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Abstract 

A brief survey of some aspects of heavy-ion interaction mechanisms, 
at bombarding energies between 20 and 50 MeV/u is presented. The 
maximum energy content of a nuclear system, the most probable linear 
momentum transfer and the possible existence of a "calefaction" 
phenomenon in heavy-ion collisions have also been investigated. 
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The mechanisms of heavy-iot. collisions at low bombarding energies 
<< 10-15 MeV/u) are dominated by the mean field interaction whereas 
above *v 100-200 MeV/u the nucleon-nucleon interaction* dominates. Several 
new accelerator facilities now operational can generate heavy-ion beams 
with kinetic energies between 20 and 100 MeV/u. This newly available 
bombarding-energy region is interesting because the velocity of the 
projectile can be of the same order of magnitude as the intrinsic 
velocities of the projectile and target nucléons. Since this energy range 
constitutes the borderline region of both the low and high-energy 
domains, one would expect that some of the aspects of the as yet unknown 
interaction mechanisms would be identical to those observed at lower and 
higher bombarding energies^). Consequently quite a number of experiments 
have so far been carried out in this energy region in order to see if 
this particular domain does, in fact, exhibit some new and unexpected 
empirical features^"*). 

It is not easy to perform "exclusive" experiments in this energy 
domain because heavy fragments and many light particles are usually 
emitted in such heavy-ion interactions. It follows that, so far, most 
experimental investigations carried out in this energy region were rather 
of the "inclusive" type, thus leaving the "exclusive" data accumulation 
to be tackled yet. 

We propose to give a brief overview of the above mentioned 
hypothetical interaction mechanisms and discuss some of the more specific 
problems associated with this specific energy domain. Some of the 
proposed interaction hypotheses will actually be difficult to check 
experimentally because the available data are sometimes quite scarse and 
fragmentary. Bowever, these hypothetical mechanisms could still 
constitute an "Ansatz" for further discussions and be used as an 
inception in the design of experiments yet to be performed. 

•v. 

1) Maximum energy content of a given nuclear system 

Let us try to evaluate the maximum energy per nucléon, e*Max« which 
any given nuclear system can.contain^) under the assumption of a global 
statistical equilibrium. The first idea would be to consider the 
following reaction mechanism : 

Nucleus * neutrons + protons (1) 
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which can be interpreted in terms of a nucleus in ebullition, the boiled-

off nucléons being the neutrons and the protons respectively. In order to 

separate the nucleus in its constituent parts one has to provide an 

energy Aeg to the nucleus, where A and Cg are the mass number and the 

binding energy per nucléon, respectively. By taking the usual A/3 value 

for the level density parameter this leads to a maximum temperature, 

T o a x £ 7-8 MeV. Some experimental results (see ref.6) for a compilation) 

seem to indicate that the highest possible nuclear temperature is smaller 

than Che one obtained by the above simple evaluation. This might be 

connected to the fact that reaction (1) is not the only one which comes 

into play when discussing the maximum amount of energy which can be 

transferred to a nuclear system. Indeed, one knows that many composite 

particles and light fragments, with a mass distribution proportional to 

A T ( T \ 7/3), have been observed in this energy region (for a compilation 

see réf.?) and ref. therein). These mass distributions can be tentatively 

understood, for instance, within the framework of a gas-liquid phase 

transition near the critical point**), but other explanations are 

acceptable as well. Therefore one is led to consider the following 

reaction mechanisms : 

Nucleus X neutrons + protons * clusters (2; 

which now correspond to a plethora of "boiled-off" neutrons, protons and 

clusters. It should be noted that all nucléons do not necessarily 

condensate in clusters. We shall not be interested in any theoretical 

justification of the A c law but we shall use the fact that it is 

observed experimentally. In this case the most probable maximum energy 

content of a nucleus, expressed per nucléon, becomes : 

« Max " EB " <Cclusters > ( 3 ) 

where < Clusters'* is the mean binding energy per nucléon of the clusters 

in question. By using the most probable A c value for a given mass cluster 

together with a mass distribution in A c , one finds ^clusters'" £ 3 M e V 

for the above mentioned clusters. In Fig. 1 we plotted e n a x as a function 

of mass, for nuclei lying on the beta stability line, and for different 

values of the parameter T. One sees that £ Max i s a sensitive function 

of T and of Che mass number. From Fig. 1 we also see that medium nuclei 

can accomodate core excitation energy per nucléon than heavy nuclei. A 
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compilation of experimental results6) seems also to indicate similar 

trends. 

