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Abstract. Triple and four-fold coincidences among fragments have

been measured in the reaction 84Kr + Au at 43 MeV/u. All events

showing the projectile-like nucleus and fission fragments of the tar-

get-like nucleus, and all events with one additional intermediate

velocity fragment, were analysed in the frame of a dissipative colli-

sion and a participant-spectator model. The mechanism is basically

that of a dissipative collision but the emission of the intermediate

velocity fragment by the target differs from an equilibrated evapo-

ration.

NUCLEAR REACTIONS 197Au(84Kr1X), E = 43 MeV/u, measured all

fragments with Z>8 with multidetectors. Event-by-event analysis.

Studied correlations between the fragments in two classes of

events. Determined mechanism responsible for the emission of

intermediate velocity fragments.

* Experiment performed at GANIL
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I. Introduction

There is growing evidence that in the Fermi energy domain the

mechanism of very heavy ion collisions has collective as well as participant-

spectator properties1). The first indications came from inclusive measurements.

More recent data rely on coincidence experiments1). The need for exclusive

data has been mentioned by all authors.

Because many fragments and light particles are produced in these

reactions, multidetectors are necessary to obtain data as exclusive as possible.

This is one of the aims of the set of multidetectors constructed by several

laboratories and operated in the scattering chamber NAUTILUS at GANIL.

Among the multidetectors, two are specialized in the detection of fragments:

XYZt2) in the range 2-30° and DELF3) in the range 30-150°. The purpose of

the present experiment was to measure all major fragments, so that only light

particles are missed. Preliminary results4'5) have suggested that the mechanism

evolves as a function of the impact parameter. It has the main properties of a

dissipative collision for grazing collisions, and the formation of a separate par-

ticipant zone seems to appear for less peripheral ones. For the central colli-

sions, an hydrodynamical behaviour has been shown6).

The present work concentrates on some results concerning the periph-

eral collisions. By peripheral is meant that at least part of the projectile and of

the target are detected. This concerns not only grazing collisions and transfer-

like mechanisms, but intermediate impact parameters for which the collision is

quite violent. Our method of selection is based on a scale for the impact param-

eter, the relevance of which will first be demonstrated. It will be shown that

the mechanism is basically that of a dissipative collision, but that a difference

appears in the desexcitation step. Because of the high temperature, the short

time scale or the high relative velocity, the angular distribution of the emitted

fragments differs from that of equilibrated evaporation. As a consequence, frag-



ments with velocity intermediate between those of the projectile and the target

are observed. This could be the onset of the formation of a participant zone.

II. Experimental set-up

The experimental set-up consisted in the twelve modules of XYZt and the

eighteen modules of DELF. A precise description of these two multidetectors

can be found in refs.2'3). Briefly, XYZt measured fragments with Z > 8, emitted

in the angular range 3-30° and with an energy larger than 1.5 MeWu; it identi-

fied them only if their energy was larger than ~ 6 MeWu which corresponds to

3.5 cm/ns. The angular range below the grazing angle was partly covered by

two modules placed symmetrically around the beam axis. DELF measured

fragments with Z > 10, emitted between 30 and 150° and having an energy

larger than 0.13 MeV/u, corresponding to 0.3 cm/ns. Both detectors delivered

a time, an energy-loss and two position signals. From this information, the

velocity vector and the atomic number of the fragments were determined. The

geometrical acceptance of the complete set was slightly larger than 2*. The

acquisition was triggered on triple and higher order coincidences between any

two or more modules of the set-up. The target was a 500 pg/cm2 self-

supporting Au foil. The 84Kr beam at 43 MeV/u was delivered by GANIL.

