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Abstract

Commonly-used approaches to selecting so-called ‘single-source’ events in GANIL en-
ergy heavy-ion collisions are discussed and compared, using as an example the system Gd+U
36MeV /u studied with the INDRA 4x-detector. Of the methods considered, based on global
analyses of multiplicity, energy, and momenta, the so-called ‘Wilczysiski diagram’ technique is
shown to have the best performance in terms of the statistics of the selected sample of events
and pollution by other reaction mechanisms. The cross-section of single-source events for the
system Gd+U is found to be ~ 41mb.

1 Introduction and Motivations

‘Single-source’ events in heavy-ion collisions at 20 - 100MeV /u, in which the near-totality
of the available mass and excitation energy of the colliding system are comprised in
one single multifragmenting source, have been well isolated and characterised for several
heavy systems [1][2](3]{4](5] using the so-called ‘Wilczyriski diagram’ technique, presented

in detail in this contribution. Such events have several interesting and unique features :

o the available excitation energy for the single source is the maximum

possible

o the fragmenting source is the largest piece of excited nuclear matter
that may be formed for collisions of a given system and, for heavy sys-
tems, beyond the size of the largest nuclei known to occur in nature
(Atet > 250). The large size of the source implies that, if instabili-
ties occur, volume (i.e. spinodal) rather than surface (e.g. Rayleigh)
effects are likely to dominate, while any collective behaviour (e.g. ra-
dial flow due to initial compression of the matter) if present is likely

to be significant

in the same way as the mass of the single source may be beyond
those normally encountered in nuclei, so may be its charge-to-mass

ratio, which suggests potential Coulomb instability effects[6][7]

Overall the study of single-source events, especially for heavy systems, presents
an opportunity to quantify the relative importance of these various effects in the mul-
tifragmentation process. However experimental evidence for many systems at GANIL
bombarding energies shows heavy-ion collisions to be dominated by dissipative reac-
tions which are binary in character (two excited fragmenting sources in the exit chan-
nel)[8][9){10][11], and that single-source events, when they have been properly isolated,
account for no more than ~ 1% of og[2][4]. I is therefore crucial to the analysis to study
the performance of available selection methods for the system in question, and to choose
the one which minimises any eventual pollution by the dominant binary reactions.

Collisions of Gd+U at 36MeV /u have been studied at the GANIL facility using the
4r detector INDRA[12), whose main characteristics are : detection and identification of
charged particles with unit charge resolution from Z =1 to Z = 54 over an angular range
of 8 = 2° — 176° (90% of 4r); very large dynamic in energy, detecting and identifying
protons of 1-200MeV, and Uranium ions upto 4GeV; low energy particle identification




thresholds of between 0.7MeV/u and ~1.3Mev/u (Z = 3 and Z = 50 respectively).
Neutrons are not detected. In the aim of studying the single-source multifragmentation
events contained in this experimental data we have considered the most commonly used
methods of selecting single-source events based on global variables, and found that they
can be arranged into three classes : (1) Impact parameter selectors (IPS); (2) Global
shape variables (GSV); (3) ‘Wilczyriski diagram’.

Vao(emfns) | Vo(em/ns) | e(Gd) (MeV]u) | *(U) (MeV/u)

Voeam = 8.14 7.34 - .

6.95 6.00 3.30 2.10
5.32 4.00 6.40 4.20
4.04 2.00 8.30 5.40
3.65 1.00 8.75 5.70
3.51 0.00 8.90 5.80

Table 1: Parameters of the dissipative binary collisions simulations. Relative velocities
of QP(=Gd) and QT(=U) are given at contact (Vy ) and ‘at infinity’ (simple Coulomb
caleulation, Vi), along with ezcitation energies for each source which correspond to
equipartition of E*. The relative velocities corresponding to the beam velocity are given
for comparison, while Vo = 0.00 (Voo = 3.51) corresponds to full damping.

