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ABSTRACT

The angular and velocity distributions of incomplete fusion
residues have been measured, around 30 AMeV projectile incident energy, for
a number of systems with varying mass asymmetries, from the most asymmetric
S+Cu, to the almost symmetric Ar+Ca. The main experimental finding is that
the parallel width of the velocity distribution increases sharply for
decreasing asymmetries, while the perpendicular width remains nearly
constant. Using, as data, the widths and mean values of the velocity
distributions, it was possible to derive the number of preequilibrium
particles emitted by the projectile and by the target. It was found that
target emission becomes noticeable only when the center of mass velocity of
the target ,at nuclear contact, exceeds approximately 2.5 cm/ns. This
underlines the relevance of the center of mass velocities in the
preequilibrium emission and incomplete fusion processes.

INTRODUCTION.

It is well known that, above 10-15 AMeV incident energies, the
complete fusion of projectile and target nuclei gives way to an incomplete
fusion mechanism associated with preequilibrium particles emission(1). For
lack of other generic term we shall consider that all particles escaping
the incomplete fusion nucleus before thermal equilibration are such
preequilibrium particles. In this context we like to distinguish between
one body and two body preequilibrium particles. The one body type are
related to the interaction of nucléons vrith the nuclear mean field. The
so-called PEP's, Fermi jets, fast projectile break-up belong to this
category. The two body preequilibrium particles follow from nucleon-nucleon
collisions. Experimentally, they appear to have symmetric angular
distributions in the half beam velocity frame(2), which suggests an equal
participation from the projectile and the target in their origin. They are
predicted, for example, in Boltzmann Master Equation(3)and Landau
VlassovU) or Boltzmann, Uehling, Ulhenbeck(5) calculations.

Both types of Preequilibrium particles have been observed
experimentally, as can be found in references 6,7,8, for the one body type
and in references 2, 9, for the two body type. The coexistence of the two
types has been indirectly demonstrated, for example, by B.CheynisO), where
it was found that the proportion of the one body type was a decreasing
function of the amount of linear momentum transfer.

In most cases, asymmetric systems have been studied. It was found
that the preequilibrium particles were mostly produced by the lightest
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partner. This finding was obtained from the masses and velocities of the
evaporation residues (10,11,12,13) as well as from a direct measurement of
the preequilibrium particles (6,7,8). The heavy partner participates almost
entirely with the fusion mechanism. This behavior is rather surprising, and
disagrees with most preequilibrium emission models, like the PEP's or Fermi
jet models (14,15) the nucléon exchange model (16), or the fireball scheme
(17,18) which predict similar contributions of both partners to the
preequilibrium emission. It also implies that the two body preequilibrium
particles are of minor importance in the systems considered. For this
matter, we shall, henceforth, identify preequilibrium emission with the one
body type, unless otherwise specified.

It has been suggested (10,19,20) that the relevant parameter for
the onset and intensity of preequilibrium particle emission was the
velocity of the emitting nucleus with respect to the center of mass.
Morgenstern and colleagues (10), also assume the existence of a threshold
in the velocity below which no emission can occur. In most cases studied
sofar, the velocity of the heavy partner was below threshold, which could
explain its vanishing contribution to preequilibrium emission.

It was clear that the study of symmetric systems should lead to
qualitative changes in the incomplete fusion mechanism (21 ). Only a few
experiments have been made with symmetric or almost symmetric systems
(22,23,24). Gonin and colleagues (22) studied the systems Ar+Sc as well as
Ar+Mg at 27.5 AMeV. They found that, in the Ar+Sc case, the evaporation
residues velocities were still below the center of mass velocity, pointing
to a persistence in the asymmetric character of the preequilibrium
emission. This is, certainly, a surprising result. They deduced the average
number of preequilibrium particles <n> in the same manner as for the

<V >
asymmetric case, using the ratio ,where <V > is the velocity of the

V
CM

incomplete fusion nucleus and V C M the center of mass velocity, and assuming
that all preequilibrium particles originate from the lightest partner, in
this case, the projectile. Their result would imply an extremely sharp
transition, in the symmetric region, to a regime where both partners
contribute to the preequilibrium emission.

Decowski and colleagues(24) studied the symmetric system Si+Si, at
12.4 AMeV. They found that incomplete fusion manifested itself by a
broadening of the parallel velocity v , distributions as compared to the
perpendicular v ones. This broadening was estimated in comparison to an
evaporation calculation which provided an estimate of the ratio of the

perpendicular to parallel widths — . The broadening was accounted for by

adding two shifted velocity distributions to that of the complete fusion
nucleus. The upward shifted distribution corresponded to preequilibrium
particles being emitted by the target, while the reverse was true for the
downward shifted distribution. The incomplete fusion cross section was thus
estimated to amount for approximately 50* of the total fusion
cross-section.

