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1. Introduction

One of the main features of heavy ion induced reactions in the intermediate energy range

(above 25 A.MeV) is the increasing emission of the so-called "intermediate mass fragments" (IMF)

or "complex fragments". This problem has attracted much attention both from an experimental as

well as theoretical point of view/I-42/

This strong interest was first connected with the possibility to provide evidence for the

existence of a transition towards a new decay mode usually called "multifragmentation" 76,8,10A

Inclusive experiments have allowed to identify at least two components which might be associated

with different reaction time scales: a fast non-equilibrium (NE) component, strongly forward

peaked and a slow component leading to a quite isotropic emission of the IMF/14,17,21/. The fast

NE component includes very peripheral reactions leading to the so-called projectile-like-fragments

(PLF) as well as inner and more dissipative collisions. The equilibrium component is usually

explained by a standard evaporative process from an equilibrated system, the increase of the IMF

cross-section with excitation energy being simply explained by phase space considerations.

However, when increasing the incident energy, a pure sequential binary decay might not be

anymore the dominant process.

More insight into the mechanism(s) responsible for the production of IMF can be obtained

only through exclusive experiments which may provide a filter on the degree of violence of the

collision (i.e. the impact parameter). Many of them were based on coincidence measurements

between the IMF and heavy residues or fission fragments /22,23,37/. However, such experiments

may sometimes introduce a bias. For example, if one expects the onset of a transition towards a

multifragmentation process for the most violent collisions, in that case, an evaporation residue or

fission fragments may not exist anymore and with such triggering modes, the multifragmentation

channel would not be detected.

Consequently, as it appears unreasonable to rely on the characteristics of the massive nuclear

remnants which are a priori unknown in the exit channel, it is desirable to choose another

observable, connected with the degree of violence of the collision, which introduces the least

possible bias in the interpretation of the data. Evaporation of light particles such as neutrons is
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expected to fulfill this condition since they are emitted whatever the splitting of the initial system is.

This is why we have chosen to perform coincidence measurements between neutrons and IMF,

PLF or light charged particles (l.c.p.).

In this paper, we present results concerning fragment production in the reaction 4QAr+W?Au

at 44 and 77 A.MeV. The choice of a heavy system insures that neutron emission is strongly

favoured with respect to l.c.p. emission. The knowledge of the neutron multiplicity (Mn) is then a

good guide of the degree of violence of the collision (and to some extent of the impact parameter).

In a previous paper on the same system , the emphasis was put on the observation of neutrons and

l.c.p. and the occurence of a soft saturation of the thermal excitation energy deposit with increasing

bombarding energy has been demonstrated/26/. In this paper, the emphasis is placed on the

complex fragment production.

This study aimed to answer the following questions:

- Can we select different processes for IMF emission as a function of the degree of

violence of the collision?

- Can we select higher excitation energies deposited in the target-like-fragment (TLF)

when triggering on IMF instead of l.c.p?

- Is it possible to clearly isolate an equilibrium component from non equilibrium ones?

If so, what are the origins of these different components?

- Finally, is there any change in the process responsible for fragment production with

increasing bombarding energy or do we still have to deal with standard processes such as deep-

inelastic reactions or evaporation ?

After a short description of the experimental set-up, we first discuss the inclusive Mn data as

well as the inclusive IMF and PLF production. Then the results concerning the correlation between

the fragments and the neutron multiplicity are presented. !MF multiplicities are extracted and a

detailed analysis of the spectral shapes allows for a tentative identification of the different

components. Finally, we review various possible origins for this fragment production.

!

2. Experimental set-up
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The experiment was performed at the GANIL national facility. 4()Ar beams of 1760 and

3080 MeV impinged on a 450|ig/cm2 l97Au target.

A 471 Gd loaded liquid scintillator detector was used in order to get an event by event

measurement of the neutron multiplicity. The detector, originating from HMI Berlin, consisted of

two hollow hemispheres (1.4m diameter) filled with 1500 liters of scintillator. A 40 cm diameter

scattering chamber was located at the center of the neutron tank and contained the target as well as

the detectors for the charged products.

