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Abstract : 

Protons emitted in coincidence with heavy residues 
have been measured, for the reaction 27 MeV per nucléon Ar 
+ Ag. From the proton velocity spectra, an anisotropic 
component was extracted, which shows a broad angular distri
bution, and a mean velocity larger than the beam velocity. 
Multiplicities for this component are low, about 0.8, 
independent of the violence of the collision. For central 
collisions, selected via the higher heavy residue velocities, 
the velocity characteristics of the anisotropic component, 
3een in this case as a pure preequilibrium component, were 
compared to semi-classical calculations (Landau-Vlasov). 



Preequilibrum particle emission has long been obser
ved in heavy-ion collisions at low energy, characterizing all 
emission which could not be accounted for by evaporation from 
the compound nucleus or fragments resulting from its fission. 
These more direct light particles, very likely emitted at an 
early stage of the reaction are forward peaked and have high 
velocities, more or less close to the initial projectile 
velocity. This type of emission has been discussed in terms 
of precompound emission C1D hot spot formation C23, Fermi 
jets C33 or inertial emission C43 for instance. With the 
expected increase of such processes at intermediate energies, 
numerous studies have been devoted to the estimate of linear 
momentum transfer, LMT. For central collisions, the most pro
bable fraction of LMT obtained either from fission fragment 
correlations or from heavy residue velocities, was shown to 
decrease with increasing bombarding energy C5,63. The missing 
momentum was attributed to an anisotropic preequilibrium 
emission. 

Preequilibrium charged particles in coincidence with 
correlated fission fragments C73, and neutrons in coincidence 
with fusion residues C83 have been studied and discussed in 
term3 of emission from a fast moving source. We studied the 
characteristics of light charged particles emitted in coinci
dence with heavy residues (HR) in the reactions Ar + Ag at 
E/A = 27 MeV. In this letter we will report only on proton 
emission. 

A 1090 MeV Ar beam delivered by GANIL bombarded a 220 
ug/cm" n a Ag target. Protons were detected by scintillator 



telescopes i5 mm - 10 cm Hel02A) C9], at eight angles in the 
angular range 10-80° with respect to the beam. Coincident 
heavy residues were detected in Si detectors, three of them 
were located in the same plane as the proton detectors, at 
10, 20, 30" with respect to the beam, and three others at the 
same angles but in a perpendicular plane containing the beam 
axis. Through a time of flight measurement were obtained 
masses and velocities of the heavy residues. Only residues 
with masses larger than 60 and velocities above 0.6 cm/ns are 
considered here C103. Proton velocity spectra were deduced 
from the time of flight difference HR-proton. The HR velocity 
reflects the violence of the collision ; thus the residues 
were divided in three zones, characterized by average 
parallel velocities of 0.8, 1.3 and 1.8 cm/ns. 

The goal of the experiment being to isolate preequi-
libriura particles, one must subtract the evaporation compo
nent of the HR, which was taken as the largest isotropic 
component in the reference frame of a source moving at 0° 
with the average residue velocity. However in the same expe
riment were also measured coincidences between intermediate-
mass fragments (IMF) and HR : they showed that part of the 
heavy residues result from binary inelastic collisions C113, 
except those with the highest velocities whose formation 
through incomplete fusion reactions is dominant. When dealing 
with binary reactions the assumption that the HR recoils at 
0" is questionable. Nevertheless in this case the maximum of 
the HR angular distribution da/dil is situated at an angle 
smaller than 10", so the treatment we applied should correc
tly take into account the HR evaporation ; then the aniso
tropic part of the proton spectra contains also the protons 



evaporated from the rather rapid IMF and has to be seen as an 
upper limit for preequilibrium. For simplicity, in the follo
wing, this part of the proton spectra will be referred to as 
the preequilibrium component. 

Fig. 1 shows an example of the angular evolution of 
proton spectra in coincidence with coplanar residues emitted 
at 10° with a large velocity Kvy,).,- = l.S cm/ns). The solid 
lines indicate the evaporative component which was subtracted 
in this case, and the isolated preequilibrium spectrum at 
11.6° is displayed in Fig. le. Similar results were obtained 
for other detection angles and average velocities of the HR, 
but the evaporative component becomes less important when the 
HR velocity decreases. The average velocity of the 
preequilibrium component is much larger than the beam veloci
ty (v_ . = 7.25 cm/ns). This is true at all angles where 

J pro] ^ 
proton spectra were measured, the average proton velocity 
decreasing from 9.5 cm/ns at 11.6° to 8 cm/ns at 78.1", 
independently of the HR velocity zone, and whether the proton 
is emitted in plane or out of plane C123. 

The angular distributions of preequilibrium protons 
are strongly forward peaked, as shown in Fig. 2 ; they are 
almost identical for protons emitted in the same plane as 
the residue or in a perpendicular plane. This shows that càe 
preequilibrium emission is nearly isotropic around the beam 
axis. Angular distributions are more forward peaked for 
smaller HR velocities. This is the confirmation that, for the 
low HR velocities, the component comprises also . evaporation 
from the coincident IMF which is focused in the forward 
direction CUD. 