In the set of experiments to be described, the incomplete fusion
residue velocity distributions have been measured fer a range of systems
extending fro» the clearly assymetric S+Cu to the almost symmetric Ar+Ca
reactions.The two dimensional velocity distributions of the incomplete
fusion residues were scanned over the range of mass asymmetries in order to
look for evidence of any systematic change in their first or second moments
as a function of the mass asymmetry parameter.
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It should be noted that, throughout the paper, we shall often refer
to preequilibrium emission. For clarity, it should be stressed that we did
not make any direct measurement on the preequilibrium particles but that
our knowledge of such process is through the indirect measurement of the
heavy recoils velocity distributions, using momentum and mass conservation.

EXPERIMENTAL PROCEDURE

The experiment was performed at the SARA (Grenoble) double
cyclotron. The NatTi and N a tCu targets were bombarded with 30 AMeV 40Ar and
32 AMeV 3 2S beams and the N a tCa and 43Sc targets were bombarded only with
the 40Ar beam. The typical beam current was 20 nA. The target thicknesses
were typically 1 mg/cm2.

The fusion like residues were detected in a telescope consisting of
three detectors: a Frisch grid ionisation chamber and two 200 tun and
1000 ^m surface barrier silicon detectors. The Frisch grid ionisation
chamber was used as a £E measuring device. The chamber had a useful
thickness of 10 cms and was operated at a pressure of 100 torrs. The 2 cms
in diameter entrance window was a 50 pg/cm2 polypropylene foil, supported
by a 83% transmission silver grid with thickness 82 mg/cm2 . The 200 pm
detector was used in a is or total energy mode and as an element in a time
of flight (TOF) measuring device to obtain a stop signal. A
micro-channel-plate (MCP) detector or the high frequency signal from the
cyclotron were used as start signals for the time of flight measurement.
The 20 ^g/cm2 MCP foil was made of carbon, and situated 40 cms from the
target while the 200 y.m silicon detector was 130 cms from it. The time
resolution as measured on the elastically scattered projectile was found to
be approximately 200 ps. The efficiency of the MCP was found to be greater
than 90% for fragments with charge larger than 18. The velocity and energy
spectra were obtained for all charges greater than 18. For slower heavy
fragments which stopped in the 200 pa detector the TOF calibration was
corrected using the energy spectra, assuming that A=2Z. The detectors'
energy resolution were not sufficient to obtain mass spectra. Measurements
were carried out at several angles from 3' to 30" with respect to the beam
directions. The typical time for collecting data was 5 h.

An additional solid state detector placed at 90' to the beam
direction was used as a monitor. This was especially useful for
measurements below 6' were the MCP detector masked the Faraday cup.

EXPERIMENTAL RESULTS

Figure 1 shows two examples of invariant cross-section two
dimensional plots, as a function of the charge and velocity of the detected
fragments. The two plots correspond to the 40Ar+Cu and 40Ar+Ca systems as
measured at an angle of 9.5*. Two local maxima are clearly visible on both
plots. The maximum close to the bean velocity (7.4 cm/ns) corresponds to
projectile like fragments. The maxima at about 2 cm/ns and charge 23, in
the Cu case, 3 cm/ns and charge 13, in the Ca case correspond to incomplete
fusion residues.

Examples of angular distributions of the incomplete fusion residues
are displayed in Fig. 2. The cross sections are focused in the forward
direction.The shapes and slopes of the angular distributions are similar
for the different systems. For various products charges and angles the
velocity spectra were obtained. Some examples of such spectra are displayed
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on Fig. 3. The most probable velocities of the heavy products are close to
the compound nucleus velocity for symmetric system, and smaller for
asymmetric systems . This is what is expected from incomplete fusion
evaporation residues (ER). It was observed that all evaporation residues
with charges greater then Z=20 for 40Ar+NatCa and Z=27 for 40Ar+NatCu had a
Gaussian velocity distribution with stable average velocity and width for a
given reaction. A simple evaporation calculation, only considering proton,
neutron and alpha evaporation, shows that the width of the incomplete
fusion evaporation residues charge distribution is dominated by evaporation
effects. This calculation gives full widths at half maximum of between 5
and 6 charge units for incomplete fusion nuclei with initial excitation
energies around 400 MeV. These widths are close to those obseved, for
example in Fig.l. Such large evaporation effects may explain the
insensitivity of the average residue velocity upon its charge.

The velocity spectra observed for symmetric systems are much
broader than those observed for the asymmetric ones. This behavior is also
displayed in the two dimensional invariant cross section plot (Fig. 4)
where it can be seen that the ER formed in symmetric collisions such as
4°Ar+"a1Ca have much broader velocity spectra in the parallel than in the
perpendicular direction. A Gaussian function was fitted for each
observation angle to the ER Galilean invariant cross section distributions.
The corresponding centroids were obtained for various detection angles.
Fig. 5 shows the centroid velocities WctH) of the ER versus the detection
angle.