The detailed operation of such a 4n neutron detector is described elsewhere 1211. Let us just shortly

recall here its main characteristics. It has a very high efficiency (87%) for the low energy neutrons

(2.1 MeV on the average) emitted by a Cf source. The efficiency, which can be derived also by

simulating the neutron detection using Monte-Carlo calculations, drops down to around 80% for

those neutrons isotropically emitted from a hot TLF moving with a velocity of 1 cm/ns and to 30%

for 40 MeV neutrons. Therefore, this kind of detector is well suited for the detection of evaporative

neutrons emitted by slow moving sources. More energetic neutrons, for instance those arising

either from a preequilibrium process or from a sequential emission from the fast excited PLF, will

be detected with a much poorer efficiency. Furthermore, for the very asymmetric system

considered here, the neutron emission from the TLF is much more probable than that from the

PLF. To first order, in this paper, the detected neutrons will then be considered as evaporated from

the TLF. This assumption has been checked later using another 4n detector sensitive to the

emission direction of the emitted neutrons /42/. Fragment Si telescopes were located at 3.7° (2.7° at

77 A.MeV), 20°, 40°, 60° and 160° with solid angles ranging between 0.2 msr (3.7° and 2°7) and

11 msr. These telescopes consisted of various detectors with the following thicknesses: 46, 300,

300, 1000 and 6100 urn at 3.7° (2.7°), 34, 300 and 4000 urn at 20°, 28, 300 and 4000 Jim at 40°,

47, 300 and 4000 |im at 60°, 11,47, 300 and 4400 urn at 160°. The atomic charge of the products

(1< Z <20) was determined from the measured dE and E values. Energy thresholds for Z

identification were close to 5 A.MeV at 3.7° and 2.7°, 4 A.MeV at 20°, 3 A.MeV at 40°, 5 A.MeV

at 60° and 1 A.MeV at 160°.
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The absolute cross sections were determined from the charge collection in the Faraday cup and

from elastic scattering measurements by means of four Si monitor detectors located at 2° with

respect to the beam and set at A<}>=900 with respect to each other in order to precisely determine the

position of the beam and record any possible shift in the beam direction during the experiment.

3. Energy spectra, energy dissipation

A sample of energy spectra for different Z's at the two bombarding energies and for angles

between 2.7° and 60° (Fig 1-3) reveals several distinct features:

- At very forward angles, the main component is peaked near the beam velocity. It is most

visible for the highest Z's but is still present for the low ones. This component, which is

progressively washed out when moving away from the grazing angle, is commonly attributed to a

remnant of the projectile after an interaction with the target in rather peripheral collisions. These

fragments are usually labeled as PLF /28,29/. The high energy tail observed at 20° may still be

explained by this PLF component.

- A low energy component, already visible at the most forward angle, becomes the dominant

one at 20° and above. With increasing emission angle, one observes a strong change in the slopes

of the spectra for a given Z, their shape approaching a maxwellian one at large angles. This

variation may already indicate the existence of more than a single emission source for these low

energy fragments. Moreover, the most probable energy is strongly shifted towards smaller values,

which may be due simply to kinematical effects but also possibly to different velocity sources.

- Whereas at 20° the persistence of a high energy component associated with the quasi-

projectile makes the spectra for a given Z very different at the two incident energies, for larger

angles they look very similar. Not only the most probable energy and the slope but also the

absolute differential cross-sections do not change in a significant way between 44 and 77 A.MeV

(Fig 3). This point will be discussed in more detail later but one can already mention that this may

be a clue for the source(s) responsible for this IMF production to have very similar properties in

this incident energy range.
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More precise information on the energy dissipation can be obtained from the associated

neutron multiplicity (Mn) which is known to be a very good filter of the degree of violence of the

collision/26,30,41/. The evolution of the mean value <Mn> as a function of the coincident

fragment Z (for different detection angles) is displayed in Fig 4 together with the inclusive Mn

distribution for the two bombarding energies (no correction for the neutron detection efficiency has

been applied on these data). As already discussed in earlier papers/26,30/, the inclusive

distributions exhibit two components which can be roughly attributed to peripheral and central

collisions.

Previous studies have demonstrated that, near the grazing angle, the observed products are mainly

PLF originating from rather peripheral collisions and the sharp increase of <Mn> with decreasing

Z is just the signature of an increasing energy dissipation/28,31/. It has been shown to be in

qualitative agreement with a massive transfer process for moderate incident energies/28/.