The computed <Ecluster^ values are probably on the high side because 

we assumed here that all nucléons are constituents of clusters , an 

assumption equivalent to the statement that reaction (2) has run its full 

course. This is certainly not the case in reality and hence the correct 

'̂"cluster'* v a l u e ought to be adjusted. On the other hand, the figure 

found for G g is also too high because it vas computed for nuclei along 

the beta-stability line, an assumption vhich is surely wrong for nuclei 

formed in heavy-ion collisions. However, these two uncertainties tend to 

cancel out and one can therefore still expect to obtain a reasonable 

qualitative value for £ n a x . One can now evaluate the associated maximum 

temperature of the nucleus to be about 6 MeV. 

It is worth mentioning here that the above evaluations assume that 

global statistical equilibrium has been reached in the nucleus and that 

the upper limit on e M a x merely constitutes "a most probable" case, thus 

allowing for a certain amount of fluctuation. 

In particular, for cases where only "local equilibrium" is required 

one can doubtlessly exceed these limits and hence deposit energy locally 

in excess of these s \ a x values^). One should also note that, 

surprisingly, medium mass nuclei created in heavy-ion collisions can have 

a higher energy content per nucléon than the corresponding heavy nuclear 

systems. 

2) Interpretation of linear-momentum transfer experiments 

If the bombarding energy is not too high above the coulomb barrier, 

the fusion of two heavy ions can be complete in the sense that all the 

nucléons can merge in a single system. As the bombarding energy reaches 

about 8-10 MeV/u, another mechanism, incomplete fusion, becomes more and 

more probable. In this latter process several light particles are emitted 

before the two remaining parts of the projectile and of the target fuse, 

forming a composite system with a mass smaller than the total mass. The 

light particles, which are emitted by the projectile before incomplete 

fusion, are usually very fast. Therefore they remove a non négligeable 

part of the initial energy, linear and angular momentum of the 

projectile. 

Several experimental investigations5»l°"20) on the amount of linear 

momentum transferred (LMT) from the projectile to the fused system have 
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been made by measuring the folding angle between the two fission 

fragnents emitted during the de-excitation by fission of the fused 

system. For light projectiles, smaller than or equal to 20fle, it was 

found that the most probable amount of linear momentum transferred from 

the projectile to the target, o . increased with the bombarding energy 

and could be expressed*-*) i n ternis of the simple relation : 

p = - 0.092 /"Ê7T+ 1.23 for /"EM > 3.2 (MeV/u) 1 ' 2 (4) 

where E/A is the projectile bombarding energy per nucléon. 

For ^ A r projectiles at bombarding energies*^»19>20) 0 f 27 and 19.6 

MeV/u, p still behaves roughly as indicated in eq. (4) but at yet higher 

energies*"*» ')this is no longer the case and p tends to become smaller 

than the values predicted by the systematics of eq. (4). It should be 

noted here that a precise measurement of the folding angle, associated 

with incomplete fusion followed by fission, becomes progressively more 

difficult as the bombarding energy increases because more and more 

sequential fission occurs, thus making a precise evaluation of p rather 

uncertain. The physical basis for this decrease of p below the value 

predicted by eq. (4) IF to be found in the emission of fast particles 

even before the remnants of Che projectile and target fuse. Summing up 

one could say that the available data seem to indicate that p depends 

not only on the bombarding energy per nucléon but also on the mass of the 

projectile. 

It thus appears that the development of a universally valid 

theoretical expression forp as a function of E/A, the projectile mass, 

and possibly other and as yet unknown parameters, would be very 

interesting indeed. 

For instance, one would like to know if the p observed in an A} + kj 

reaction, is identical to the one measured in the inverse kinematics 

A2 + Ai« Th e experimental verification of the above will then 3ettle the 

question of the number of particles emitted before fusion by the 

projectile or target respectively. 

A rough estimation for the theoretical behaviour of p can be 

obtained within the framework of a very schematic and simple model 

developed in some detail in ref. 2 1). 