Parametrizing the velocity distributions with an ellipsoid, prolate
in the beam direction (23) (Fig. 4) one obtains:

L-a cos2 9 —
CM

d3e

dV3

CM
(1)

V-<V >cos 9
R LAB l-<x cos2 9

LAB

S2

dv3

1-a cos2 8

LAB

with CM noting the frame of the recoiling nucleus,
LAB the laboratory system,
8 the detection angle,
S is a normalization factor, proportional to the cross section at maximum

<V >2(1- a)sinz9
B LAB

2S 2 fl- OL
JT-Jf e "V
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S is the R.M.S. width of the recoiling nucleus velocity distribution
perpendicular to the beam direction.
<V >is the 0* average velocity of the recoiling nucleus
« is a free parameter related to the ellipse axis ratio; 0 < a < 1
We also define the R.M.S. width of the velocity distribution parallel to

si
the beam direction: S?,= .

•I 1 - a

The variations of the centroid velocity of the invariant cross
section distributions with the observation angle in the LAB sytem is given
by the formula:

1-cc cos* 8 L A B

The solid line in Fig. 5 shows the best fit of formula (2) to the

1
data. From this fitting procedure the ratio — and V (Table 1) for each

system can be obtained. The results of these calculations can be directly
compared to the two dimensional plot (Fig. 4). Fig. 6 shows the dependence

IVV
of the width ratio versus the entrance asymmetry factor: . The same

VAP
calculation was performed on data of Borderie and colleagues(25) obtained
for the reaction 40Ar+l08Ag at 27 AMeV. The velocity widths ratios for the
ER products from reactions:2aSi+28Si at 12.4 AMeV and 48Ti+49Sc at 16 AMeV
were obtained from references (24) and (25). The parallel velocity width
was assumed to be equal to the measured velocity width for the smallest
observation angle (Fig. 3,4), so that the perpendicular velocity width can
be calculated for each system (Table 1). The perpendicular width is almost
the same for all measured systems.In the 40Ar+"* 1Ca and *°Ar+NatCu cases,
the perpendicular widths were, also, obtained directly from the angular
distributions, and found in good agreement with those deduced from the
above-mentioned procedure.

GENERALIZATION OF THE MASS TRANSFER MODEL.

In the asymmetric case it is usually assumed that the preeqilibrium
particles all come from the lightest partner of the reaction. To make
notation simpler we shall assume, henceforth, that the lighter partner is
the projectile, i.e. we assume normal kinematics. Therefore, the above
mentioned assumption reads: np = n and nT = 0 , where n refer to the
number of preequilibrium particles originating from tiis projectile (P) and
target (T) respectively, and n is the total number of preequilibrium
particles, n = np+nT . It is further assumed that the preequilibrium
particles have an average velocity equal to that of the nucleus they

-»
originate from, i.e. the bean velocity V for those originating from the
projectile and 0 for those originating from the target. The momentum
transfer to the incomplete fusion residue is then given by

19



p _ » Y - P which leads to the average velocity of the incomplete fusion
IF PP PE

Ap- <n>
nucleus: <V >= : V .

Ap+AT-<n>
 p

The particle evaporation does not change the average velocity of the
incomplete fusion residue so that the observed residue velocity

V
< V > = < V > . T h e c e n t e r o f m a s s v e l o c i t y i s V , =

IF CM
-. Therefore one

CM a + A

may write that:

1

<V (3)

1-

V
Equation (3), therefore, allows to obtain the average number of emitted
preequilibrium particles <n>, from the the average value of the recoil
nucleus velocity <V > , under the assumption that they all originate from
the projectile.

For more symmetric systems, it is no longer justified to assume
that the preequilibrium particles come from a single source. In this case,
the ratio of the recoil velocity to the center of mass velocity reads:

<v
V <n >+<n >
CM PT

1

(4)

where it is seen that, if the number of emitted preequilibrium particles is
proportional to the mass of the emitting nucleus, the recoil velocity is
equal to the center of mass velocity. This is evidently true for symmetric
systems. Equation (4) is not sufficient to determine both <n > and <n >.
However, the consideration of the widths of the velocity distribution of
the residual incomplete fusion nuclei may provide an additional relation
allowing such a determination.

If both projectile and target contribute to the preequilibrium
emission, even for a fixed total number of preequilibrium particles, one
expects a distribution of the number of particles originating from one of
the partners around its average value. This corresponds to a variance
cr2 ("np) of n around its mean. The variations of the number of
preequilibrium particles originating from the projectile induce a variance
in the linear momentum transfered to the incomplete fusion nucleus. This,
in turn, induces an increased variance in the parallel component of the
velocity of the recoiling incomplete fusion nucleus. Using the formula
derived in appendix I, we can write that:

S.I = kSz + |<oa(n :n)>V2+ o*(n)V*|q -
' ' <A>> P P P Vp

(5)
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where we recall that S» and S 1 are the parallel and perpendicular R.M.S.
widths of the experimental incomplete fusion residues velocity
distributions.