The response of the latter two to the multifragmentation of a single source or of two
sources with varying degrees of relaxation has been studied using the event generator
SIMON([13]. In accordance with experimental results for the single source in Gd+U
collisions (see [4][5][14]) the total mass (A = 393) and excitation energy (¢ = 7.1MeV/u)
of the system are arranged in a ‘freeze-out’ configuration of 6 pre-fragments with a
spherical geometry, with a self-similar radial expansion of IMeV/u. For the ‘binary
collisions’ simulations, the two outgoing excited partners were Gd+U in contact with
initial relative velocity (Vo) making an angle of 10° with the beam direction, each source
comprising 3 primary excited fragments placed in a spherical configuration (except for
the least relaxed case for which, in accordance with the experimental results, it is more
realistic to consider 3 initial fragments in total : a quasi-Gadolinium, and the two fission
fragments of Uranium). For each value of Vp/relaxation (see Table 1), the total excitation
energy of quasi-projectile and quasi-target (QP + QT) was calculated simply using
21 Zy€? A4,

1 2
* = — - = = . 1
E* = Een— Ec—5n%,  Ec = =g )

where d, the centre-centre distance between QP and QT, is equal to the sum of their radii
calculated from the liquid-drop formula r = Smm, ro = 1.22fm; E,, is the available
centre-of-mass energy; and Aj, Z etc. are the mass and charge numbers of QP and QT.
E* was shared equally between the two sources.

All events generated by SIMON were passed through an experimental filter, repro-
ducing the geometrical and dynamical acceptance of the INDRA detector, in order to
allow direct comparison of experimental and simulated data. As all methods considered
use global variables it is essential to apply them only to events for which a maximum
of information has been obtained. A ‘standard’ pre-selection has been applied to both
experimental and simulated events to ensure well measured ‘complete’ events. This
pre-selection takes the following form :

|Z 23]

Yz
> _=—> 2
Ziotal 80%, Zpv, 80% @

where the momentum is calculated as the product of particle charge and velocity, to
neglect the effect of (unmeasured) neutrons. In addition to this control on the magnitude
of the momentum, a further constraint was placed on the angle % made by the vector
Y. Z# with the beam, restricting it to values ¢ < 6°.

2 Recognition and selection of single-source events using global
variables

2.1 Impact parameter selectors (IPS)

Single-source events must be among the most central collisions and so one may rea-
sonably hope to isolate the former by effecting a selection corresponding to retaining
only the smallest impact parameters. As direct measurement of the impact parameter
b is impossible some variable or variables must be found for which a good correlation
with b is shown (by simulating the collisions). What we call impact parameter selectors
(IPS) are ‘simple’ global variables to which this property is commonly attributed. IPS
frequently encountered in the literature which we have considered in this study are

o Ng, total charged particle multiplicity
e Ny, light charged particle (LCP : Z = 1,2) multiplicity
o E,,, the total transverse energy (w.r.t. the beam direction)

¢ E, 2, the total transverse energy of LCP




all of which, it is generally accepted, increase with decreasing impact parameter.

The method of selecting single-source events then consists of retaining events hav-
ing the highest values of N¢, E,,, etc., corresponding to the most central collisions,
assuming that these most central collisions lead to the formation and multifragmenta-

tion of a single source, to the exclusion of all other reaction mechanisms.
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Figure 1: Total multiplicity (v) distributions resulting from a simulation of collisions
of VAr+2" Al 45MeV/u carried out in [16]. Individual distributions for Ifm bins in
the impact parameter b of the simulated collisions are shown, the number on each
corresponding to the mazimum b of the bin. The thick curve is the impact parameter-
integrated distribution, corresponding to that which would be measured ezperimentally.
Italic figures on this curve give the impact parameter scale beaic calculated using the
geometrical prescription (see text).

The first problem to mention in connection with this method in our opinion is
the lack of “sharp cut-off” in impact parameter between binary and unary collisions.

This means that it is not possible to use IPS to select all single-source events without

binary pollution. This is not fatal to the method; we may still select a reasonably
uncontaminated sample of single-source events with reduced statistics, provided that the
IPS chosen can permit us to select only events having impact parameters smaller than
those for which binary collisions dominate. The geometrical prescription{15] permits
the establishment of an impact parameter scale using IPS, as is shown in Fig.1 for the
example of simulated collisions of the system Ar+Al 45MeV /u, using as IPS the total
multiplicity, N¢ (v in Fig.1)[16].

bmas \:%ne N 1}

@nnn = A7
: (23_

where uIW&N is the number of events having a value of the IPS z between z and z + dz,

E I dz (3)

Nyt is the total number of measured events, and bm,; is the maximum impact parameter
of the collisions.