The second component associated with the IMF emission is the vertical branch in the lower part in

fig.4. The striking observation point is that, apart from the most forward angles (2.7°and 3.7°), the

mean Mn values (as well as the second moments of the distributions, not represented in the figure)

do not change significantly with the detected Z. Moreover, <Mn> rises by only 3 units between 44

and 77 A.MeV. As shown in Fig.4, these mean values are very close to the ones associated with

the high multiplicity bump in the inclusive neutron data. They are also similar to those observed for

events triggered on evaporated light charged particles detected at backward angles /26/ or fission

fragments (FF) /32/. The detection of one IMF in the exit channel therefore does not seem to

reflect, on the average, the existence of more excited nuclei than those selected by l.c.p. or FF.

It seems rather surprising to have similar neutron multiplicities for fragments detected from 20° to

160°. The assumption that the IMF are evaporated by a hot TLF having some recoil velocity

distribution, due to kinematical effects, would imply that those IMF emitted by the most excited

(the fastest) TLF are preferentially observed at forward angles. The forward emitted IMF should

then be associated with the highest neutron multiplicities. This is not at all observed experimentally;
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on the contrary, one sees a slight increase of <Mn> for fragments emitted at backward angles.

Therefore, another component should be present at forward angles in addition to the one associated

with the evaporation by the TLF.

Another interesting observation is the (slight) increase of <Mn> with increasing Z for 0>20°. This

could be explained by the increasing contribution from neutrons evaporated by these heavier

fragments which becomes no more negligible as compared to the contribution from the TLF.

Besides the associated average Mn with each Z, the fragment energy spectra should also

reflect the degree of violence of the collision . Fig.5 shows as an example the evolution at 44

A.MeV of the neutron multiplicity when exploring the Z-E space for 0=3.7° and 20°. The

behaviour is again very different for these two angles. For the most forward angle, the high energy

part is clearly dominated by the quasi-projectile and the dashed curve in figure 5a visualizes the

evolution of <Mn> with increasing PLF Z's for fragment with the beam velocity. On the other

hand, for low kinetic energies, the observed multiplicities stay high and almost constant whatever

the fragment Z.

At 20° the situation has drastically changed. The neutron multiplicities are varying very little with

both the fragment Z and its kinetic energy .

A more precise view of the Mn variation with kinetic energy and detection angle is presented in

Fig.6 for four different fragment Z (the figure refers to the 44 A.MeV data but the pattern is very

similar at 77 A.MeV). At 3°7, Mn is continuously increasing with decreasing fragment kinetic

energy E. This is especially true for the high energy part of the spectra related to the PLF and

simply reflects an inelastic interaction where E is strongly connected to the energy deposited in the

TLF. This energy dependence is much weaker on the low kinetic energy side; in this region, the

fragments are probably issued from a large variety of impact parameters, all of them associated

with very dissipative collisions; the associated <Mn> values are very close to the one

corresponding to the high multiplicity peak observed in inclusive measurements (see Fig.4). The

same behaviour is observed at 20°, however the high energy component is much weaker. Above
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20° this component has completely disappeared and the <Mn> values do not vary significantly with

Z, E or 0.

One observes also from Fig 6 that the second moment of the neutron distributions is quite

insensitive to the fragment kinetic energy as well as to the detection angle. This is an indication that

the absolute value of the energy fluctuations does not depend on the amount of deposited energy

(the contribution of the detector efficiency to this second moment remains very weak).

4. IMF angular distributions and total cross sections

The inclusive IMF angular distributions ( do/d©) are presented in fig 7 for the two incident

energies, 44 and 77 A.MeV. Only the low Z's are displayed, those for which the experimental

energy threshold is sufficiently low to not distord the shape of the distributions. The projectile-like

contribution is not included (the fragments having a velocity larger than 80% of the beam velocity

have not been taken into account). These angular distributions are very similar at the two

bombarding energies. Once again, this suggests (a) very similar origin(s) for the IMF in this

energy range. The evidence for the existence of more than one emission source will be discussed in

the next section.