For fixed number of preequilibrium particles np and nT the two

widths are. related by S2,= ks 2. k is considered as a parameter determined by
the characteristics of the momentum distribution of the preequilibrium
particles as well as of that of evaporated particles. For isotropic
distributions of evaporation particles, for example, k=l, while for 1/sin 8
distributions k=2 (23).

<A>= A + A -<n> is the average mass of the incomplete fusion
nucleus. *~

q is the probability that a preequilibriua particle originates from
the projectile q = <n >/<n> and is an unknown to be determined.

O2In :n) is the conditional variance of np for fixed n. The
relation of its average value with q and <n> has to be specified in order
to obtain these two quantities.

cr2(n) is the variance of the total number of preequilibrium
particles, for the finite range of evaporation residues masses considered
in the experimental results. The possible range of values of cr2(n) is
examined below.

For the very asymmetric systems, the conditional variance of n
vanishes, since np = n. For the same reason q = 1. <V > may be neglected as
compared to V . A s noted in appendix I, evaporation processes lead to

values of k>l. Taking k=l one obtains an upper limit for a2 (n), by:

/ \
c^£ [S2,- S2I . Using the values displayed in Table 1 for the most

p

asymmetric system 32 s+"atCu one gets ff(n) 2 1. This shows that the number
of preequilibrium particles is rather well determined when the mass of the
residual incomplete fusion nucleus is almost fixed.

For symmetric systems the coefficient of c2 (n) in the expression of
S2 vanishes since q = 0.5 and A = A . This expresses the fact that a
variation, by the same amount, of the number of preequilibrium particles
originating from the target and from the projectile, do not modify the
recoil velocity. Keeping k=l, one obtains a maximum value of the

/ \<A>Ïconditional variance <cr2 (n :n)> £ IS2,- S2J .

p

Using the values displayed in Table 1, for the "Ar+ 1"" Ca system,
one gets <cr(np:n)> « 2.5 . A minimum value of the conditional variance can

be obtained under the assumption that k=2. Writing that
<A)2

<crcr
/ X ^«'

(np:n)> » JS2,- S2J one obtains <a(np:n)> » 2.2, in the 40Ar+'"*tCa
v " "/ v2P

case.

ANALYSIS OF THE EXPERIMENTAL DATA.
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As mentioned above, an interpretation of the conditional variance
in terms of q and <n> is possible only if one makes some additional
assumption. One can, for example, use a flip-flop hypothesis whereby the
preequilibriuo particles, in a specific event, are, all, emitted by the
same nucleus, either the projectile or the target, with a relative
probability depending upon the asymmetry of the system. Such a scenario has
been considered by Decowski and colleagues (24). In the transition region
from symmetry to asymmetry, such a scenario should give rise to an
asymmetry of the recoil velocity distributions. Such a behavior is not
observed in our results.

We retain the less exotic scenario whereby the preequilibrium
particles originate with probability q from the projectile and (1-q) from
the target. We, further, assume that the distribution for those originating
from one of the partners is of the binomial type. Thus:

<np> = q<n>

<n > = (1-q)<n>
T

cr2 (np :n) = q(l-q)n

(a* (n :n) > =

Rewriting equations (4) and (5) we obtain a system of two equations
for the unknowns q and <n>:

q<n>

<V
R

1-
A + A
P T

(6)

kS* +
<A>S

<n>q(l-q) + a3(n)
<V >

q - (7)

We solve this system for two extreme sets of conditions for k and
*(n). The first set is k=0 and <r(n)=l. The second set is k=2 and cr(n)=O.
The difference between the results corresponding to the two sets give and
idea of the error made in the procedure.

Table 2 shows the results obtained solving the system (6,7) for <n>
and q, for the two sets of conditions. The difference between the results
corresponding to the two sets give an idea of the error made in the
procedure . It is seen that this difference is small. In Fig.7 we have
plotted the variations of q, the probability for the preequilibrium
particles to originate from the lightest of the projectile and target, as a

function of the asymmetry parameter. The smoothness of the

transition between symmetric and completely asymmetric emission is
striking. In Fig.8, we plot the values of <n > /A and <n > /A as a
function of the velocity of the emitting nucleus (projectile or target)
measured at nuclear contact with respect to the center of mass:

VP.T =
( CH)

T.P
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where E is the incident energy, Vc the Coulomb barrier and n the reduced

mass.
It is seen on the figure that both projectile and target emission

lie approximately on the same curve. On the figure we have also reported
the values obtained by Rami and colleagues(26) for the system 40Ar+6aZn at
different incident energies. The correspondence between our data and those
of Rami is good. This is remarkable since the origin of the variations of
the center of aass velocities are quite different in the two experiments.
Rami and colleagues used a fixed system at different incident energies, in
a situation where the projectile, alone, was responsible for preequilibrium
emission. We worked on several systems differing by their mass asymmetry,
but at a fixed incident energy, in a situation where both projectile and
target could, in most cases, participate in preequilibrium emission.