In this model one assumed' first chat all nuclei involved are 



- 6 

represented by sharp-edged liquid drops and second one then follows their 
subsequent evolution in phase space. In such a context, one then shows 
that nucléons can be ejected from the projectile provided that : 

a) they belong to a region common to the projectile and target, 
represented by the hatched region for ordinary space in fig. 2 

b) they must also have sufficient momentum so as to be able to 
escape from the mean field of the target nucleus. This means that in 
momentum space, they must be part of the projectile Fermi-sphere which 
lies outside the target sphere represented by the dashed circumference. 
Thus, only nucléons pertaining to the shaded area in momentum space, 
shown in fig. 2, can possibly be ejected. 

The radius, K, of this dashed sphere is obtained from the following 
expression i 

M^ ..nT^) for neutrons 
"ff 

K » / — (Sp+Vp+eF) for protons 

were S n and Sp are the separation energies of the neutrons and protons in 
the target nucleus, respectively, €p is the Fermi energy, Vp the proton 
coulomb barrier and m the nucléon mass. 

On the average, the nucléons emitted by the projectile have the 
projectile velocity with fluctuations around this mean value which are 
due to the Fermi motion. A similar set of arguments can be applied to the 
target nucléons and one is thus able to calculate the velocity of the 
target nucléons ejected by the mean field of the projectile. However, in 
this latter situation their average velocity is practically zero in the 
laboratory system. It should be noted that the proceeding approach can be 
viewed as a very simple analytical version of the models described in 
refs. 2 2" 2^) (Promptly emitted particles models, Fermi jets models). The 
nucléons which are emitted by the projectile and by the target, before 
their remaining parts fuse, do not necessarily survive as free nucléons. 
They can form clusters and this model gives the amount of protons or 
neutrons which can be found as free nucléons or clusters. Theoretical 
evaluations of p obtained with this model 2 1) agret reasonably well with 
the actually available experimental data (see ref. 2 1) for more details). 
We would just like to show.a few results which give possible answers to 
the problems raised at the beginning of this section. 



In fig. 3 ve show as a function of E/A, the bombarding energy per 
nucléon, for three different systems : C + Au, Ne + Au and Ar + Au. It is 
obvious that p depends on the projectile nass in such a way 
that p increases as A decreases, for all but the lowest values of E/A. 
The same parameters are plotted in fig. 4 for the Ne + Au (full line) and 
Au + Ne (dashed line) cases. One observes that p is larger in the second 
case. This is due to the fact that the number of emitted particles prior 
to fusion are roughly equal for the projectile and for the target. 
Therefore p is substantially greater for the Au + Ne system than the 
comparable value Ne + Au. 

In the above discussion ve did not consider the maximum amount of 
energy vhich can be deposited in a nuclear system and which could put 
additional constraints on the possible observation of incomplete 
fusion^). Nevertheless - we have seen that p depends critically on E/A as 
well as on the size of the projectile. It would be interesting to perform 
a measurement of p in the case of an inverse klnematical reaction and for 
that, heavier heavyion beams would be required. 

3) Do we have a calefaction ohenoraenon in heavy-ion collisions ? 

In 22 and 35 NeV/u Krypton induced reactions on medium and heavy 
targets, products with an atomic number and a kinetic energy per nucléon 
substantially smaller than those associated with the projectile have been • 
observed25-27)# p o r instance^), at 35 MeV/u, these products have an 
atomic number distribution peaked at about 25 units, a FWHM of 8 units, 
and a kinetic energy smaller than 15-20 MeV/u. At angles greater than the 
grazing angle, associated with the projectile, such products represent 
the main part of the observed differential cross sections. They are also 
present at angles smaller than the grazing angle but vith a smaller 
differential cross section than the one observed for the products having 
an atomic number and a kinetic energy close to those of the projectile 
(elastic, quasi-elastic and fragaentation products). 

Different reactions were recently investigated with a 22 MeV/u *»̂ Kr 
beam^S) provided by the GANIL heavy-ion facility, and some of the 
observed energy spectra for different interaction products, designated by 
their respective atomic numbers Z, measured at angles between 7° and 12° 
in the laboratory system, are shown in fig. 5. For the Kr + Mo systems 
this angular detection range is greater than the projectile grazing angle 
whereas for the Kr + Ag and Kr + Au systems the grazing angles lie within 
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this angular range. The presence of products with Z and kinetic energies 
well below the corresponding value for the projectile can also be 
detected at a glance. 