Integrated cross sections are shown in Fig.8 for Z=3 to 14 (they should be considered as

minimum values for Z>6, due to the experimental energy thresholds); data from Milkau et al /21/ at

30 and 220 A.MeV are also displayed. If one excludes Z=3 for which a significant increase of the

cross section is observed from 44 to 77 A.MeV (=35%). the production rate for a given Z is quite

insensitive to the bombarding energy. Total cross sections for these IMF have been deduced by

summing them up from Z=3 to 14. One obtains a=2500mb at 44 A.MeV and 2700mb at 77

A.MeV. These are of course minimum values but they should not be too much affected by the

experimental energy cuts as the largest contribution to the total cross section arises from the low

Z's for which there is no such problem. Total errors amount approximately to 25%.

As mentioned before, all these products originate from very dissipative collisions as the

* *
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associated neutron multiplicity is high and close to the most probable value of the high multiplicity

bump in the inclusive neutron data (see Fig.4-6). One may then define the average IMF multiplicity

as the ratio of the total IMF cross section to the total cross section corresponding to "dissipative"

collisions (the latter can be easily deduced from the inclusive neutron multiplicity distributions and

it corresponds to the one associated to the high multiplicity bump). Deduced values are close to 1

IMF per collision at 44 A.MeV and 1.2 IMF at 77 A.Me V.

These cross sections can be compared to those measured by Milkau et al/21/ at 30 A.MeV

(o=2.()b) and 220 A.MeV (o=2.1b). Surprisingly, within the experimental uncertainties, the IMF

cross section remains remarquably constant over this wide energy range, from 30 to 220 A.MeV

(Fig.9). However, it would be rather surprising that the origin(s) of the IMF remains the same for

these two extreme energies. This issue will be discussed in section 6.

5 IMF differential multiplicities and energy dissipation

The observation ot the fragment energy spectra at different angles together with the

associated neutron multiplicity has led us to conclude to the existence of two classes of fragments:

the first one can be easilv attributed to projectile-like fragments (PLF) and is most strongly seen at

very forward angles. These fragments have an average velocity close to the one of the projectile

and the dissipated energy is strongly connected with the PLF atomic number and velocity; their

origin has been discussed in a previous paper/28/. The second class, not necessarily associated

with a single mechanism, includes those fragments commonly labeled as IMF or complex

fragments and is characterized by a very strong damping (low kinetic energy and high associated

neutron multiplicity). It is then worthwhile to investigate whether more precise information about

the energy dissipation can be obtained through the observation of these complex fragments.

The analysis performed previously by Jiang et al /26/ with the emitted light charged particles

(I.e.p.) has been repeated with the complex fragments. It deals with the evolution of their

differential multiplicities as a function of Mn . With the I.e.p. evaporated backwards, a saturation
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of their differentia] multiplicity has been observed as soon as the associated value of Mn was

reaching a value close to the one corresponding to the maximum of the high multiplicity bump in

the inclusive neutron data. A soft saturation of the deposited excitation energy ( close to 650 MeV)

was deduced between 30 and 77 A.MeV from the analysis of these l.c.p. data. As for the l.c.p.

case, such a study should allow to follow the evolution of the complex fragment multiplicity as a

function of the energy dissipation. It might help to determine whether a significant part of these

IMF is associated with very high energy dissipation.

Let us fir : -•••, all the definition of the differential multiplicity. It is simply derived from the

ratio between exclusive (NlMF) and inclusive (Nincl) numbers of detected events for a given

neutron multiplicity:

d2MiMF NIMF
Nincl Mn

The evolution of such values with Mn has been observed for different Z and 0 values.

First, PLF observed at 2.7° and 3.7° have been selected by choosing those fragments having

a velocity larger than 80% of the beam velocity. The data are presented in fig 10 for several Z's.

The behaviour is the same at both bombarding energies: the differential multiplicities clearly exhibit

a bell shaped distribution, whose maximum is associated with larger neutron multiplicities as one

selects lighter Z's. However, these Mn values remain always lower than those corresponding to

the maximum in the inclusive distributions. For high Mn values, the PLF multiplicity remains

small as expected, since a very large energy dissipation would lead to a large damping of the

relative motion and hence to slower fragments. On the other hand, the observation of a broadening

of the distribution for light Z's, may be an indication for the coexistence of several reaction

mechanisms leading to those fragments. However, for such light fragments, the selection made on

their velocity (V>().8Vbeam) is quite arbitrary since there the spectra do not have me pronounced

structure observed for Z's close to the projectile Z.