Figure 8 also shows that emission by the target starts above a
threshold velocity of approximately 2.5 cm/ns. This is a confirmation of
the findings of Morgenstern and colleagues(10) who claimed that
preequilibrium emission could only appear if the projectile or target had a
velocity relative to the center of mass exceeding a threshold value which
they estimated to lie around 1.8 cm/ns. The quantitative difference between
the values of the threshold is compatible with the rather large errors made
on the estimate of this quantity. On Fig.9 we display the results of two
modified PEP's calculation, in the spirit of that carried out by Stephana
and colleagues(27). The details of the calculation are given in appendix
II. The Fermi energy of both projectile and target were chosen equal to
35 HeV, while the capturing potential of the center of mass was chosen
equal either to the "normal" value of 43 MeV or to the "renormalized" value
of 60 MeV. Also shown on Fig.9 is a comparison between options 1 and 2 of
Table 2

The figure 8 as well as the preceeding one also shows that the
analysis made by Gonin and colleagues(22) of the results of their
measurement on the 40Ar +43Sc system was oversimplified, since it neglected
the preequilibrium emission by the target, which we have just shown to
account for approximately one third of the total, in this case. Finally we
note that preequilibrium emission should start at a higher projectile
incident velocity in symmetric than in asymmetric systems. For example in
the 40Ar+NatCa case one would expect preequilibrium emission to start
around 16 AMeV incident energy, while for the 32S+HatCu system it is
expected to appear as low as 11 AMeV incident energy.However, the
preequilibrium emission increases faster for symmetric systems, so that, at
30 AMeV, the number of preequilibrium particles emitted by the 40Ar+NatCa
system is almost 50% larger than that emitted by the 40Ar+NatCu system.
Such an enhanced preequilibrium emission is evidenced by a downward shift
of the incomplete fusion residue charges in the symmetric system, as can be
seen on Fig.l and read from Table 1.

In Table 1 we compare the measured most probable charges of the
residual incomplete fusion nuclei to the results of a simple evaporation
calculation. The initial masses and excitation energies of the
preevaporation incomplete fusion nuclei were obtained from the data

displayed on Table 2 by Ajf= Ap+AT~<n> and e*= h S R- eg(21). Here, s* is
the excitation energy per nucléon of the incomplete fusion nucleus, e its
kinetic energy per nucléon, and ep the projecile kinetic energy per
nucléon. It was also assumed that the numbers of prequilibrium neutrons and
protons were equal. The calculation was made under the assumptions k=0 and
cr(n)=l. Using the other set of conditions gives similar results.lt is seen,
on table 1, that the calculation agrees with experiment, which gives an



10

additional support to the determination of the number of preequilibrium
particles. Mote the high values of the estimated excitation energies, which
correspond to temperatures in the 8 MeV range.

Finally ire discuss the possible consequences of a break down of the
oain assumptions made in this treatment. The first assumption dealt with
the average velocities of the preequilibrium particles which were assumed
to be equal to their source velocities( the projectile or the target). A
departure from this assumption would be reflected in an inverse
proportional way in the number of preequilibrium particles, and, therefore,
also in the excitation energy of the incomplete fusion nucleus. The values
of the average parallel velocity of the one body preequilibrium particles
found experimentally are close to the beam velocity (7). Note, however,
that this finding on the velocity of the preequilibrium particles
contradicts, to some extent, the predictions of the simple PeP's model
presented in Appendix A.2.The second assumption was to neglect the possible
contribution of two body preequilibrium particles.These would come in equal
asount froa the projectile and target for all mass asymmetries. They would
be difficult to distinguish from the evaporative component for the systems
»e have studied, due to the limited value of the asymmetry parameter. They
would have no influence on the main finding of this work, namely, the
strong increase of the parallel width of the residue velocity distribution
close to symmetry, since their contribution has no reason to change
drastically in this region. Their presence should, therefore, not affect in
a serious aanner our conclusions concerning the one body preequilibrium
enission.
Ve have also to consider the possible influence of complex particle
evaporation which is known to become significant above 3 MeV temperatures.
This eaission was not taken into account in the simple evaporation codes we
used to obtain the final residues charges. It might modify them slightly.
The evolution of the parallel velocity widths should not be significantly
affected by this process, since it should affect equally the perpendicular
velocity widths. Finally, in a complementary experiment, we have looked for
the possibility that the observed heavy residues might be the heavy
partners of a deep inelastic reaction. No complementary fragments were
found over an angular range between 9 and 60', in plane, and opposite to
the bean.

COKCMSIOH.

