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ABSTRACT

A novel reaction mechanism for semi-peripheral heavy ion collisions is discussed,

due to new features of the nuclear dynamics in the overlapping region. In a very

selected beam energy range, between 40 and 10 MeV/u, we see the onset of new neck

instabilities coupled to an increasing amount of dynamical fluctuations. Expected

consequences are a possibility of intermediate mass fragment emission from the neck

region and large variances in the projectile-like and target-like observables.

PACS numbers: 25.70.Pq, 24.10.Cn

We study the dynamics of the nuclear overlapping zone (the "neck" region) for

semi-peripheral heavy ion collisions in the beam energy range 10 to 100 MeV/u.

We show the presence of an extremely interesting new reaction mechanism in a

transition energy region between 40 and 70 Mev/u due to the development of volume

instabilities which will be coupled to the shape instabilities already present at lower

energies and extensively studied in deep inelastic collisions and fusion-fission events.
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The detectable consequence should be the possibility of intermediate mass fragment

(IMF) formation from the neck region and a clear increase of the variances of

all observables (mass, charge, angle, velocities, angular momenta...) of projectile-

like and target-like fragments (PLF, TLF). The amount of dynamical fluctuations

is increasing because in this energy range we have both nucléon exchange and

collisional stochasticity. This novel behaviour of the dynamics in the overlapping

zone was actually predicted in an early model of the heavy ion collisions in the

Fermi energy domain [1]. More recent simulations using transport equations are

showing similar results [2,3]. Some preliminary experimental evidences are already

available for neck-IMF production [4,5,6,7] and for the PLF-TLF variances [5,8].

With increasing energy the effect is disappearing for two main reasons:

i) locally the nuclear system is going outside the spinodal instability region, in

the vaporization phase, and we are moving towards a fireball formation.

ii)the separation time becomes much shorter and there is not enough time for

the fluctuations to grow.

We will show first this effect from computer simulations following the reaction

dynamics evolution given by the kinetic equation of Boltzmann-Nordheim-Vlasov

(BNV) type [9;, solved using a finite number of test particles per nucléon. We

remark that the BNV approach, although not suitable in its present form to study

multifragmentation, is very reliable for the analysis of the onset and initial growth

of instabilities [10]- In fact fluctuations, due to the use of a finite number of test

particles in the simulations, allow the system to show up any kind of instability in



the dynamical evolution. The amplitude of these fluctuations is not very relevant

since we are interested just on the possibility to observe a new kind of mechanism

and not on a precise description of the entire dynamics (for which the correct

fluctuation value is needed).

We have studied the collision between medium mass ions G0JVz on 00Zr at vari-

ous beam energies for a reduced impact parameter T =0.5. All the calculations
"m ax

are performed using local Skyrme forces corresponding to a soft equation of state

(K=200 Mev) with a finite range effect in the evaluation of the mean field due to

the use of phase space gaussians for the test particles. The widths are fixed in order

to reproduce the correct surface energy term for the ground state. A number of

50 test particles per nucléon is considered, which correctly reproduce the average

dynamics in the stable regions [2,3,10].

In order to study the development of fluctuations we build more events (phase

space trajectories) just running the code more times with the same macroscopic ini-

tial conditions. In fig.l we show the density contour plots on the reaction plane for

three events (each row is a different event) around the separation time respectively

at 15 MeV/u (a), 40 MeV/u (b) and 80 MeV/u (c). The different behaviour of the

"neck" region is quite evident in the three cases. At low energy we have the typical

shape fluctuations of the PLF, TLF fragments in deep inelastic collisions. At high

energy we get a fireball-type explosion. At 40 MeV/u we see the development of

various patterns in the overlapping zone with an expected increase of the PLF, TLF

variances and the possibility of fragment formation.
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We can perform a more accurate study of the involved instabilities just looking at

the mean values and variances of various multipole moments of the nuclear matter

distribution. We look first at the density behaviour in the neck region. In fig.2a

we report the time evolution of the mean density (circles) and the behaviour of the

density variance (squares):

-i ** event a

lyevf.nts T~^

in a sphere of radius 2 fm around the centre of mass for the reaction Ni + Zr

at 15 MeV/u. We consider ten events. At this low energy we have a bunch of

trajectories oscillating along a well definite mean one, as expected in the case of

absence of volume instabilities. Indeed we observe just oscillations in the variance

behaviour. At 80 MeV/u (fig.2b) the mean density in the considered sphere soon

decreases because of the formation of an intermediate mass region at small density

(see fig.lc). Fluctuations have not time enough to grow since the dynamics is very

fast and therefore, also in this case, the density variance does not grow.