The situation is completely different when selecting slow fragments (V<().8Vbeam) emitted

&v
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at any angle. Examples of the evolution of the IMF differential multiplicity with Mn are displayed

in Fig. 11 for Z=4 between 20° and 60° and in Fig. 12 for a sample of Z's emitted at 20°.

An interesting aspect is correlated with the existence of a saturation of the differential multiplicity

above some given Mn value. Such a saturation would imply that high Mn values are not a signature $
\

of the existence of a larger energy dissipation but essentially reflect statistical fluctuations in the ]|
1

deexcitation process as well as efficiency limitations of the neutron detector. On the contrary a \

continuous growth of the differential multiplicity dM/dQ. would imply the persistence of a strong j

correlation between the deposited excitation energy and Mn even for very large values of this

observable. A saturation of dM/dQ is indeed observed in most cases above 20 measured neutrons
t

at 44 A.MeV whereas at 77 A.MeV, a soft saturation sets in at 25 measured neutrons. By

integrating, after interpolation, the differential multiplicities between 3° and 60° (again for

fragments with v<().8vbeam), one can deduce the evolution of the mean IMF multiplicities as a

function of Mn (Fig. 13). One sees that if a saturation exists at 77 A.MeV, it occurs at a slightly

higher neutron multiplicity than at 44 A.MeV, an indication for an increase of the excitation energy

deposit with incident energy.

IMF multiplicities appear then to be a sensitive variable to select the most dissipative

collisions (in other words, the most central collisions). However, in our experiment, and for high

Mn values, the fluctuations in the neutron detection process, together with a poor statistics, make it

difficult to properly estimate the real mean IMF multiplicity. Values indicated in Fig. 13 are only
«

lower limits. More exclusive experiments are needed to select the most central collisions,

corresponding to much smaller cross sections; such results were obtained recently by Louvel et al

/33/ for the same reaction Ar+Au at 60 A.MeV when looking at events where at least three complex

fragments were emitted. ,

Our results are not at variance with the soft saturation of the excitation energy in the range 30-77

A.MeV which was deduced previously from the observation of I.e.p. at backward angles /26/.

This saturation was observed for the bulk of the cross section corresponding to the most

dissipative collisions (the one associated with the high multiplicity bump in the inclusive neutron

If̂
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multiplicity distribution) and consequently was associated with a rather broad range of impact

parameters. The detection of IMF triggered by the highest neutron multiplicities, which allows to

select some reactions at very small impact parameters associated with rather low cross sections,

appears to be more selective.

6. The various origins of the complex fragments

The problem of the coexistence of various processes leading to complex fragment emission

has been tackled previously in this paper. It is the aim of this section to discuss the possible origins

of these fragments from the available experimental data.

6.1 The evaporation component

In order to deduce an upper limit of the contribution from a thermally equilibrated source (the

hot quasi-target), all IMF emitted at 160° have been considered to come from this unique source.

The shape of the energy spectrum has been parametrized according to Moretto's prescription /34/.

Energy spectra have been calculated for each laboratory angle assuming a source with a recoil

velocity of Icm/ns /33/, a temperature of 5 MeV and two extreme cases for the shape of the angular

distribution in the rest frame of the source (isotropy and l/sin0). The calculated spectra for such an

equilibrated component, assuming a l/sin0 distribution, are compared to the experimental ones for

Z=3 at the two bombarding energies (Fig. 14).

From Fig. 14 it is clearly seen that most fragments are not evaporated by the target like

nucleus in thermal equilibrium. "Non equilibrium source(s)" are more and more dominant as one

goes from backward to forward angles. For instance, the eva -uive component represents at

most 13% and 9% of the cross section for Z=3 at 44 and 77 A.MeV respectively (assuming an

isotropic angular distribution, these numbers would be increased by a factor of 2.5). Due to the

lack of data in the backward hemisphere in the range 60°<0<159°. an angular distribution

intermediate between these two limits has been assumed to estimate an average total cross section
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of 3001150mb for IMF evaporation (between 3<Z<6). This value is close to the one deduced by

Cassagnou ei al /22/ when looking at the backward emission of IMF in the reaction Ar+Th at 44

A.MeV.