Our study of the velocity distributions of incomplete fusion
residual nuclei for a range of systems with different mass asymmetries has
displayed two aain evolutions of the first two moments of these
distributions. The average velocities progressively converge towards the
cecter of cass velocity for increasingly symmetric systems. At the same
tiae the parallel widths of the velocity distributions increase markedly.
Se have been able to explain this behaviour by the progressive onset of
preeqailibriua eaission by the target nucleus.For the first time we have
clearly shown how the transition takes place from asymmetric to symmetric
preeepsilibriia eaission mechanism. Emission by the target sets in when the
target velocity at nuclear contact, measured with respect to the center of
23SS esceeâs approxiaately 2.5ca/ns. This agrees, at least qualitatively,
with the condition required for the onset of preequilibrium emission by the
projectile. This in spite of the fact that the incident relative velocities
between target and projectile were very different in the two types of
seastareaeats.

We !save, also, shown, for the first time, that, when preequilibrium
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emission by both target and projectile is possible, its probability varies
inversely to the mass of the emitting source, or, alternately, in
proportionality to its center of mass velocity.

Our measurements confirm the essential role of the center of mass
in the control of preequilibrium emission. This is, in our mind, an
intriguing puzzle. How can nucléons be "aware" ot the velocity of a center
of mass which has no obvious physical meaning? All the more since the final
incomplete fusion nucleus does not have the center of mass velocity. It is
very likely that one deals with a mean field effect. The incomplete fusion
mechanism would imply that the mean field is established very fast, even if
the nucléon velocity distributions are still far from equilibrium.
Calculations based on this assumption(27), have indeed met some success in
accounting for preequilibrium emission. However they do not address to the
mechanism by which the mean field might establish itself. We think that
this question is one of the most interesting challenges of the theory of
intermediate energy heavy ion reactions.
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APPENDIX I

In the following we derive some useful relations between the first
two moments of the recoil velocity distribution and the number of
preequilibrium particles originating from the projectile and (or) target.

The incomplete fusion nucleus is made of Np+NT nucléons originating
from projectile and target respectively. The number of preequilibrium
particles are, correspondingly: np= Ap- Np, nT = A7- NT and n = np+ nT.
The linear momentum transfered to the incomplete fusion nucleus is

-» -» -»
therefore: ? = A V - P where it is assumed that the nucléon mass is
unity. In the following we assume that the preequilibrium particles

originating from the projectile have momenta: U1= Vp(l+K) + V1 where the V1
are random vectors with 0 mean value and parallel and perpendicular
variances s2; and s 2 . Therefore the first two momenta of the u read:

<u > = Vp(l+K) and (Tf,= sîit cr
2= s^ . The multiplication factor (1+K)

expresses the fact that the preequilibrium particles need not have the
average beam velocity. For simplicity, we assume that the preequilibrium
particles originating from the target have the same shift, with an opposite

-• -•
direction. Therefore, for these particles <ut> = - KYp while the variances
are kept unmodified. The variations in the number and origin of the
preequilibrium particles induce variations on both momentum and mass number
of the incomplete fusion nucleus. Since the measurements deal with the
velocity of this nucleus, one has to relate the velocity changes to the
momentum and mass changes. Ve do that in first order. From the relation

V = we derive that:

-• <P> 1 / - » - » - » » -» <P>
V0 = ({P- <P>}+<V >{A-<A>}| with <V > =
R <A> <A>\. ) <A>

» »
where we have set A = A = Ap+AT~n and P = P1 , for simplicity. Expressing
-»
P and A as a function of the number of preequilibrium particles one
obtains:

V - <V > = -
R K

Vp{(np- <np>) +2K(np-<np>)- K(n-<n>)}+<VH>(n-<n>)+«i«. v

From these expressions we get immediately the average and the perpendicular
variance of the recoil velocity distribution :
_, Ap-<np>(l+2K)+K<n> ( y

<V > = y and S2 = s2.
R Ap+ AT-<n>

 p J- <A>2 J-

We leave it to the reader to show that the parallel variance of the recoil
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velocity distribution is given by:

?. _l_(o« ( B )(1+2K)V
a+oa(n)«VB>+icVp)«-2C(np,n)Vp{l+2K)(<Vi|+icVp)]

<A>2^ P '<A>

where C(np,n)=<(np-<np>)(n-<n>)>.
We define q as the ratio of <np > to <n>, <n p>=q<n>. For example, in
asymmetric reactions q=l, while, in the symmetric cases, q=0.5. Under the
assumption of linear regression one, also, may write:

d<np>
= a and C(n ,n) = qo3 (n).

dn p

Variance analysis (28) tells us that:

a* (n ) = <cr* (n :n)> + q2c*(n) where <<r2 (n :n)> is the average value of the
conditional variance of np, for a fixed n. Using these results one obtains
the expression of the parallel variance of the recoil velocity
distribution:

