stiff EOS, this cri ter ion 

gives 1 O0 f ro /c) .  

3. Collisions at E/A = 3 0  MeV 

In fig. 2, different components  of  exci tat ion energy 
at the freeze-out are plot ted as functions of  impact  
pa ramete r  for 4°Ar+27A1 at E/A=30 MeV, for the 
two parameter  sets discussed in the introduction. The 
solid symbols represent calculations where a single 
heavy residue is observed in the final state. The open 
symbols represent  calculations at larger impact  pa- 
rameters  where the system breaks up eventually into 
projecti le-l ike and the target-like residues. The total  
excitation energy (solid circles ) increases slightly with 
impact  parameter ,  an effect which is part ly due to the 
collective energy of  rotat ion.  To unders tand this in- 
crease, we decomposed the total excitation energy into 
contr ibut ions  from thermal  and collective mot ion  
[ 19 ]. Using a r igid-body momen t  of  inert ia  obta ined  
numerically from the residue density distr ibution,  we 
es t imated a collective energy of  rotat ion.  Subtract ing 
this from the total  exci tat ion energy leaves one with 
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Fig. 2. A decompomion of the predicted excitation energy at 
freeze-out for different impact parameters in 4°Ar+ZVAl colli- 
sions, assuming the soft EOS (top panel ) or the stiff EOS (lower 
panel). The solid and open symbols are explained in the text. 
The solid lines are drawn to guide the eye. 

mal energy, designated by the squares, is smaller for 
larger impact parameters, where residue formation is 
less likely. This suggests that the formation of heavy 
residues in these calculations is not simply related to 
the stability of the residual nucleus under  the in- 
crease of temperature. 

4 .  R e s i d u e  a n g u l a r  m o m e n t a  

At each incident energy, the max imum residue an- 
gular m o m e n t u m  occurs at the largest impact param- 
eter, b = b . . . .  for which a single residue can be formed. 
In fig. 3 we display the energy dependence of the res- 
idue angular momenta (botton windows) and masses 
(top windows) near b--bmax for the soft equation of 
state (right-hand side) and the stiff equation of state 
(left-hand side). For each incident energy, the solid 
symbol provides the residue angular momen tum for 
the largest impact parameter at which a fused residue 
is observed. The open symbols provide the angular 
momenta  at slightly larger impact parameters where 
the system eventually breaks up into two fragments. 
For E / A  <~ 35 MeV and both parameter sets, the max- 

the values depicted by the crosses in fig. 2. Some of 
the remaining excitation energy is actually an in- 
crease in the potential energy because the residue is 
at subnuclear density. The diamonds show the exci- 
tation energy which remained after the rotational en- 
ergy and the potential energy of expansion have been 
subtracted. 

The energy due to collective mot ion in the residue 
can be more accurately estimated by defining a col- 
lective velocity field on the computat ional  lattice 
[ 19 ], and integrating the kinetic energy of collective 
motion over the lattice. This provides a total collec- 
tive energy which is about 0.5-1.0 MeV/A larger than 
the rotational energy for impact parameters which 
produce heavy residues. At larger impact parameters 
where residues are not formed, the total collective en- 
ergy increases strongly with impact parameter re- 
flecting an imcomplete dissipation of the incident 
collective motion of projectile and target nucleons 
into other degrees of freedom. 

The thermal excitation energy is obtained by sub- 
tracting both the total collective energy and the po- 
tential energy associated with expansion. The ther- 
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Fig. 3. Residual masses (top) and angular momenta (bottom) 
at bm,x are plotted at freeze-out as functions of the incident en- 
ergy for calculations with the soft EOS (left side) or the stiff EOS 
(right side), Here, bmax=4.7, 4.0, 3.3, 2.4 fm (5.0, 4.3, 2.0, 1.2 
fm) at E/A=25, 30, 35, 40 MeV, for calculations with the soft 
(stiff) EOS, respectively. The curves and the open and solid 
symbols are explained in the text. 
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imum calculated residue angular momenta are com- 
parable to those predicted by the rotating liquid drop 
model [32 ], shown here by the solid curves. Above 
E/A ~ 35 MeV, however, the maximum angular mo- 
menta fall below the rotating liquid drop model pre- 
dictions. At these energies, residues with angular mo- 
menta near the liquid drop limits are not formed, due 
in part to an incomplete damping of incident collec- 
tive motion for b> bm~, 

5 .  T h e  v a r i a t i o n  o f  t h e  e x c i t a t i o n  e n e r g y  w i t h  i n c i d e n t  

e n e r g y  

On the left-hand side of fig. 4 we show the decom- 
position of the excitation energy for central collisions 
as a function of incident energy for the soft EOS (top 
panel) and the stiff EOS (bottom panel). On the 
right-hand side, we provide the corresoonding calcu- 
lations for the maximum impact parameters b .... that 
lead to residue formation. With both equations of 
state and both impact parameters, the calculated to- 
tal excitation energy and the thermal excitation en- 
ergy increase only slightly with incident energy, a 
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Fig. 4. Decompositions of the excitation energy at freeze-out for 
b = 0  fm (left side), b=bm,x (right side), soft EOS (top panel) 
and stiff EOS (lower panel) as functions of the incident energy 
for 4°Ar+2VAl collisions. Here, the solid circles and squares de- 
note the total and thermal excitation energies, respectively. The 
dashed line designates predictions of the massive transfer model 
using our calculated residue velocity. 