III. Data

III. 1. Main characteristics of the fragments and classes of events

Fig. 1a shows the two-dimensional spectrum Z versus WVp (Vp being

the beam velocity) for all fragments detected in triple and higher order coinci-

dences by any three modules of XYZt or DELF. Three groups may be separated

by the lines: "fast fragments" with WVP > 0.7, "intermediate velocity frag-

ments" with small Z and intermediate velocities and "slow fragments" with

large Z and small velocities. These three components differ also in their angular



ranges. In Fig. 1b are recorded fragments detected at angles smaller than 5°,

i.e. in the two most forward modules of XYZt. The charge and velocity of

these fragments extend from values very close to those of the beam to Z = 10

and V/Vp = 0.7. The angular range e = 5-26° which is covered by the other

ten modules of XYZt is represented in Fig. 1c. The charges of these fragments

are not much larger than the threshold Z = 8; the velocities are in the vicinity

of Vp/2. At still larger angles, i.e. in the range covered by DELF, these frag-

ments are still present but their velocity has dropped, and a new component of

slow fragments with a large charge appears (Fig. 1d).

Considering all possible combinations of these three components, one

can separate some 20 classes of events among the triple and higher order

coincidences. The present report concentrates on two of these classes: triple

coincidences including one fast and two slow fragments, and quadruple coin-

cidences in which one additional intermediate velocity fragment has been

detected. The reasons of this selection will be explained in the following sub-

section.

III. 2. A scale for the impact parameter

Fig. 2 shows the relationship between the charge ZF of the fast frag-

ment and the total charge Z701- of all fragments detected in the event (light par-

ticles were not measured in the present experiment). In an ideal 4* fragment

detector, Z101. would be the complement to the total charge of all emitted light

particles and could be used as a scale for the impact parameter. For example,

in a dissipative collision, ZT0T would be the secondary charge of the two inter-

action partners and measure the deposited energy. In a participant-spectator

collision it would be the sum of the charges of the two spectators and mea-

sure the size of the fireball. In real detectors, which always have a geometrical

acceptance smaller than 4*, ZT0T has a meaning only for complete events, i.e.

for events in which no emitted heavy fragment has been missed. Most of the



events in the two selected classes are complete: this will be discussed at the

end of this paper. However, we have preferred to use ZF to scale the impact

parameter. This is justified by the relationship observed between ZF and ZT0T in

Fig. 2, where the circles represent the triple coincidences and the squares the

quadruple ones. When ZF = 36, ZT0T = 115, which means that the entire charge

of the system is detected in three fragments. When ZF decreases, ZT0T

decreases accordingly; the two components obey to the same relationship.

This suggests that while the impact parameter decreases, the number of emit-

ted light particles increases, but the mechanism remains basically the same.

III.3. The nature of the fragments

In both classes, the properties of the fast fragment suggest that it is

the projectile-like fragment (PLF). Its measured angular distribution extends

only from the minimum angle of detection 3° to the grazing angle 5°. Its veloc-

ity distribution has a shape similar to those observed in other reactions in the

Fermi energy domain1) : it has a maximum somewhat below the beam velocity

and an asymmetric shape with a longer tail toward small velocities (see Fig.1).

Its charge distribution extends from the projectile charge to the threshold

(Z = 8) (Fig.1).

The two slow fragments are the fission fragments of the target-like

fragment (TLF). They are the slowest and the most massive ones in Fig. 1. In

the triple coincidences, their total charge covers a broad range extending up to

that of the target. The velocity of their cm. is small (see following section).

Their relative velocity (Fig. 3a and b) peaks at about 2.4 cm/ns, a value which

fits the Viola systematics7) for heavy nuclei.

The intermediate velocity fragments (IVF) in the quadruple coinci-

dences are of particular interest, since their origin is not known. They may be

the remnant of a participant zone, emitted by one of the two reaction partners

or by the combined system.



III. 4. Variation of velocity and charge with impact parameter

The behaviour of velocities and charges for the triple coincidences is

shown in Fig. 4 as a function of ZF. In Fig. 4a, one sees that the velocity of the

fast fragment (circles) decreases from Vp to 0.8 Vp when ZF varies from 34 to

14. Accordingly, the velocity of the c,m. of the two slow fragments (squares)

increases from 0 to about 0.1 Vp. This indicates that the collision is at least

somewhat collective. In Fig. 4b, the sum of the charges sZ of the two slow

fragments (squares) decreases from 76 (the charge of the target is 79) to

about 60.