First of all it can be seen in Fig.1 that the distributions of v/ N¢ for each 1fm
bin in b are wide and overlap each other significantly. Because of this the calculated
impact parameter binning e is approximative and mixes collisions with different b.
This mixing increases as collisions become more central. Secondly, although for the
largest values of b the binning is acceptably approximative, the complete overlap between
multiplicity distributions for the most central simulated collisions (0 < b < 1fm, 1 <
b < 2fm) renders the method incapable, in this example, of distinguishing between
impact parameters b < 2fm (in practice this lower limit could be increased by the
need to retain a sample with workable statistics, thus relaxing the severity of the v/ N¢
‘cut’). The existence of a finite limit on the centrality of the collisions selected implies the
impossibility of isolating a sample of single-source events with negligible binary pollution
in this way if binary reactions are the dominant mechanism at and below the limiting
impact parameter (< 2fm in the example shown).

In conclusion

(i) the assumptions underlying the selection approach i.e. the correla-
tion between IPS and b depends on some model(s) of the collisions

(ii) an impact parameter selection cannot give all single-source events

«,

with no binary pollution, due to the absence of “sharp cut-off”

ii) the ‘most central’ collisions that can be isolated may be irremediably

polluted by binary reactions, due to large fluctuations of IPS for the

most central collistons




For these three reasons we believe that methods based on impact parameter are not the
best way to approach the problem of single-source selection.

1t should be remembered, however, that as can be seen in Fig.1, IPS do provide a
very acceptable and effective method of classifying events according to impact parameter,
from peripheral to central collisions with the double proviso that the calculated impact
parameter becomes more and more approximative with increasing centrality, and that
there is no reason a priori to expect the ‘most central’ collisions selected to correspond to
a highly pure sample of single-source events. Depending on the experimental apparatus
at one’s disposal, it is not always possible to effect more elaborate selections based on,
for example, global analyses of the fragment momenta and energy in each event. This

is the second method considered, to which we now turn our attention.

2.2 Global shape variables (GSV)

A single multifragmenting source, in thermal equilibrium and having little or no spin,
will emit particles and fragments isotropically (in its rest frame). On the other hand,
multifragmentation of the two separating sources of a binary reaction will produce emis-
sion patterns that are elongated in the sense of their relative velocity. We can measure
the form of the resulting distributions of energy/momentum of the emitted particles,
and try in this way to distinguish single-source from binary events. Examples of global
shape variables {(GSV) used for this purpose are presented in Table 2 : they are the
second moment of Fox and Wolfram, H(2)[17], the momentum isotropy ratio Riss[18],

and the energy isotropy ratio Ei,,.

GSV single | binary
source | reactions
L (DIFIF ()3 cos? 6p-1
H(z) = 2P Abersent) | 1
3. BB
Riso = )T P I/ Zolm @) 1 0
(3/2)Y, P} (v)/2m(v)
Eiso =1~ S~ E0) 0 1

Table 2: Definitions of GSV considered in Sec.2.2, and their infinite-multiplicity re-
sponses to isotropic (single-source) and ‘two jet’ (binary) emission. All sums are over
fragments (Z > 5) in the centre of mass of reaction (see text).

As light charged particles do not have a unique origin in the reactions (secondary

emission, ‘prompt’ emission), these variables are calculated using only the momenta
or energy of the fragments in each event, defined as detected nuclei having Z > 5.
As our intention is to seek events in which nearly all 393 nucleons participate in the
formation of a single source, we suppose that the recoil velocity of the latter will not
deviate appreciably from the velocity of the centre of mass of the reaction, and that
recoil velocity fluctuations due to the ‘fusion’ being more or less incomplete are less
significant than the systematic error on the measured velocity of the fragments’ centre
of mass due to incomplete detection and secondary emission. The GSV are therefore
calculated in the centre of mass of reaction frame.

