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A b s t r a c t : We show that nuclei break up like finite systems 
that exhibit a clean phase transition in infinite size. This is done 
by studying conditional moments of the fragment multiplicities, 
the largest fragment size produced by event and its fluctuations. 
The nature of this smooth phase transition cannot be determined 
from the available experimental data. The "critical point" is 
reached when the energy deposited in the nucleus is 90% of its 
binding energy. 

We know that nuclei can break into many lighter nuclear fragments when destabilized by 

strong collisions. This problem has opened a new field of research 1*. Recently we have 

learned from experiments at high energies and from exclusive reac t ions 2 - 6 * how the frag

ment mass (or charge) distributions of single events evolve with the violence of the collision. 

These analyses have revealed a strong similarity between the observed evolution of the frag

ment size distribution and the predictions of certain theories of critical phenomena, namely 

the liquid-gas phase transition, percolation and kinetic ge la t ion 7 - 9 * . In fact the existence 

of a liquid-gas phase transition was proposed many years ago 1 0 * as an explanation of the 

shape (close to a power law) of light fragment distributions measured in inclusive reactions. 

Following this proposition the subject has become very controversial and much theoret

ical effort has been devoted to proving or to disproving this h y p o t h e s i s 1 1 - 1 4 * . Recently 

it has also been suggested that a geometrical description of cluster formation (percola

tion), while being much simpler also describes nuclear breakup equally we l l 1 5 , 1 6 * . However 
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a satisfactory theory is still far from being fully realized. Assuming that some kind of 

phase transition exists in these experiments why is the physics interesting ?. Nuclei do not 

resemble any other objects of the macroscopic world. Nuclear stability results from a del

icate equilibrium between strongly opposing forces acting between fermions. In principle, 

the phase transition could lead new kind of critical behavior. Furthermore, because nuclei 

are few body objects we expect only a smooth transition. By changing the size of the 

fragmenting nuclei, we can explore how finite size effects evolve near the "critical" regime. 

This is a very interesting problem which enters other physical domains of very active cur

rent interest. In fact this can best be done currently with nuclei than with any other 

available "small" system (helium droplets...). More closely concerning nuclear physics we 

may expect to find in the critical events, the fragments with the most exotic shapes and 

isospin. By filtering the critical events we better the chances to detect these exotic forms 

of matter. 

We turn now to the following question : Is there or is there not some critical phenomenon 

which manifest itself in nuclear breakup and if so, what form does it take ? We believe the 

answer to this question is positive and that this fact should be addressed when interpreting 

the nuclear data. The method we use consists in a comparison of observable quantities that 

behave in a qualitatively different way when a phase transition is present or not. These 

quantities are the moments of the fragment size distributions. The problem of the finite 

size is dealt with (at least partially) by comparing nuclear data with predictions of model 

systems of similar size. We consider the fragment distributions of the following systems: 

a) A linear chain with S0 lattice sites. Neighbouring sites can be connected by bonds. 

Each of these bonds is randomly activated with probability p. A fragment (or cluster) 

is an ensemble of neighbouring sites connected by active bonds. Varying the parameter 

0 > p > 1 we change the shape of the fragment size distribution but we know7) that in 

one dimensional systems we can never have a phase transition. 

b) The same model (percolation) but in a three dimensional cubic lattice. In this case we 
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know that when S„ —> oo and p —» 0.25 we have a sharp second order phase transition 

(see below). 

c) A beam of 1 GeV/A Au ions bombard an emulsion. Practically all charges z of the Au 

fragments have been measured for 367 events (low energy fission events are not included 

in our analysis). We believe that all fragmentation regimes have been covered by this 

experiment because fragment multiplicities range from 1 to 79. 

We want to emphasize here that we have chosen in a) and b) percolation theory, which 

though simpler then the liquid-gas or kinetic gelation models, we find essentially identical 

results. 

Now we characterize the fragment size distribution by the conditional moments 

mk(n) = ZskN(s,n)/S0 (l) 

where 7V(s,n) is the number of fragments of size s and n the total number of fragments 

devided by S0. In the distribution N(s,n) we do not count the largest fragment s m a x 

that appears at each event 8). We study it separately. For the distribution c), s = z and 

Sc = 79. Figure 1 shows that 7*12(0.) is the same for nuclear data points (open circles) 

as given by model b) (full circles) but is qualitatively different than model a) (crosses). 