(^( ) ( l 2 ) a V * 3 (n) {qVB (1+2K)-(<V> + KV )
p R P<A>2 <A>2

In the main article we have assumed that K = O, as traditionally done.
The formulae given above deal with the preevaporation velocity

distributions. The evaporation process does not change the average velocity
but increases the variances of the distribution by amounts which may be
different for the perpendicular and parallel values. For isotropic
evaporation processes 0Ii eva

 = 0^ • For 1/sin 9 evaporation processes
c* = 2c* (23).

i eva i _( e va )

The post evaporation variances then read:

S2= ^ - s2+ o*
A <A>2 * "eVa>

and S2= S 2
1 ( i )+S? 1 ( 2 ) with :

S2, = — — s2,+ o*,!Ici» Il ii(eva)
<A>2

and:
1

where it was assumed that K = O .
Only S||(a) depends upon the mass asymmetry ratio, for fixed

excitation energy and total number of preequilibrium particles. Therefore
we have assumed, in the main article, that the observed strong variation of
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lI

— as a function of the asymmetry of the entrance channel reflected the

variations of s\ alone.This is equivalent to assuming a constant value

S!(i>
for the ratio as a function of the entrance channel asymmetry .

S2
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APPENDIX II

In the following we recall the formulae which give the number of
promptly emitted particles (PEP's) as computed in the frame of the Fermi
gas model(14). We make the calculation in the specific case when the
capturing potential is at rest in the center of mass system of the
projectile and target. We treat the case of projectile PEP's, the case of
target PEP" implying a simple interchange of notation. To make notations

less cumbersome we shall use units such that v = Je = p.
It is assumed that all projectile nucléons entering the interaction

zone will be captured if their kinetic energy, measured in the center of
mass frame, is less than the potential well U = ep+ B. The complementary
nucléons will be promptly emitted. This implies that two body collisions
are neglected. The velocity distribution of the projectile nucléons is a
sphere of radius v displaced from the origin by the quantity v . For

' P + V
F> JO > vp- vf , the potential and velocity spheres intercept. In this

case, the number of PEP's is given by the difference between two spherical
caps. We give, below, some useful formulae relevant to such a geometry.
Two intersecting spheres geometry.

Figure A.I shows the relevant geometry of two intersecting spheres.
One sphere (R) has a radius R, the other(r) the radius r . The distance
between the two centers is d. The intersection between the common secant
plane and the axis of the two centers is H. We define xR, and x as the
distances between H and the centre of (R) and (r) respectively. The volumes
given are those corresponding to the right hand side of the common secant
plane.

x and X^ are related by x =x +d. The volumes of the spherical caps
are, then given by

V(xr)= j (r-xr)*(2r+xr) and V(xa ) = j (R-xg )
2(2R+xg)

R2-r2-d2 R2-r2+d2

Replacing x and x by their values x = and x = , one
B r 2d R 2d

obtains, after some rearangment, the volume of the sphere (r) external to
sphere (R) :

, . n(R-r-d)2

VP« v ( x
r ) ~

v ( x
B )

= (3(R+r)2-2d(R-r)-d2) A.I

Expressed in terms of the energies one gets the probability of
preequilibrium emission by the projectile and target respectively, from



where e is the incident center of mass energy per nucléon of the
projectile or target, respectively, «F the Fermi energy of the emitting
nucleus, and U the depth of the absorbing ,atential.
It is also easy to express the missing momentum per projectile or target
particle. This is obtained from the expression of the average values of x,
as measured from the center of both spheres for the two spherical caps
already considered above:

<x> = and <x> = -
R 4V(xg)

 r 4V(xr)

The average value of x, as measured from the center of the sphere (R), for
the part of the sphere (r) external to the phere (R), is then equal to:

V(xrX<x>p+d)-V(xa)<xg>

<r)
pe

Using the values of xr and xR it is easy to show that V(xr)<x>r= V(xg)<xg>.

Therefore, <x> = d . This allows to express the amount of

pa

preequilibrium momentum per incident nucléon in terms of the incident and
Fermi energies:

A.3

The average momentum per equilibrium particle is obtained from the ratio
p(P.T)
pe

. An effective number of preequilibrium particles can be defined if
VT

one uses the currently made assumption that the momentum per preequilibrium
particles is the beam momentum per particle, i.e. I 2 a e . This effective

P
P*

number of preequilibrium particles is then simply equal to

(P. T )
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In order to make a more meaningful comparison between the model
predictions and experiment we determine the depth of the potential by the
requirement that preequilibrium emission starts for a center of mass
velocity of 2.5 csa/s. This leads to a value of 60 MeV for the capturing
potential. This value is significantly larger than the depth of the optical
potential of around 43 MeV, compatible with the chosen Fermi energy of
35 MeV. The difference between the two values may reflect the influence of
nucleon-nucleon collisions which inhibit the PeF's emission, as well as,
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1

System

40 Ar+"" Ca

40Ar+49Sc

4 0ArV 1Ti

32S+MatTi

4°Ar+"a 1Cu

32S+salCu

2

Energy
AMeV

30

30

30

32

30

32

3

<V %
V
CM

101.(3)

90.(3)

85.(4)

69.(5)

75.(5)

71.(5)

4

21

23

24

23

28

28

5

'Icm/ns

0.40(4)

0.37(4)

0.30(3)

0.28(3)

0.21(2)

0.15(2)

6

S,
cm/ns

0.15(2)

0.17(2)

0.14(2)

0.16(3)

0.14(3)

0.12(3)

7

s* MeV

7.5

7.3

7.1

6.4

6.2

5.3

8

<V
experiment

13.