The corresponding average multiplicity can be estimated using the method described in

section 4. It amounts to about 0.15±0.05 IMF per "dissipative" collision at both incident energies.

The contribution of this equilibrium component to the total IMF production remains then quite

small, at least 5 times smaller than the non equilibrium component. Such a small contribution was

already observed by Fields et al /14/ in this bombarding energy range for other systems.

However, the method used to extract this value may be questionable as it is an

oversimplification to make such a sharp separation between an equilibrium and a non-equilibrium

process. Nevertheless, an attempt has been made to compare our results with the statistical model

assuming we have to deal with a fully equilibrated system. The composite system 22lTh excited at

600 MeV has been considered and the GEMINI code /35/ has been used which explicitely takes

into account the evaporation of complex fragments in addition to the light particles (this GEMINI

version has been slightly modified in order to handle the deexcitation of nuclei with Z>80). The

results are shown in table I. A good agreement is observed between the experimental and calculated

multiplicities for both light particles and complex fragments. Including the angular momentum (up

to 60h) in the calculation increases the IMF multiplicity only from 0.11 to 0.18. Even at 600 MeV

excitation energy, the dominant decay channels remain neutron and light charged particle emission.

6.2 The forward emission of complex fragments. A non-equilibrium component.

While the emission of complex fragments at large angles most likely can be explained by an

evaporation process from the hot target-like fragment in thermal equilibrium, another explanation

has to be put forward to account for the emission of slow fragments at small angles (0<60°).

These are also associated with a large energy dissipation, i.e high Mn values (the production of

energetic PLF mostly observed close to the grazing angle will not be discussed here).

The characteristics of these fragments can be summarized as follows:
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fragments.

- A very forward peaked angular distribution

- Associated neutron multiplicities close to those observed with the backward emitted

- Very similar energy spectra at both energies for a given angle and a given Z.

- Quite similar total cross sections at both incident energies (except for the very low

Zs) .

- The most probable energy can be reasonably well reproduced (except for the most

forward angles) assuming a coulomb repulsion from an emitting composite system moving at 1

cm/ns /33/ and assuming a separation distance d parametrized as follows: d(fm) = 1.26

(Ail/3+A2l/3) + 2.5

The most amazing observation is probably the relative insensitivity of most of the

observables to the incident energy. This has been already pointed out by Fields et al /14/ when

studying the N+Au system between 20 and 60 A.MeV. Several tentative explanations can be

suggested to account for the production of these IMF.

One possibility could be the occurence of incomplete deep inelastic collisions. At the early

stage of the collision, very large contact forces between the projectile and the target are acting quite

inhomogeneously making possible a break-up of the projectile. One piece of it goes on with

approximately the beam velocity, while the other part undergoes a deep inelastic process as at

lower incident energies. At first sight, this process, first suggested by Ho et al /36/, is not

inconsistent with our results. For instance, one observes an increase of Mn with the detected

fragment Z (Fig.4) which would be in agreement with the picture of a larger part of the projectile

participating to the deep inelastic collisions with the target.

However, if one assumes such a process, one should detect with the same cross section and the

same associated neutron multiplicity the light fragment with the beam velocity and the heavier

fragment which has suffered a deep-inelastic process. This is not the case as the light fragments

associated with large Mn values are more abundantly produced than the the heavy ones.

A somewhat similar mechanism has been suggested by Borderie et al /37/ when looking at the

V Ir
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system Ar+Ag; they concluded that the IMF are produced through a binary reaction after

preequilibrium emission of light particles (instead of the emission of a quasi-projectile spectator).

Another schematic model has been first discussed by Bowman et al to explain the La+C results

/17/. It is a transition phenomenon between the incomplete fusion process and the fireball. At high

incident energy, one usually considers that the inertial forces become larger than those needed to

produce a surface between the target and the participant zone; one then gets the formation of the

fireball. The onset of such a phenomenon would then occur when one pan of this participant zone

starts to get decoupled from the target; a light fragment emission will then be observed in a

direction close to the one of the quasi projectile. This could be considered as an aborted incomplete

fusion. Such a phenomenon seems to account for the results of Rudolf et al /31/on the system

Kr+Au at 43 A.MeV.