Fig. 5 shows analogous results for the quadruple coincidences. The

velocities of the fast fragment (circles) and of the cm. of the two slow frag-

ments (squares) are very similar to those of the triple coincidences. In addition

there appears the velocity of the IVF (diamonds) which varies little around

4 cm/ns. The sum of the charges of the two slow fragments (squares in Fig.

5b) is smaller than its counterpart in the triple coincidences (Fig. 4b). If the

charge of the IVF is added, then the sum of the three charges is almost identi-

cal to it (diamonds in Fig. 5b).

The similarities found between the two components indicate that the

mechanism is basically the same. In both cases, there is an interaction

between the projectile and the target after which the target fissions. However,

in the second class of events, an additional fragment is emitted at some stage

of the reaction. This emission requires the collision to be more violent, since

the highest values of ZFare not observed.

IV. Analysis

The behaviours observed in Figs. 4 and 5 can be understood in two

different ways. One may consider that the mechanism is that of a dissipative

collision as it is known at lower bombarding energy. This approach will be

used first. The appearance of a mid-rapidity fragment lends support towards a



participant-spectator model. Such a model, however, has to include at least

some collectivity because the velocities of the supposed spectators require it.

A second approach is therefore based on a model in which the first step is a

damping process but is followed by a separation of a hot zone and two cooler

ones8). In the following, we shall examine in detail these two models.

IV. 1. Dissipative collision

In this model, the mechanism is basically a two-body process in

which part of the kinetic energy is converted into excitation energy. In the final

state one finds a PLF and a TLF which may evaporate and eventually fission.

The complete damping as it is observed in deep-inelastic reactions at low

bombarding energy and up to 23 MeV/u9) is not expected to be possible at 43

MeV/u. Indeed, the available energy is larger than the energy needed to vapor-

ize the whole system. But the dissipation process due to the friction forces

arising from the nucléon exchange is perhaps still possible. In partially damped

reactions at lower bombarding energy one knows that:

- the PLF is emitted preferentially below the grazing angle.

- its velocity decreases while that of the TLF increases.

- due to the nucléon exchanges the mass and charge distributions broaden, but

their mean values remain unchanged10) (the nuclei retain their identity).

- due to the excitation energy deposited, the nuclei lose charge and mass by

evaporation and may fission.

If one admits that the fast fragment is the PLF and the two slow

fragments are the fission fragments of the TLF, these qualitative predictions

agree well with the data in Fig. 4. Values of ZF close to 36 correspond to

quasi-elastic collisions for which the two partners interact little but sufficiently

to make the target fission. Moving toward smaller ZF values means moving to

smaller impact parameters, for which more and more kinetic energy is con-

verted into excitation energy. To make more quantitative predictions we have



developed the following simple model :

- the kinetic energy is transformed into excitation energy through the recoil

effect due to nucléon exchanges11) :

where mn is the nucléon mass, p the relative mass formed by the PLF and the

TLF, TKE1 the total kinetic energy after i exchanges and N the number of

nucléons exchanged in the collision. The relative velocity between the PLF and

the TLF is deduced from the remaining kinetic energy through two-body kine-

matics.

- the excitation energy is shared equally between the two partners indepen-

dently of their masses :

E8Xc (PLF) = E8XC (TLF)

- N/2 nucléons are exchanged from the PLF to the TLF and N/2 in the inverse

way so that the primary masses remain unchanged.

- one nucléon is evaporated per 13 MeV excitation energy both by the PLr and

by the TLF.

- since the angular distribution of the PLF does not extend beyond the grazing

angle (5°), the PLF and TLF velocities in the laboratory system have been cal-

culated as if the PLF was emitted at 0° .

The number of exchanged nucléons N is of course unknown in the

experiment and should only be considered as a parameter which evolves with

the impact parameter. When N is given, the corresponding energy loss deter-

mines the velocity damping and the number of nucléons evaporated. The cor-

relations between the PLF and TLF velocities and the TLF secondary charge on

one hand, and the PLF secondary charge on the other hand are calculated by

varying N.