phenomenon also predicted in other simulations of 
light systems [17,22]. The calculated excitation 
energies are generally larger for calculations with the 
stiff EOS, a trend also predicted by static models 
[23], even though aNN was adjusted to make equal 
residue cross sections for the two sets of parameters 
[ 31 ]. The total excitation energy for the stiff EOS in- 
creases gradually from E*/A ~ 3.8 MeV at E/A = 25 
MeV t o  E*/A~. 5.5 MeV at E / A = 4 0  MeV; the ther- 
mal energy increases correspondingly from E*/A ~ 2.4 
MeV to 2.8 MeV. The maximum thermal excitation 
energy, E* ~ 2.8 MeV, is comparable to predictions 
for the maximum excitation energy that a non-rotat- 
ing nucleus can sustain [25-27]; thus additional re- 
ductions in the calculated residue cross sections may 
occur for central collisions at the highest energies due 
to thermal instabilities [23-27] of the hot residues 
which are not considered by our calculations. 

Detailed comparisons of these calculations to ex- 
perimental data are premature because the nucleon- 
nucleon cross section was not chosen to optimize the 
agreement with the experimental observables. The 
calculated observables are also influenced by the ne- 
glect of fluctuations and cluster emission within the 
BUU approach. Such processes will render the pres- 
ent abrupt transition at bma × from fusion-like to pe- 
ripheral collisions more gradual. Residue velocity 
distributions are very sensitive to this transition, and 
are consequently not described accurately for these 
light systems. Comparisons with a reduced sensitiv- 
ity to large impact parameter collisions may be pos- 
sible with heavier asymmetric entrance channels 
[ 6,12-14 ]; calculations to explore these questions for 
such systems are needed. Because residue velocity 
distributions are sensitive to cluster production, we 
cannot address the similarity of our calculated exci- 
tation energies to those estimated from experimen- 
tally measured residue velocity distributions using 
massive transfer models [1-4,6-13].  Excitation 
energies deduced from the calculated residue veloci- 
ties using the massive transfer model are shown as 
the open points in fig. 4. The present BUU calcula- 
tions are inconsistent with the massive transfer model, 
largely because the massive transfer model assumes 
less cooling due to preequilibrium emission than is 
predicted by the BUU calculations. 
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6. Summary 

In conclus ion ,  we have  inves t iga ted ,  wi th  an im-  

p roved  B U U  model ,  exc i ta t ion  energies  and angular  

m o m e n t a  o f  heavy  res idues  f o r m e d  in the 4°Ar + 2YAI 

coll isions.  We f ind that  the m a x i m u m  res idue  angu- 

lar m o m e n t a  are compa rab l e  to the  l iqu id  d rop  pre- 

d ic t ions  at E/A <~ 30 MeV and fall be low the  l iqu id  

drop predict ions  at higher  incident  energies. At larger 

impact  parameters  where residues are not  formed,  the 

col lec t ive  energies  o f  projec t i le  and target  appea r  to 

be incomple te ly  damped .  Th is  d y n a m i c a l  effect  ap- 

pears to l imi t  the ca lcula ted  res idue  cross sect ions  at 

E/A >1 35 MeV. The  ca lcula ted  exc i ta t ion  energy for 

central  col l is ions increases wi th  inc iden t  energy,  

reaching  a va lue  o f  5.5 M e V / n u c l e o n  at E/A-=40 
MeV with  the s t i f f  EOS and aNN = 25 mb,  lower  than  

the va lue  infer red  f rom the res idue ve loc i ty  using 

mass ive  t ransfer  models .  The  ca lcula ted  the rmal  

energies  are c o m p a r a b l e  to p red ic t ions  for the maxi -  

m u m  exci ta t ion energy that  a nucleus can sustain, thus 

the rmal  instabi l i t ies  in central  col l is ions  could  re- 

m o v e  add i t iona l  flux f rom the fus ion  cross sections,  

part icular ly,  in the high energy regions where  the fu- 

s ion cross sect ions van i sh  rapidly.  

The  present  ca lcula t ions  have  several  l imi ta t ions .  

Because  the theory  has insuff ic ient  f luc tua t ions  

[ 17,21,28 ], it can only predic t  m e a n  values  o f  ob- 

servables  for which  f luc tua t ions  play a small  role. It 

can not  predict ,  for  example ,  how and  under  what  

cond i t ions  f luc tua t ions  will cause the hot  res idues  to 

disassemble.  Fu r the r  inves t iga t ions  are also r equ i red  

to assess the sens i t iv i ty  o f  the detai l  a lgor i thm of  

Paul i -b locking  and o f  surface energy to expe r imen ta l  

observables .  
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