The maximum of mj at n = 0.3 is the manifestation of a phase transition. The broad 

maximum instead of a singularity is due to the finite size of the system. This is shown in 

figure 2, where m2(n) is plotted for various system Bizes ( 5 0 3 , 9 3 , 5 3 and 3 3 ) of model b). 

We see clearly the critical behaviour for the largest system and how it is smoothed when 

decreasing the size. We conclude that nuclei fragment like a finite size system that shows 

a phase transition in infinite size. 

The fluctuations in the fragment size distributions are largest near the critical points 7). 

This is also true in finite systems and can be shown in the moments mit(n), although 

this is better seen by considering a different measure. In the left of figure 3 are plotted 

P(n) = smax/S0 ( s m o x is the cluster excluded in the moments mjt). On the right is 
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F i g . l : The conditional moment: m,2(n) for : (x) one dimensional model ; 
(o) cubic lattice percolation model ; (•) gold fragmentation. 

represented the fluctuation (standard deviation) of that quantity. Again we remark that 

b) and c) are quite similar. The maximum around n « 0.3 reinforces the conviction that 

at this point nuclei have crossed a finite size phase transition. 

A typical "critical" event in Au fragmentation consists of about ten z = \ fragments, four 

z = 2, and four or five heavier ones (average charge z = 18). Assuming that fragments 

are mostly produced on the stability line there are in addition 35 free neutrons. A rough 

estimate of the energy deposited in such collisions gives E « 1400 MeV, i.e. 90% of the 

binding energy of the nucleus. 

The next step is to determine the nature of the phase transition. The standard procedure 

followed in condensed matter physics consists in the study of the critical exponents. This 

can also be done here. For example we know 7 , 8 ) that m 2 diverges like ni2 -» | e \~n 

{e - p - p in percolation theory or e = T - Tc in thermal phase transitions) and that 
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F i g . 2 : The conditional moment» mz{n) for percolation in a cubic lattice 
of linear sire L=3,S,9 and 50. 

smax -»| e f goes to zero when e -» 0. In contrast re has a smooth behaviour at the 

threshold. Also we know that N ~ s~T at that point. 

In finite systems the transitions are smooth but it is still possible to determine some critical 

exponents. This analysis has been done in ref. 17 using the same nuclear data points. The 

main conclusions are that r and the ratio 0/i are rather similar in Au breakup and in 

liquid-gas or percolation theories. Better data is needed for a definite classification of the 

transition. 
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F i g . 3 : Fraction of sites in the largeBt fragment P and its fluctuation 
(standard deviation) AP as a function of the number of fragments n for : 
a) one dimensional mode) (crosses) ; b) cubic lattice percolation model 
(open circles) and c) gold fragmentation (full circles). 

In summary, nuclei break up like finite systems that show up a clean phase transition in 

infinite size. In the "critical" regime fluctuations are strongly enhanced. The nature of 

the transition is not yet known. 

The author is indebted to Jorg Hiifner and to Steve Tomsovic for fruitful discussions. 

6 



REFERENCES 
1) Hufner H., Phys.Rep. 125.129(1985) 

2) Jakobson B. et al., Z.Phvs.A307.293(1982) 

3) Warwik A.I. et al., Phys.Rev.C27.1083(1983) 

4) Waddington C.J. and Freier P.S., Phys.Rev .Ç3_l,888(1985) 

5) Jakobson B. et al., Lund-Grenoble Coll.,priv. com. 

6) Berthier B. et al., Phys.Lett. 193B.417(1987) 

7) Stanley H.E., "Introduction to Phase Transitions and Critical Phenomena" (Oxford: 

OUP 1971) 

8) Stauffer D., "Introduction to Percolation Theory" (London:Taylor and Francis 

1985) 

9) Herrmann H.J. et al., Phys.Rev.Lett. 49,412(1982) 

10) Finn E. et al., Phys.Rev.Lett.49,1321(1982); Minich R.W. et al., Phys.Lett. 

118B.458(1982) 

11) Siemens P.J., Nature 305.410(1983) Panagiotou A.D. et al.; Phys.Rev.Lett. 

52,496(1984) 

12) Boal D.H., Phys.Rev. C30.119(1984) 

13) Goodman A.L. et al., Phys.Rev. C30.851(1984) 

14) Lenk R.J. and Pandharipande V.R., Phys.Rev. C34.177(1986) 

15) Campi X. and Desbois J., Cont. to XXIII Bormio Meeting 1985; GSI Report 85-10. 

16) Bauer W. et al., Phys.Lett. 150B.53(1985) 

17) Campi X., J.Phys.A:Mat.Gen. 19,L917(1986). 

i 