We have done the same kind of analysis at 40 MeV/u. In fig.3a we plot the

behaviour of the mean density (circles) and of the density variance (eq.(l)) (squares)

for a sphere of radius 3 fm around the center of mass of the system. Thirty events

were considered. We obtain a clear exponential increase of the density variance,

starting from *,„„< = 100- 120/m/c as expected in a spinodal instability region [10].

We remark that the variance seems to saturate before the separation time, showing

that there is enough time for the fluctuations to grow and to form fragments (as

we see from some events).
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In order to get an idea of shape effects we have studied, for the same reaction,

the behaviour of the density octupole moment, computed along the symmetric

rotating axis. We consider the quantity 0(t) = < / ^ i(5z,^-3z,ri ) w n e r e ^n e s u m

runs over the Ntot test particles bound to the dinuclear system. This moment is

strictly related to the fluctuations of the ratio between the masses of the two main

fragments which are formed (see fig. lb).

In fig.3b we plot the mean value (circles) and the variance (squares) of 0(t).

We can observe an exponential increase of the variance starting from t = 100 —

120 fm/c to t ~ 180 fm/c, while the mean value keeps roughly constant in the

same time interval. Therefore this shape instability seems to develop well before the

separation and almost exactly in the same time interval of the volume instabilities.

An important interplay between the two is expected leading to larger fluctuations

in the exit channel.

We remind that at lower energies (such as 15 MeV/u) we expect essentially

oscillations of the octupole moment variance and then an increase only around the

separation times; in fact some fluctuations are expected to appear just at the-samc

time when the shape instability occurs, like in a fission process.

In conclusion we have shown the onset and decay of a novel reaction mechanism

for semi-peripheral heavy ion dissipative collisions at medium energies, due to the

presence of new instabilities in the neck region. We expect to see large effects on the

variances of properties of PLF and TLF, particularly interesting for the formation

of new exotic isotopes. Direct emission of intermediate mass fragments from the
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neck region is also expected. We actually remark that in our simulations with the

test particle approach we are certainly underestimating the amount of fluctuations

present in the dynamics when the system meets some instability. This means

that the fragment formation times are probably overestimated so the probability

of a direct observation of IMF production from the neck region is reduced since

meanwhile the system is quickly separating. We finally stress the nice experimental

features of this reaction mechanism since the PLF and TLF partners could be well

observed with a consequent clear detection of the reaction plane and of the event

geometry [6]. From a theoretical point of view this study represents a very good test

ground for the understanding of collective dynamical effects in the fragmentation

process for two main reasons: i) the geometry of the fragmentation region is quite

well denned and so it would be enough to analyse the evolution of few unstable

modes, ii) the fragment formation times are of the same order of separation times

and so we do not expect large recombination effects.

We warmly thank B. Borderie, R. Bougault, N. Colonna, W. Lynch and C.

Montoya for stimulating discussions on new experimental data before publication.
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Figure Captions

Fig. 1. Density plots on the reaction plane for the b/bmax = .5 Ni + Zr

collision for 3 events: la) 15 MeV/u at t = 280,300,320 fm/c; lb) 40 MeV/u

at t = 120,140,160 fm/c and lc) 80 MeV/u at t = 80,100,120 fm/c.

Fig. 2. Time evolution of the mean density (circles) and of the density variance

(squares) in a sphere of radius 2 fm around the centre of mass for Ni -r Zr at

15(a) and 80(b) MeV/u

Fig. 3. Time evolution of the mean density (circles) and of the density variance

(squares) in a sphere of radius 3 fm around the centre of mass for Ni + Zr at

40 MeV/u (a). Mean value and variance of the octupole moment as a function

of time (b).
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