The problem now consists in finding a credible representation for 
the genesis of these particular interaction products. At very high 
bombarding energies one knows that the participant-spectator model 
provides a rough interpretation of the collision between two 
heavy-ions'-). In such a representation, schematically displayed in fig. 
6, one distinguishes three kinds of regions : the participant zone (P) 
which is highly excited and consists of the nucléons which are in the 
"common region" of the projectile and target (fig. 6), the projectile 
spectators (PS) which belong to the projectile but do not belong to the 
common zone, and the target spectators (TS). The spectators are 
practically not excited. In the laboratory system the projectile 
spectators move with the beam velocity and the target spectators are at 
rest whereas the participants move with an intermediate velocity (half of 
the beam velocity for a symmetric system). One cannot explain the 
experimental results discussed at the beginning of this section by this 
model. This is probably not surprising because we are at a much lower 
bombarding energy and we expect that mean field effects cannot be 
neglected. The influence of a mean field contribution alters the simple 
participant-spectator model depicted in fig. 6, and one could therefore 
imagine any of the alternative interaction scenarios described below : 

a) The three zones could fuse together after some fast particles have 
been emitted by the hot zone. This is the incomplete fusion mechanism 
described in section II. One has then to consider the question of the 
maximum energy which can be deposited in a nucleus (section I). 
Furthermore, it should be recalled here that the fusion of Kr projectiles 
with heavy target nuclei becomes very improbable at low bombarding 
energies and one might also expect this to be the case in this energy 
region. 

b) One can also imagine 2 6) that the participants would "stick" (or fuse) 
to the remnants of the projectile or the target, two hypothetical 
scenarios schematically depicted in figs. 7 and 8 respectively. In terms 
of fig. 6, one would therefore be dealing either with a (P+PS) (fig. 7) 
or (P+TS) (fig. 8) agregate moving as a single system with a fixed 
velocity. The excitation energy of the participants, P, could then be 
shared by the spectators of either the projectile (fig. 7) or the target 
(fig. 8) to the extend that one could subsequently form a highly excited 
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nuclear state which, most probably, will eventually fission. 

c) One could also suppose^**) that the presence of a mean field induces, 
at first, the same mechanism as in case b) namely the participants 
"stick" either to the projectile or to the target and we are again left 
with a (P+PS) or (P+TS) configuration. However, and this constitutes the 
crucial difference, the system does not live long enough to become 
"uniformly highly excited" but "breaks up" before a final global thermal 
equilibrium can be reached. Such a "reseparation" of the fused system 
could be attributed to "calefaction", a phenomenon discussed in more 
familiar terms below. "Calefaction" is well known in macroscopic systems 
and is rather common in everyday life. For instance pouring some water on 
an overheated plate results in "calefaction" of the water droplets, that 
is a "slower than expected liquid to vapour transition rate" for the 
water content of the droplets shortly after first contact. The vapour 
layers, developed upon initial contact, subsequently tend to isolate the 
remnants of the water droplets from the heat source because it has a 
lower conductivity than the original water itself. A similar mechanism 
also allows one to put one's hand into liquid nitrogen without suffering 
any serious damage, provided it is done fast enough. 

For heavy-ion collisions one surmises that a nucléon gas, generated 
by the initial evaporation of the hot zone or from overheating of the 
spectator -zone, fills the contact region between the participants and 
spectators of the combined (P+PS) or (P+TS) systems, described in 
scenario 3c and shown in figs. 9 and 10. Such a nucléon gas would 
consequently have a much smaller thermal conductivity than a 
corresponding region of non-gaseous "participant matter" which would have 
both a higher nucléon density and temperature and hence calefaction ought 
to "reseparate" the fused system into its spectator and participant 
constituents. 

The calculated kinematics in the laboratory system for the different 
products of heavy-ion interactions, associated with previously discussed 
"interaction scenarios" 3b and 3c, are shown in fig. 11 as functions of 
the dimensionless parameters A/A„ and E/E«. In this context A and E stand 
respectively for the mass and kinetic energy of any of the products and 
Ap and E p represent the projectile mass and kinetic energy respectively. 
The "calefaction scenarios" of section 3c, displayed in figs. 9 and 10 
must be associated with the kinematics of fig. 11(a) and (c) 
respectively. The scenarios of section 3b, pictorially represented in 
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figs. 7 and 8 are to be used with the kinematics of fig. 1Kb) and (d) 
respectively. 

The "correlations shown in fig. 11 were computed for primary products 
where it was assumed that particle jetting, described in section 2, 
represents only a small fraction of the mass of the total system. 