The predictions of this model appear as the solid curves in Figs. 4 and

5. The velocity of the fast fragment is well reproduced. The agreement is

i



somewhat less good for the target. The calculated charge of the target agrees

with the sum of the charges of the two slow fragments only in the case of the

triple coincidences (Fig. 4b). In the case of the quadruple coincidences the

agreement is not good (squares in Fig. 5b), but is improved when the charge

of the IVF is added (diamonds). The existence of this fragment is not in

contradiction with the model : the evaporation of intermediate mass fragments

has been predicted long ago12) and observed experimentally13). The fact that

the solid line in Fig.5b fits well the data points can be taken as evidence that

here the IVF has been emitted by the target. With this hypothesis, however,

the observed velocity of this fragment cannot be explained by the model.

Indeed, the velocity distribution should be much broader than the observed

one and centered around the target velocity. The solid line in Fig.5a has been

obtained by using a different hypothesis : this will be explained in subsection

IV.3.

iV.2. Two-step participant-spectator mode!.

The observed intermediate velocity of one of the fragments in the

quadruple coincidences is reminiscent of that of a participant zone. A pure par-

ticipant-spectator model does not apply here because in such a model :

- the velocities of the spectators remain unchanged.

- the excitation energy of the participant zone is larger than the energy needed

to vaporize it, so that a fragment cannot be formed.

A recently developed two step model in which a first dissipative step

is followed by a participant-spectator-like one overcomes theses difficulties8).

In the first step, the two partners are slowed down and excited. The separa-

tion of a hot zone occurs in the second step. Therefore, the spectators have

velocities different from those of the projectile and the target, and the partici-

pant zone has an excitation energy lower than the energy needed to vaporize

it. Since in its available form this model deals only with primary fragments we

i
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had to take into account the evaporation. This has been done, for the two

spectators, in a way identical to that used in the dissipative model. The hy-

pothesis of one nucléon evaporated per 13 MeV excitation energy was not

supposed to be valid for the much hotter participant zone and no prediction for

the mass of the intermediate velocity fragment was tried. The predictions of

the model are shown in Figs.4 and 5 as dotted lines. The velocities of the

spectators of the projectile and that of the target differ little from those pre-

dicted by the dissipative model for the PLF and the TLF. The velocity predicted

for the participant agrees with the velocity of the IVF. The missing mass of the

target is well predicted in the case of the quadruple coincidences, but not for

the triple coincidences.

A possible way to improve the validity of this model could be to sup-

pose that the participant zone may stick or not on one of the two partners14).

Indeed, this would explain both the existence of two types of coincidences

and the similarity of most characteristics of the fragments (Figs. 2, 4 and 5).

Such a model was not, however, found to fit our data.

IV.3. The origin of the intermediate velocity fragment

The two models presented above differ basically because the first

supposes a two-body mechanism, the second a three-body one. Despite this,

their predictions for the velocities of the PLF and the TLF differ little. The only

significant differences concern more or less directly the IVF. Indeed, on!y the

two-step model predicts correctly its velocity. On the other hand, the charge

of the TLF is predicted by the dissipative model only, under the condition

however that the charge of the IVF is added to that of the two slow frag-

ments.

The fact that the IVF has been emitted by, or has at least strongly

interacted with, the target is demonstrated in Fig. 6. The relative velocity

between the IVF and the cm. of the two slow fragments (Fig. 6b) has a sharp
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maximum around 3 cm/ns. This corresponds to the Coulomb repulsion

between a heavy nucleus (Z = 69) and a fragment (Z = 10). The relative veloc-

ity between the projectile and the IVF (Fig. 6a) has a broad distribution the

maximum of which is different from the prediction of the Viola systematics7).

This is taken as a clue for the absence of significant interaction.

To investigate more quantitatively the interaction between the IVF

and the TLF, we have calculated the velocity VSYS and the angle eSYS of emis-

sion in a different coordinate system. The origin of this system is the c m . of

the IVF and the two slow ones. The z-axis is oriented along the veiocity of the

projectile (Fig. 7). The VSYS distributions are shown in Fig. 8 in ten succesive

bins on eSYS. The multiplicities have been obtained by comparing the yield of

quadruple coincidences to the sum of both classes of events.

dM/dn(<?) = N4(B) ( N3 + N4)"
1 SJn1J 8 ) U/180)'1 (2*r)"1 Eff1( 8) (particles/sr)

where N3 is the total number of events in the first class (triple coincidences),

N4 that of events in the second class (quadruple coincidences), N4(S) the num-

ber of quadruple coincidences for which the IVF has been detected at angle 6

and Eff(fl) the geometrical acceptance calculated by simulation. The hypothesis

underlying this definition for the multiplicity is that the probability to miss a

fragment other than the IVF is the same in both classes.