H(2) depends on relative angles between fragment momenta and on their absolute
magnitudes, and is therefore invariant under a rotation of the coordinate axes. The
two isotropy ratios, defined in terms of projections of energy or momenta perpendicular
and parallel to a given axis, are clearly rotation-dependent. A natural choice for the
‘reference’ axis would appear to be the velocity of the fragments’ centre-of-mass frame
{assumed here to be the beam direction); however the values of E;,, and Ris. would
then vary as a function of the scattering angle of the two outgoing partners of deeply
inelastic collisions, giving different responses for the same degree of relaxation (t.e. same
event form), and indeed for any given form of the energy/momentum distributions one
can always find an orientation with respect to the beam axis such that E;,, and R,
give their ‘single-source’/‘isotropic’ values {or any other values). This ambiguity in the
response obviously has to be lifted in order to be able to effect a selection of isotropic-
form events corresponding to the fragmentation of a single source. If the scattering angle
were constant, e.g. if the two partners’ relative velocity were always aligned with the
beam (reference) axis, the problem would not exist. The solution is therefore to find the
direction of the relative velocity of the two partners, and then to calculate E;,, and Ri,o
with respect to this axis, referred to as ‘direction of maximum fragment KE flow’ in the
figures (see Sec.2.3 below).

The most important characteristic and handicap of GSV-based approaches is their
sensitivity to small number effects[19](20]. In general their response depends on the
multiplicity (of fragments in our case) of the event, getting worse (i.e. deviation of
< GSV > from ‘true’ value and ogsv increase) as the multiplicity decreases.

In Fig.2 is shown the response of Ej,, to simulated single-source events for different
multiplicities of fragments Ny. It can be seen that in all cases the distributions of the
GSV are very wide due to the small number of fragments (5 < Ny < 8), corresponding

to a large range of different event shapes, while the mean values are far from that
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Figure 2: Histograms : response of the GSV Ei,, to the simulated multifragmentation
of a single source. Points : ezperimental data selected using the Wilczyriski method.
Events with different fragment multiplicities are treated separately. Ei,, is unambigu-
ous, i.e. calculated with respect to the direction of mazimum fragment KE flow derived
from the momentum tensor (see Sec.2.2 and Sec.2.3). The mean values and standard
deviations given are for the simulated distributions.

corresponding to an isotropic distribution of fragment kinetic energies, Ei,o = 0 (<
E;,, >~ 0.3 —0.4). The response is seen to improve as Ny increases.

The problem is not the following : the distributions of fragment kinetic energies
(or momenta) are isotropic but the GSV are incapable of measuring them correctly. In
order that the final distributions of fragments emitted isotropically correctly represent
the form of the emission law, the particles must be infinite in number; the smaller their
number, the greater the discontinuous “lumpy” nature of the resulting distributions
which is inconsistent with high isotropy. The problem, therefore, is that the isotropic
emission of a finite number of particles leads to energy/momentum distributions which
are not isotropic, and whose forms are subject to large fluctuations.

It is shown in Fig.3 that for the fragmentation of a single source, the distribution

of cos 8 of fragments (accumulated over many events) is flat (therefore they are emitted
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Figure 3: (upper left) Simulated angular distribution of fragments in the centre of
mass frame for single-source events. (clockwise from top right) Simulated distributions
of GSV H(2), Riso, and E;y, for these events. The multiplicity of fragments is 6 in
each case.

isotropically) while the distribution of, say, Ri,, for a given Ny (value calculated event by
event) is centred far from 1 (N = co isotropy response) and very wide !, The distribution
of cos 8 represents correctly the isotropic nature of the emission law - it is accumulated
over a large number of events, and so corresponds effectively to a multiplicity Ny —+ oco.
Event by event we measure only Ny — 0 values of cos 8, from which it is very difficult
to infer the form of the underlying emission law : this is exactly what the GSV try to
do.