22.

9

<V
calculation

11.0

13.1

15.0

15.3

23.0

23.0

TABLE 1.
Col. 3,5,6: Results of the fitting procedure described

in the text giving <V >,S,,and S1

Col. 4: The velocity spectra were summed over charges larger than Z

Col. 7: Excitation energy per nucléon calculated from e*=le s - e

where sp,seare the projectile and residue energy per nucleontsee 21)

Col. 8: most probable experimental charges of the ICF residues
Col. 9: Same as Col.3 as obtained from a simple evaporation calculation

The initial mass of the residue was taken as A +A -<n>(Table 2)

The initial excitation energy was taken as (A +A -<n>)e*
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System

40Ar+"a1Ca

4 0Ar+ 4 3Sc

4 0 Ar+* a t Ti

3 2 s + s a . T i

40Ar+NatCu

3*S+satCu

1.

2 .

1 .

2 .

1 .

2 .

1 .

2 .

1 .

2 .

1.

2.

0.49(7)

0.49

0.57

0.59

0.65

0.69

0.80

0.38

0.81

0.95

0.93

( C H )

3 .

3.

3 .

4.

4.

4.

63

84

95

00

44

97

V T

( CH)

3 .

3 .

3 .

63

41

30

3.00

2 .

2.

78

48

< v

13.4(10)

12.2

15.5

13.9

14.9

13.6

15.1

14.5

15.5

14.4

12.5

<nT>

14.0(10)

12.7

11.6

9.5

8.2

6.1

3.8

1.9

3.7

0.8

1.0

<n

A

0.

0 .

0 .

0 .

0.

0.

0.

0.

0.

0.

0.

P

P

34

31

39

35

37

34

47

45

39

36

39

cn

A

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

T

T

35

32

26

21

17

13

08

04

06

01

02

<n>

27.4(10)

24

27

23

23

19

18

16

19

15

13

.3

.1

.4

.1

.7

.9

.4

.2

.2

.5

TABLE 2
Values of the average numbers of PE particles emitted by the

projectile(<np>) and target(<nT>) as obtained from the velocity

spectra of the incomplete fusion residual nuclei.

Velocities of projectile Vp and target VT are reported.

Lines numbered 1. : calculations made ith k=2 c*(n)=0

Lines numbered 2. : calculations made with k=l c^(n)=l
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FIGURE CAPTIONS.

FIGURE 1.

Examples of two dimensional plots of the invariant cross-section in the Z, V
plane, for the symmetric system 40Ar+NatCa and the asymmetric system
40Ar+satCu . The incomplete fusion peaks are clearly visible Z=23 and

V= 2cm/ns. for the Cu target and Z=13, V=3 cm/ns, for the Ca target.

FIGURE 2.

Examples of angular distributions.

FIGURE 3.

Examples of velocity spectra.

FIGURE 4.

Examples of two dimensional plots of the invariant cross-section in the
V .V plane, for the symmetric system 40Ar+NatCa and the asymmetric system
<0Ar+NatCu. The size of the dots is proportional to the counting rate.

FIGURE 5.

Variations of the average velocity as a function of the observation angle,
for different systems with varying degrees of mass asymmetry.The lines are
the result of the least square f i t described in the text .

FIGURE 6.

Variations of the ratio of the parallel to perpendicular widths of the
velocity distributions, as a function of the mass asymmetry parame r.

• This experiment.
3 Results obtained from Ref.23.
v Results obtained from Ref.24.
o Results obtained from Ref.25.

FIGURE 7.

Variation of the probability q that preequilibrium particles originate from
the projectile(lightest partner), as a function of the mass asymmetry
parameter.

FIGURE 8.

Average preequilibrium emission probability per nuclson, for the target and
the projectile, as a function of their center of mass velocity.

• This experiment.
o For the system 40Ar+68Zn (26).
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FIGURE 9.

Comparison of two Fermi gas calculations with the values of the average
preequilibriua emission probabilities obtained from experiment using the
two sets of conditions, as explained in Table 1. One Fermi gas calculation
used a capturing potential of 43 MeV, the other, of 60 MeV.

FIGURE A.I

Two overlapping spheres geometry. The rightmost sphere represents the Fermi
sphere of the projectile, while the leftmost sphere represents the center
of mass capturing potential.
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Figure A.1