However, such an explanation should lead to an increase of the IMF cross section with

incident energy which, in our case, is only observed for light Z's as Li. Moreover, it seems

difficult, within this model, to understand the similarity of the energy spectra at 44 and 77 A.MeV

as the decoupling of the fireball should have some entrance channel dependence. Nevertheless, a

definite answer would require fragment-fragment coincidence measurements.

In order to better understand the various processes competing for the IMF production, a

more global representation of the data is needed. The isocontours of the Galilean-invariant cross

section d2a/(v±.dv//.dv±) in the velocity space (v//, v±) have been plotted in Fig. 15 for Z=3,4 at

both incident energies.

As discussed before, a first approach to reproduce these behaviours would be to assume an

emission from three different sources: the fast quasi-projectile at forward angles, the slow quasi

-target which is best seen at backward angles and finally the emission from the so-called participant

zone with an intermediate velocity /14-16/. Such a fit leads to a source velocity of 1.1 and 5.4

cm/ns for the quasi-target and the participant zone respectively. As for the temperature parameters,

the deduced values are 5.6 and 22 MeV respectively. While the value for the quasi-target appears to

be reasonable, this does not seem to be the case for the intermediate velocity source as the existence

of such a high temperature would be hard to reconcile with the survival of massive fragments.
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Another alternative, which we discussed previously, is to assume, as at low incident energies

/43/, the occurence of deep inelastic reactions /44/. For large impact parameters, the projectile

suffers a quasi-elastic collision and is deflected towards positive angles. More dissipative collisions

occur for intermediate impact parameters leading to smaller deflection angles. For even smaller

impact parameters, a more complete damping is reached and a quasi projectile can be emitted at

negative angles. We have tried to understand the experimental invariant contour plots shown in

Fig. 15 in the light of a deep inelastic process. This is shown in Fig. 16. The ridge line (indicated by

a dashed line) in Fig.l6a displaying the experimental data is supposed to correspond to the one in

the Wilczynski representation /45/ for negative angles. We have then assumed that those events

observed above this ridge line (large v±) originate from collisions in which the quasi-projectile has

only interacted on one side of the target, i.e. there is no contribution from positive angles in this

pan of the (v//, v_L) space. However, in order to get a complete image of the contribution due to

this interaction on one side of the target, one needs to symmetrize the isocontours (those indicated

by full lines in Fig. 16b ) with respect to the ridge line. This is represented by long dashed lines in

Fig. 16b. Furthermore, one must account for the contribution due to the deflection of the quasi -

projectile which has suffered an interaction on the other side of the target. This is achieved by

symmetrizing the image with respect to the v// axis (the beam axis), as shown in Fig.l6c. Finally,

in order to compare with the experimental plot of fig 16a, one needs to sum up the two

contributions (negative and positive angles) indicated by long and short dashed lines in Fig.l6c.

The result, indicated in Fig.l6d, appears to be reasonably close to the experimental one. One may

then conclude that the observed forward emission of complex fragments may be interpreted

qualitatively assuming a deep inelastic process.The persistence of such a typical "low energy"

process above 40 A.MeV is surprising and raises the problem of the characteristic time for energy

dissipation. At low energy (E<10 A.MeV), the thermalization time is rather long and the data can

be explained within one-body exchange models . On the contrary, at higher incident energies

/39,43/, the energy relaxation time might be strongly reduced due to the increasing effect of the two-

body collisions. A more quantitative interpretation would require more exclusive measurements

v I-



if.
17

such as coincidences between target-like fragments, projectile-like fragments and complex

fragments.

7.Conclusion

Complex fragments with Z>3 have been detected in the Ar+Au reactions at 44 and 77 A.MeV

together with the associated neutron multiplicity distributions and are seen to be preferentially

emitted in violent collisions.

The average neutron multiplicity associated with these complex fragments remains almost

constant at both energies and close to the most probable one observed in coincidence with the light

charged particles emitted backwards. One would then again conclude, on the average, to a

saturation of the thermal energy deposit. However, the complex fragment multiplicity, at 77

A.MeV still increases for associated neutron multiplicities that are higher than those observed at 44

A.MeV. The IMF observable thus appears to be a very sensitive variable to select the most

dissipative collisions. For the most central ones, excitation energies larger than 600 MeV are

probably reached.