Ut is interesting to note that for the same finite Ny, both Riso and Ei,o when calculated
with respect to the beam axis give distributions for isotropic/single-source emission which are
centred around their respective infinite multiplicity responses. They cannot be used to select
single-source events due to the ambiguous response problem mentioned above, but they may
be used to gauge whether a sample of events corresponds to single-source events or not, as
the probabilitiy of a sample of binary events having just the right orientations with the beam
axis to give a distribution centred around the theoretical single-source response seems quite
Jow. However attention must be paid to any correlations between the selection method and
these variables (eg. @fiow - Eicof Riso , see Sec.2.3)
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If perfect isotropic emission requires N; = oo for correct GSV response, the ex-

treme case of a binary reaction with a very large relative velocity ( V' — c) between the
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Figure 4: Simulated response of the three GSV considered to increasingly relared binary
collisions, and to a single-source decay (open symbols), showing that the resp to
highly relared binary reactions is indistinguishable from the fragmentation of a single-
source. Solid points : erperimental data selected using the Wilczyriski method.

two sources, giving a linear, 2-jet form to the final state fragment distributions, implies
that only 2 fragments are theoretically necessary to exactly reproduce the emission law
(a line). As the relative velocity decreases (increasingly dissipative/relaxed collisions)
its role as determining factor in the form of the final state distributions becomes less

important compared to that of mutual Coulomb interactions between fragments issued

1"

from different sources, which tend to increase the isotropy of the distributions. There-
fore for a given Ny (2 < Ny < 00) the response of GSV worsens as we pass from binary
collisions with low relaxation to highly dissipative binary reactions, and finally becomes
worst of all for single-source events (as the emission of fragments becomes increasingly
isotropic).

Finally, the separation of binary and single-source events by GSV selection sup-
poses sufficiently different GSV responses in the two cases. Fig.4 shows that this is not
so for highly-relaxed binary collisions, corresponding to Vo < 4.04cm/ns (cf. Table 1),
for which the reponse of GSV saturates and is indistinguishable from the response to a
single-source decay. High isotropy of the energy/momentum etc. distributions measured
in this way is therefore no guarantee of a disappearance of binary character from the
reactions.

In conclusion,

o GSV selection is not model-dependent; however it is based on the

assumption of a thermalised, low-spin source

GSV analysis is multiplicity dependent, and apart from the effects
detailed above, this means that there in fact should be different selec-
tion criteria for different fragment multiplicities. However, this point
is normally neglected as the selection {H(2) < 0.1, Ripo > .9 etc. )
is a rather arbitrary balancing of the desire to keep only the most

isotropic events with the need for a sample with workable statistics.

e the idea behind GSV selection is that one source or two sources do
not give the same emission law, but we cannot measure this law, only

the resulting distributions of a small finite number of particles :

(i) energy/momentum distributions of a finite number of parti-
cles emitted isotropically are anisotropic, and subject to large fluc-

tuations

(ii) the distributions of highly damped binary reactions and those
of single-source events are indistinguishable

2.3 The ‘Wilczynski diagram' technique

The third and final method we discuss is based on two other characteristics of single-

source events : the formation of a single-source corresponds to collisions in which a

12




maximum of energy is dissipated, and no preferred direction of the global ‘flow’ of the
final fragment kinetic energies exists (corresponding to a loss of memory of the entrance
channel, i.e. assuming thermalisation of the source and negligible angular momentum
eflects). This method, the ‘Wilczynski diagram’ technique introduced by J.F. Lecolley
and co-workers for the system Pb+Au 29MeV /u{1], which exploits two characteristics of
single-source events, is therefore a crossed method using two different global variables.

The first variable is the total measured kinetic energy TKE, defined as the sum
of centre of mass kinetic energies of all detected reaction products, which can also be
expressed as

TKE =Ecu + Q@ — Y. Encutron 4)

As collisions become more and more dissipative, more of the relative kinetic energy of
target and projectile is converted to excitation energy. The greater the excitation energy,
the greater the average number of unmeasured neutrons (and the higher their average
energy) and fragments with Z > 5 (which reduce Q, i.e. make it more negative) in the
exit channel of the reaction. Therefore TKE decreases with increasing dissipation.