The shape of these distributions does not change much with eSYS and

has a maximum around 2.5 cm/ns. This demonstrates that the IVF is emitted

by the target. However, this emission is not an equilibrated evaporation: the

angular distribution is not isotropic but strongly forward peaked (Fig. 9). Closer

inspection of the data tends to suggest that there are two regimes. The most

probable velocity is somewhat higher than 2.5 cm/ns below 30° and stays

close to 2.5 cm/ns above. This may be a clue for the existence of a hot spot.

The strong focussing of the fragment emission modifies the prediction

of the dissipative model, especially concerning the velocity of the IVF (dia-
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monds in Fig. 5a). Because the directions of the target and of the fragment are

almost 0° one can approximate the laboratory velocity of the fragment by

adding 2.8 cm/ns (VSYS = 2.5 cm/ns) to the target velocity. With this simple

operation the agreement obtained in Fig. 5a (full line) is excellent.

In this analysis, we have assumed that the fragment is emitted before

the remainder of the TLF fissions. Data concerning other systems seem to

show that this is not always the case15'16). However, the selection of events

used by these authors is different, including for example events in which three

slow fragments are detected. The conclusions of the present analysis remain

valid if the delay between the fission and the emission of the fragment is

shorter than 10'21s. This hypothesis is reasonable at the high excitation

energies reached15).

IV.4. Discussion

The hypotheses used in the dissipative model are reasonable for colli-

sions at low bombarding energy (E < 10 MeV/u). The good over-all agreement

obtained between the solid curves and the data in Figs.4-5 shows that the

mechanism is essentially that of a dissipative collision, but certainly not that

the hypotheses are still correct here. Many experiments have been necessary

to settle them at low energy, and this will be also the case in the Fermi energy %•

domain. Other data, especially from light particle measurements are needed to

check the absence of mass or charge drift, the equipartition of the excitation

energy and even the nature of the decay mechanism. The need for detailed

and precise investigations is illustrated by the closeness of the predictions of

the two models.

One obvious difference between the low bombarding energy regime

and our data is that full energy damping like in deep inelastic reactions is not

reached. Indeed, the relative velocity between the PLF and the TLF is much

larger than that given by the Coulomb repulsion. A possible explanation for the

£
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stopping of the dissipation process is the growing probability to emit frag-

ments. Fig. 10 shows the multiplicity of fragments emitted by the target as a

function of ZF integrated over the whole solid angle. The multiplicity is a

decreasing function of ZF and therefore a decreasing function of the impact

parameter. It is equal to 0 for the peripheral collisions and reaches a value of

= 0.25 for the most central collisions observed here. One would like to link this

multiplicity to the excitation energy deposited in the target. This energy is not

directly measured in the present experiment so one has to rely on models to

get an indication. The velocities of the projectile-like and target-like nuclei indi-

cate a dissipation of about 1.5 GeV if the hypothesis of no mass drift is valid.

If this energy was shared equally between the two partners, their excitation

energy would be 750 MeV, corresponding to temperatures of 8.5 MeV in the

projectile and 5.5 MeV in the target (the level density parameter is taker, equal

to 8 MeV). The high temperature in the projectile seems unrealistic since a PLF

is detected. The mechanism is therefore more complicated than a simple dissi-

pative collision. However high temperatures a.e reached as indicated by the

high probability to emit a fragment. It is perhaps because of these high tempe-

ratures that the system comes close enough to instability so that a full damp-

ing cannot be reached. Further understanding can only be achieved by

checking experimentally all hypotheses made in the dissipative collision model,

especially those about the mass drift and the decay of very hot nuclei.