Energy spectra and angular distributions for those complex fragments produced by strongly

dissipative collisions indicate the existence of two contributions (three if one includes the PLF

contribution which, for light Z's, also corresponds to a rather large energy dissipation. The

evaporative component may be explained by a statistical emission from the hot system after an

incomplete fusion process. The average fragment multiplicity for such a process, which remains

small (=0.15) and constant at both incident energies can be accounted for by statistical calculations

assuming an average excitation energy deposit in the system close to 600 MeV.

The origin of the other component which is strongly forward peaked may be associated with

shorter time scales and non-equilibrium process(es). It corresponds to much larger cross-sections

than the evaporative component , with a multiplicity close to unity. The properties of this

component are compatible with the persistence of a deep inelastic process at these high energies.

The bulk of the cross-section thus seems to be well explained using quite conventional

mechanisms. This, of course, does not exclude the appearance of more rare and exotic processes
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such as the multifragmemation for the most central collisions /33/. The present experimental set-up

is not designed to identify such events.
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Table I. Experimental multiplicities for the system Ar+Au at 44 A.MeV. A comparison is made

with a statistical deexcitation using the GEMINI code /35/.

Neutrons

Z=l

Z=2

IMF

Multiplicity

(experiment)

29±3

4.9±0.8

2.4±0.4

0.15±0.05

Multiplicity

(GEMINI)

28

6.2

2.2

0.1!

t

*>•"

» "<rf
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Figure Captions

Fig. 1. Angular dependance of energy spectra for complex fragments with Z=4, 6 and 10.

Fig. 2. Atomic number dependance of the energy spectra for three detection angles , 2°7(3°7), 20°

and 40°.

Fig. 3. Incident energy dependance of the energy spectra for Z=3 and 5 at 3°7(a), 20°(b), 40°(c)

and 60°(d).Note the different scaling factors for the data at the two energies.

Fig.4 (a) Inclusive neutron multiplicity distributions at both incident energies.

(b) Z dependance of the mean neutron multiplicity for various detection angles

Neutron multiplicities have not been corrected for detection efficiency.

Fig. 5 Average neutron multiplicity (as measured) as a function of Z and kinetic energy at 3°7 and

20° for the reaction at 44 A.MeV.

Fig. 6. Evolution with kinetic energy of the mean neutron multiplicity (solid circles) and its

variance (diamond). Energy spectra are represented by solid lines.The system considered is Ar+Au

at 44 A.MeV.

Fig. 7. Angular distributions and integrated cross-sections for complex fragments measured at both

incident energies. The solid lines are drawn to gui^e the eyes.

Fig. 8. Integrated complex fragment cross sections for the system Ar+Au and for various incident

energies between 30 and 220 A.MeV (data at 30 and 220 A.MeV have been taken from ref.21).

Solid lines are drawn to guide the eyes.
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Fig. 9. Evolution with incident energy of the Z-integrated cross-sections (data at 30 and 220

A.MeV are taken from Ref.21)

Fig. 10. Differential multiplicities of complex fragments emitted at very forward angles (with a

velocity larger than O.SVbeam) as a function of the associated neutron multiplicity. No correction

has been applied for the efficiency of the neutron detector.

Fig. 11. Same as Fig. 10 for fragments with Z=4 emitted at 20, 40° and 60°, with a velocity

V<0.8Vbeam.

Fig. 12. Same as Fig. 11. The comparison is made here for Z= 4, 6, 10 at 20°.

Fig. 13. Multiplicity of complex fragments (integrated over 0) , with velocities V smaller than

O.SVbeam, as a function of the measured neutron multiplicity.

Fig. 14. The experimental energy spectra for Z=3 (dots) are compared with a calculation (solid

lines) assuming an evaporation by the hot target-like fragment in thermal equilibrium and a l/sin0

angular distribution (the cross-sections have been multiplied by 5 in the figure).

Fig. 15. Experimental isocontours of Galilean-invariant cross-sections for Li and Be at both

incident energies.

Fig. 16. The experimental Galilean invariant contour plot for Z=3 at 44 A.MeV (Fig. 16a) is

interpreted in terms of deep inelastic collisions (Fig. 16b, 16c, 16d). F^r more details, see text.
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