In order to establish a ‘preferred direction’, if ome exists, the temsor of [21] is
constructed from the components of fragment centre of mass momenta,

Q=) wpips ()
235

with w = 3., giving the tensor of fragment kinetic energy flow in each event. The
eigenvectors and eigenvalues of Q;; define an ellipsoid in energy space which represents
the event form in exactly the same way as the GSV described in Sec.2.2 above, and
all the same comments apply here. The ‘sphericity’ S[21], commonly used to describe
the event shape derived from the eigenvalues of @;;, was not treated as a case apart in
Sec.2.2 as, unsurprisingly, there exists a simple relationship between this variable and
the GSV E.,, when the latter is calculated unambiguously (i.e. with respect to the
ellipsoid major axis) (see below and Sec.2.2) :

S=1-FEi, (6)

The direction of the major axis of the ellipsoid, i.e. the eigenvector corresponding
to the largest eigenvalue of Q;;, is referred to by its polar angle with respect to the beam,
81100 This is the direction which maximises the global flow of fragment kinetic energy,
and is the ‘preferred direction’ for each event referred to above.

As stated in Sec.2.2 the event forms for fragments issued from binary reactions

are prolate ellipsoids whose major axis is aligned with the relative velocity of the two
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Figure 5: Distributions of 0510, obtained for simulat d binary collisions with different

degrees of relazation, and for the simulation of a single source. The arrows below the
abscissa indicate the position of Ocm = 10°.

sources. Therefore for binary collisions
<@ flow > ®Q= ANV

where O, is the centre of mass scattering angle of QP and QT?. In Fig.5 are shown the
distributions and mean values of 8;0,, obtained for all simulations described in Sec.1. It
should be remembered that for each two-source simulation, the initial relative velocity of
QP and QT is inclined at an angle of 10° with respect to the beam axis, corresponding to
a constant scattering angle . It can be seen that Eq.7 holds for the least dissipative
cases (Vi > 4.04cm/ns), but as the relaxation becomes more complete (i.e. as the
distribution of fragment kinetic energy becomes more isotropic) the distribution of 810w
becomes wider and wider, and at full relaxation (Ve = 3.51cm/ns) it is indistinguishable

from that produced by the single-source events. Note that for Vo, = 4.04cm/ns although

2this is why Eis and Ri,o are calculated with respect to the major axis of the ellipsoid
(‘direction of maximum fragment KE flow' in Fig.2 and Fig.4) in order to remove the ambiguity
highlighted in Sec.2.2




the distribution is rather large, only a very small proportion (~ 12%) of events explore
values of 8., > 45°; for this same relaxation the GSV response is indistinguishable from
single-source emission (cf. Fig.4). Even for more complete relaxation (Vo = 3.65cm/ns)
although the proportion of events with 45° < 8y, < 90° is significant (~ 42%), the
distribution is still clearly peaked at more forward angles (< 010, >= 42.5°).

In Sec.2.2 it was seen that the energy/momentum distributions event by event
for the break up of a single source are not isotropic due to the finite (small) fragment
multiplicity, which is the primary handicap of GSV selection methods. This residual
anisotropy of the distributions means that a direction of maximum energy flow, 810w,
can still be found even for single-source events, but as it is due to small number effects
and not to some memory of the entrance changel, it is randomly directed even though
the distributions are not isotropic i.e. the ellipsoid is not a sphere. This approach
actually uses the weakness of GSV to its advantage. The multifragmentation of a single
source is therefore associated with a flat distribution

do

- t
d(cos Om0) constant (8)

or distributions of f1,,, which are proportional to sin 8;i,,, and single-source events are
concentrated at large flow angles, 73% of them having 810, > 45° (54% have 8100 >
60°)(see Fig.5). Importantly, Eq.7 and Eq.8 are independent of the fragment multiplicity.

The distribution of cos 8y, is a good indicator of whether or not single-source
events are present in a given sample and to what degree they are mixed with binary
collisions. If the events do not explore all values of cos 810, it is certain that none of
them correspond to the deexcitation of a single source. If the distribution is peaked
and all values are explored, single-source events may be present, with the dominance
of binary reactions depending on the ratio of the area under the peak to the total
area of the distribution. If above a certain value of 80, the distribution becomes flat,
the corresponding events are good candidates for single-source multifragmentation with
negligible pollution from binary reactions.