By comparing experimental data points for certain products, such as 
those taken from ref.2^) and displayed in fig. 5, with the kinematics 
Shown in fig. 11, one is led to the conclusion that the "calefaction 
scenario" of fig. 11(a) seems to give the best fit to the data. This 
particular comparison is shown in fig. 12, which involves scenario 3c, 
represented by fig. 9, together with data from fig. 5 associated with the 
kinematics displayed in fig. 11(a). The figure clearly shows that, due to 
its inherently high temperature, the participant agregate, P, probably 
"evaporates" a certain amount of nucléons, as indicated by the dashed 
line whereas its counterpart, the rather cold projectile-spectator 
aggregate is hardly affected by evaporation because its excitation energy 
is simply too low. 

4. Conclusion 

This communication was meant to give a brief survey of some aspects 
of heavy-ion interaction mechanisms at bombarding energies between 20 and 
50 MeV/u. 

One shows that the highest possible energy content of a nuclear' 
system can be estimated to be about 5 HeV/u. One further indicates that 
simple phase space arguments can account for incomplete linear momentum 
transfer as observed in heavy-ion collisions. Finally, a tentative new 
interaction mechanism, "calefaction", has been shown to be theoretically 
compatible at least to within a first approximation, with Kr induced 
reactions. 
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Fig. 1 Maximum energy per nucléon e*MAX> fo* nuclei lying on the beta 
stability line, calculated assuming that clusters of mass A c are 
formed with a probability A c . From ref.'). 
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TOP s The full-line circles represent the Fermi-momentum spheres 
of the target and projectile with radii Kp. The relative 
moaenturn/nucléon, q, is also shown. Only nucléons pertaining to 
the shaded area can escape (see text and ref.^l)). 
BOTTOM : Situation in ordinary space where only nucléons in the 
overlap (shaded) region can escape. 
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Fig. 3 Calculated most probable amount of linear momentum transferred 
from the projectile to the fused system, p , plotted as a 
function of the bombarding energy per nucléon, E/A, for 
different systems. From ref.^l). 

eo. 

1.0 
.8 
.6 
.4 
2 

" i ' > ' • t i i • i r 

0.0 

Nt • AU 
... AU • Ht . Au • Na 

0 20 40 60 80 100 
E/A (MaV) 

Fig. 4 Same as fig. 3 for the Ne(E/A MeV/u) + Au and Au(E/A MeV/u) + Ne 
systems. 
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Fig. 5 Energy spectra for different interaction products, designated by 
their respective atomic numbers Z, in the 8 4Kr plus 9 2Mo, 9 8Mo, 
Ag and 1 9 7 A u reactions measured at 22 MeV/u and between 7° and 
12°. Data taken from ref. 2 8). 
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Fig. 6 Schematic representation of a participant-spectator model where 
regions P, PS and TS represent the participants, projectile 
spectators and target spectators respectively. 

Fig. 7 Schematic representation of the interaction scenario described 
in section 3b of the text and to be associated with the 
kinematics of fig. 1Kb). 
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Fig. 8 Same as fig. 7 for scenario 3b and kinematics of fig. 11(d), 

Fig. 9 Same as fig. 7 for "calefaction" scenario 3c and kinematics of 
fig. 11(a). 

Fig. 10 Same as fig. 7 for "Calefaction" scenario 3c and kinematics of 
fig. 11(c). 

1 1 1 1 1 1 j 



11 Kinematics for the heavy-ion interaction products in the 

laboratory system associated with the different interaction 

scenarios discussed in the text. In the plotted diœensionless 

parameters, A and A p represent the product mass the projectile 

mass respectively, whereas E and Ep are the laboratory kinetic 

energy associated with the same particle systems. 

Figs (a) and (c) correspond to the "Calefaction" scenarios of 

section 3c, displayed in figs. 9 and 10 respectively. 

Figs (b) and (d) to scenarios 3b, represented in figs. 7 and 8 

respeccively. 
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E/E„ 

12 Same notation as in fig. 11 plus a Z scale simply meant to 
convert data from fig. 5. Comparison of experimental data 
points taken from reference 28.... and the "calefaction 
scenarios" discussed in the text and figs. 9 and 10 and where 
kinetics are displayed in fig. 11(a) and (c). 
The dashed line represents the kinematics of the participants, 
P, after evaporation. 