The validity of the separation of the events into two classes is ques-

tionable because the geometrical acceptance for the intermediate fragment is

about 50%. Therefore triple coincidences may in reality be higher order events

because some fragments have been missed. The multiplicity in Fig. 10 is suf-

ficiently small to allow one to consider most of the triple coincidences as true

ones. However close inspection of Figs. 4b and 5b shows that for small ZF the

separation into two classes begins to be less valid. For ZF close to that of the

beam the total charge of the two slow fragments in the triple coincidences
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(squares in Fig. 4b) is almost equal to the total charge of the two slow plus

that of the intermediate fragment (diamonds in Fig. 5b). This is one more

demonstration that the intermediate fragment has been part of the target. For

small ZF a discrepancy due to the growing probability for emission of inter-

mediate fragments may be noticed. Therefore an increasing number of triple

coincidences are in fact quadruple coincidences in which the intermediate

fragment has not been detected.

V. Conclusions

The present study of Kr + Au collisions at 43 MeV/u has concentrated

on events in which the projectile-like nucleus and the two fission fragments of

the target-like nucleus and sometimes a fourth fragment have been detected.

The mechanism appears to be related to that of dissipative collisions as it is

known at lower bombarding energies. Two differences with the low energy

regime have been observed. First the emission of intermediate mass fragments

(Z > 9) by the target, which attains a probability approaching 0.25 for the most

central collisions, differs from an equilibrated evaporation by the fact that the

angular distribution is strongly peaked in the direction of the projectile.

Because the laboratory velocity of this fragment is not far from half the beam

velocity, this emission looks somewhat like the formation of a separate partici-

pant zone. This point of view has to be checked by measurements at higher

bombarding energies. Secondly, full damping seems not to be reached.

According to an oversimplified model calculation, the dissipated energy does

not exceed 1.5 GeV, a value to be compared to the 2.3 GeV kinetic energy

available. Whether this is a consequence of the enhanced fragment emission,

and therefore indicates the onset of multifragmentation, has also to be

investigated in future experiments. The present analysis shows that the study

of reactions between very heavy ions in the Fermi energy domain allows to

follow the behaviour of nuclei close to the limit of stability.
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Figure captions

Figure 1

Two-dimensional Z * V/Vp spectrum of all fragments detected in triple (or

higher) order coincidences between any three (or more) modules of XYZt or

DELF.

Figure 2

Relationship between the total charge ZT0T of all detected fragments and

the charge of the fast fragment ZF. The circles are for the triple coincidences

between one fast and two slow fragments, the squares for the quadruple coin-

cidences between one fast, two slow and one intermediate velocity fragments.

Figure 3

Relative velocity between the two slow fragments in: a) the triple coinci-

dences and b) the quadruple coincidences.

Figure 4

Main characteristics of the triple coincidences. The abscissa gives the

charge of the fast fragment. In a) the circles indicate the velocity of the fast

fragment, the squares that of the cm. of the two slow fragments. In b) the

squares indicate the sum of the charges of the two slow fragments. The solid

lines are the predictions of the dissipative collision model and the dashed lines

those of the three-body model (see text).

Figure 5

Main characteristics of the quadruple coincidences. The abscissa, the

squares and the circles have the same signification as in Fig. 4. In a), the dia-

monds indicate the velocity of the intermediate fragment. In b), they indicate

i
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the sum of the charges of the intermediate and the two slow fragments, while

the squares indicate the sum of the charges of the two slow fragments only.

The curves are the predictions of the same models as in Fig. 4 (see text).

Figure 6

Relative velocity between the intermediate velocity fragment and: a) the

fast fragment and b) the cm. of the two slow fragments. The arrows indicate

the Coulomb velocity of a fragment with Z = 10 emitted by: a) a 84Kr nucleus

and b) a Au nucleus .

Figure 7

Reference system used to study the emission of fragments.

Figure 8

Differential multiplicity d2M/dnSYS.dVSYS in ten successive bins on eSYS.

Figure 9

Differential multiplicity dM/dnSYS. The fragment is preferentially emitted in

the direction of the projectile.

Figure 10

Differential multiplicity M( ZF ) for fragments with Z>9.
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