To compare the results to LMT data, the average 
proton velocities, parallel and perpendicular to the beam 
axis, are shown in Table I, for the three HR zones. They have 
been obtained by weighting the results by the angular 
distributions, and averaged on HR detection angles, the 
values being rather independent of them. The average parallel 
velocity is very close to the beam velocity, but the 
perpendicular velocity is far from negligible. If this was 
true for all preequilibrium particles, it means that, with 
the assumption generally used < v

D 1 . e e a = v
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correctly deduced, but HR excitation energies would be 
smaller than estimated. 

Proton multiplicities were obtained by integrating 
the proton angular distributions and then averaging over HR 
angles. The results are listed in Table I. The evaporation 
multiplicity increases with the HR velocity, indicating an 
increase of the HR excitation energy ; this confirms that v„_ 
reflects the violence of the collision. Conversely the pre
equilibrium multiplicity is roughly constant, and rather low. 
This reminds of similar results for neutrons C8D. Indeed a 
low multiplicity value is expected for HR with large veloci
ties, which come mainly from incomplete fusion reactions for 
which the missing linear momentum is small. For the other HR 
zones, the low numbe;: of protons measured shows that the 
linear momentum is essentially found on the coincident HR and 
IMF ; this is supported by the value of the cm. velocity of 
the binary system, which is close to the compound nucleus 
velocity C11J. More surprising is the fact that proton evapo
ration from the IMF, contributing here an undetermined frac-
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ti:n, is a fortiori weak ; however the large increase of the 
anisotropic «.-particle component observed when v.,~ decreases 
seems to indicate that IMF deexcite mainly through a. evapora
tion C123. 

Intermediate energy collisions are now widely studied 
theoretically and different approaches which incorporate 
mean-field effects as well as nucleon-nucleon collisions have 
been proposed C13,14D. A semi-classical approach based on the 
71asov equation and its extension, the Landau-Vlasov equation 
C133, was shown to account for some features of the reac
tions. Preequilibrium particles are an interesting probe, 
which gives information on the validity of the collision term 
entering these calculations. The comparison was only done for 
the highest HR velocity zone, where preequilibrium protons 
should be little contaminated by IMF evaporation. For the 
system studied Landau-Vlasov calculations predict fusion 
reactions (where only one HR, and nucléons, are found in the 
exit channel) for impact parameters between 0 and 5 fut. The 

characteristics of the physical observables were followed as 
-22 a function of time. At t=4.10 s (t = 0 when the incident 

nuclei come at contact), the momentum distribution of emitted 
nucléons becomes isotropic, in good agreement with the 
stabilization of the HR velocity which is shown in the top 
part of Fig. 3. One can then define this instant (dashed line 
in Fig. 3) as the end of the preequilibrium phase and make a 
comparison with experimental data. The experimental HR 
velocity zone is reported on the right of Fig. 3, and 
overlaps well with the calculated v._mr indicated with its 

-21 standard deviation at t % 10 s C153. In the bottom of Fig. 
3 is plotted the evolution of the average parallel and 
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perpendicular proton velocities. While the calculated and 
experimental perpendicular velocities are in good agreement, 
parallel velocities differ strongly, the experimental value 
being much larger than the calculated one at t = 4.10 " s. 

This disagreement may reveal that the collision term used in 
the calculation has to be reconsidered. However another 
explanation of the disagreement can be found in the fact 
that, in the calculation, only nucléons are emitted. A more 
realistic comparison would take into account the experimental 
velocities of deuterons, tritons and alpha particles with 
proper weight. Our results show that complex particles have 
velocities smaller than protons C123 , which would lead to a 
better agreement between theory and experiment. 

The authors are grateful to C. Grégoire and B. Rémaud 
for enlightening discussions concerning the Landau-Vlasov 
calculations. 
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^ > H R o.s 1.3 l.a 

Anisotropic <v„> 7.3 7.1 7.2 
(vx> 4.1 4.6 5.0 
M .72+0.15 .81+0.20 .8B±0.25 

Isotropic M 2.1+0.3 2.7+0.4 3.3+0.5 

TABLE I 

TABLE CAPTION 

Table I : Velocity characteristics and multiplicities of 
emitted protons vs average parallel velocities of 
heavy residues. 



FIGURE CAPTIONS 

Figure 1 : Examples of proton velocity spectra in coincidence 
with HR (<v//>.jR = 1.8 cm/ns, 10° in plane). The 
full lines correspond to the subtracted isotropic 
component derived from (E-B) exp (-E/T) with 
parameters B and T fixed at large angles. An 
example of the isolated anisotropic component is 
given in (e). 

Figure 2 : Angular distribution of the proton anisotropic 
component in coincidence with HR detected at 10° 
in and out of plane. 

Figure 3 : Comparison of experimental result* with Landau-
Vlasov calculations for incomplete fusion reac
tions (see text). Top : HR velocity. Bottom : 
average parallel and perpendicular velocities of 
emitted protons. 
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Landau-Vlasov 
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