We may apply this method of discrimination to samples of Gd+U collisions se-
lected using the approaches described in Sec.2.1 and Sec.2.2. Fig.6 and Fig.7 show, for
the IPS N¢ and the GSV H(2) respectively, cos 80w distributions obtained for three
increasingly stringent cuts using each variable. In both cases it can be seen that for
all ‘cuts’, which go right to the limits of acceptable statistics for the selected events,
the resulting distributions remain stubbornly anisotropic, with a strong peak around
the beam direction (80, = 0) and long tails which are almost flat for 80w > 60°
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Figure 6: (upper left) Distribution of Nc for complete events, Gd+U 36MeV/u, in-
dicating three ‘cuts’ for most central collisions : 1 Nc > 30; 2 N¢ > 35; 3 N¢c > 40.
(bottom left) Distribution of cos8piou for the simulated single-source events. (right)
Distributions of cos 6., obtained by applying the three N¢ ‘cuts’.

(cos 810w < 0.5). Upon examining the events in the peak and in the tail the former are
found to be dominantly binary in nature, while for the latter no binary character can
be perceived|(4](14].

Therefore in accordance with Sec.2.1 and Sec.2.2 single-source events for collisions
of Gd+U at 36MeV/u selected using IPS and GSV have a large pollution by binary
reactions no matter how swingeing the conditions applied to them. By effecting a sub-
sequent sorting of events depending on 841, we can apparently remove that part of the
sample which is dominated by binary collisions. But then the initial selection by IPS or
GSV is redundant, and can be abandoned.

The ‘Wilczyniski diagram’ technique uses the discriminatory power of the cos 9 ftow
distribution to isolate single-source events for the most dissipative collisions selected
with TKE. Its name comes from the fact that plots of TKE vs. 810w [10][1] such as
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Figure 7: (upper left) Distribution of H(2) for complete events, Gd+U 36MeV/u,
indicating three ‘cuts’ for most isotropic event forms : 1 H(2) < 0.1; 2 H(2) < 0.05;
3 H(2) < 0.025. (bottom left) Distribution of cosOioy for the simulated single-source
events. (right) Distributions of cos 0w obtained by applying the three H(2) ‘cuts’.

that shown in Fig.8 bear a strong ressemblance to those of the double differential cross-
section d?c/dE dO., used at lower energies. J. Wilczyniski successfully interpreted the
forms of these plots, of centre-of-mass energy versus scattering angle for one of the two
partners of a deeply inelastic collision, in terms of dissipative nuclear orbiting[22](10].
810 is analogous to the scattering angle for binary collisions that are not too
relaxed (Eq.7), i.e. for events with TKE>2156MeV (see Fig.8), and therefore related to
the degree of orbiting of the system. It can be seen in the diagram that below 2156MeV
the distribution of 81, is very large, exploring all values. However it has been shown
that for a fixed value of O, with large degrees of dissipation, a very large range of 8o
is explored (Fig.5), thus any connection with the rotation of the system QP+QT is lost.
The distribution of cos 81, for these most dissipative events is strongly peaked in the

beam direction, corresponding to the dominant binary reactions as we saw above, and
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single-source events at these large angles. These are the events selected and analysed
in terms of the multifragmentation of a single source comprising the near-totality of
available excitation energy and nucleons in [4](5][14]. The selected events correspond to
a cross-section of 22mb, and as we found 54% of simulated events to have 610, > 60°,
an upper estimate (assuming zero pollution of the sample) of the total cross-section
for single-source events is 41mb, to be compared with a total reaction cross-section

oR ~ 6b[23].




3 Conclusions and Outlook

In this contribution we have studied in detail some commonly-used methods of selecting
single-source events in heavy ion collisions at GANIL cnergies, and tested them with sim-
ulations and experimental data for collisions of Gd+U 36MeV /u measured with INDRA.
We have insisted on the fact that impact parameter sclectors (e.g. total multiplicity,
transverse energy) and global shape variables (e.g. Fox moments) may be incapable of
selecting single-source events without large contamination by the binary processes which
dominate the reaction cross-section at these cnergies. This has been shown to be the
case for Gd+U, while for an almost identical system (Au+Au 35MeV/u [24]) the same
technique (analysis of the form of the selected events’ cos i, distribution) seems to
demonstrate the contrary.

The ‘Wilczyniski diagram’ technique introduced in [1) has been shown to be the
only one considered in this contribution which permits the selection of a sample of
single-source events with good statistics (~ 50% of single-source events selected with
810 > 60°) and negligible pollution by binary reactions. These events are analysed
and discussed in detail in terms of what they can tell us about the multifragmentation
process in very heavy systems in [5], (4], and {14].

The selection used is model-independent, multiplicity-independent, and is ‘neutral’
in the sense that what we select are good candidates for unpolluted single-source events,
but their character has to be verified by detailed analysis. However, the method, as
presented here, is within the rather narrow framework of a source in thermal equilibrium
and having no angular momentum.

While the assumption of the thermalisation of incident energy in the source so
that final fragment kinetic energies and momenta are randomised would appear to be
inevitable for any approach based on event forms, isotropy, etc., the question of the
maximum spin of any source that one might select is an important one(25]. In addition,
we have argued in this contribution in terms of an opposition of single-source events
and binary collisions, while it has been shown experimentally[26][27] that a significant
proportion of particles and intermediate mass fragments emitted in mid-peripheral to
central collisions come from a mid-rapidity ‘neck’-like source formed between QP and
QT. Work is in progress to extend the scope of this study to include both of these aspects
of heavy-ion collisions at 20-100MeV /u as they are experimentally understood today.

References

{1] J.F. Lecolley et al., Physics Letters B387(1996)460-465
[2] N. Marie et al., Physics Letters B391(1997)15
[3] R. Bougault et al., this conference
[4] Ch.Q. Bacri et al., Proc. XXXIV Int. Winter Meeting on Nuclear
Physics, Bormio (Italy) 1996 ed. I. lori, Riserca scientifica ed educazione
permanente, page 46.
[5] M.F. Rivet et al., this conference
[6] P. Bonche et al., Nuclear Physics A436(1985)265
[7] B. Borderie et al., Physics Letters B302(1993)15
[8] B. Borderie et al., Physics Letters B205(1988)26; M.F. Rivet et al.,
Proc. XXXI Intern. Winter Meeting on Nuclear Physics, Bormio,
(1taly) 1993, ed. 1. lori, Riserca scientifica ed educazione permanente,
page 92.
{9] R. Bougault et al., Nuclear Physics A587(1995)499-512
[10] J.F. Lecolley et al., Physics Letters B325(1994)317
[11] J. Péter et al., Nuclear Physics A593(1995)95-123
[12] J. Pouthas et al., Nuclear Instruments and Methods A357(1995)418
{13] D. Durand, code SIMON, in preparation
[14] M. Squalli, Ph.D Thesis, Université de Paris XI 1996
[15} C. Cavata et al., Physical Review C42(1990)1760
[16] J. Péter et al., Nuclear Physics A519(1990)611
[17] G.C. Fox and S. Wolfram, Physics Letters 82B(1979)134 and ibid, Nu-
clear Physics B149(1979)413—496
{18] A. Kerambrun, LPCCT 93-02(1993)
[19] P. Danielewicz and M. Gyulassy, Physics Letters 129B(1983)283.
[20] V. Métivier, Ph.D Thesis, Université de Caen 1995
[21] J. Cugnon and D. L'Hote Nuclear Physics A397(1983)519
[22] J. Wilczyiski, Physics Letters 47TB(1973)484
[23) W.W. Wilcke et al., At. Dat. and Nuc. Dat. Table 25(1980)391
[24] M. D'Agostino et al., Physics Letters B368(1996)259
[25] M. D’Agostino et al., this conference
[26] J.F. Lecolley et al., Physics Letters B354(1995)202-207
[27] J. Lukasik et al., Phystcal Review C, in press

20




