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HEAVY ION REACTIONS AT HIGH ENERGIES 

Bo Jakobsson 

Dept of Physics, University of Lund, Lund, Sweden and 

Centre de Recherches Nucléaires, Strasbourg, France 

I - INTRODUCTION 

In this report I would like to give a brief review on experiments 

of high energy heavy ion reactions and some recent attempts to build up models 

which are able to explain the results. The term "heavy ion" is used here for 

all nuclei with baryon number > 1, and by "high energy" I mean > 0.1 GeV/nucleon. 

Studies £ this kind of reaction already began, in fact, soon after 

the discovery in 1948 of the heavy component in the cosmic radiation. These 

early experiments, which were almost exclusively performed with nuclear emulsion 

as detector, had the disadvantage that great efforts had to be made to identify 

the? beam nucleus and to determine its energy. Not until accelerators like the 

synchrophasocrone in Dubna (d, He, soon C, N at 5 GeV/nucleon), the 

Princeton-Penn accelerator (2.1 GeV/nuclean N) and later the Bevatron in 

Berkeley (<_ 2.1 GeV/nucleon C - Ar, very recently Fe at 1.9 GeV/nucleon) 

began to produce fully stripped beams of complex ions in the cnrly seventies, 

could this area be systematically examined. 

A question which it is natural ta pose immediately, is to what 

degree a complex nucleus-nucleus reaction shows a pattern that can be followed 

back via hadron-nucleus to quasi-free hadron-hadron reactions. Is it for instance 

possible that the total available energy in the c m , system for the reaction 

A. + A ? + ... is 

A A 
E. = GeV (1) 

or is it just 

-lucleon-nucleon reactions ? (2) 



kinetic energy in GeV/nucleon. 

The difference bet ' .iese pictures is obvious. If we, for instance, 

find pion production at 0.1 GeV, .,cleon, the former idea must be the relevant 

one. We could of course say that since we are working with de Broglie wavelengths 

which are comparable in size with the average spacing of nucléons we could expect 

that the individual nucleon-nucleon picture is true. Another way of presenting the 

problem is however to say that the characteristic length C> -—>) associated with 

the mean transverse momentum of products in high energy nuclear reactions is larger 

than the repulsive core of the nucléon (0.3 - 0.5 fm), and thus we can justify 

the collective picture. Later in this text I shall discuss what the present 

experiments tell us about this problem. 

II - RESULTS FROM COSMIC RAY EXPERIMENTS 

Several results which are obtained in cosmic ray-emulsion experiments 

have been confirmed now by accelerator experiments. Furthermore, we must still 

rely on these experiments for reactions above 2.1 GeV/nucleon so that it could be 

of interest to make a short review of these results. 

Some characteristic features of the cosmic-ray experimental results are : 

1°) The reaction cross-sections can be roughly described by colliding black 

spheres with a geometrical overlap reduction. 

0 r - m * < 3

 + A>' 3 - b ) 2 (3) 

Mean-free-paths in emulsion or air have been fitted accurately with this two-

parameter formula using reasonable values of the elementary radius (r ) and 

geometrical overlap (br ) [1]. 

2°) One ran clearly distinguish between two groups of particles, with velocities 

Ê <, 0.3 respectively S wg, , associated with the particle deexcitation of the 

residual nuclei. Fermi gas thermodynamics has been used with great success to 

describe the emission of such particles, in spite of a large part of them 
4 

O 20 - 40 %) being in fact bosons (d, He). Some special features of this 

process, such as the strongly reduced Coulomb barrier (Fig, 1) and the extremely 

low recoil velocities of evaporating target residuals (3 w 0.01 - 0.02), have 

been noticed. 
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Fig. 1 

Energy distribution of low energy protons emitted in cosmic ray-emulsion heavy 

ion collisions. The curves are evaporation predictions using Coulomb barriers of 

1.2 MeV (1 + 2) and 0 MeV (3). From Ref. 2 

3°) Attempts to superpose independent nucleon-nucleus cascade-evaporation chains 

in order to predict heavy ion collisions lead to severe discrepancies from 

experimental results. Three examples of this f-ct are : 

a) the distribution of excitation initiated in the target nucleus is 

almost the same in N-N* and p-N or TT-N collisions. 

b) the recoil velocity of the residual target nucleus after the cascade 

does not increase noticeably turning from p-N to N-N collisions. 

c) The number of "recoil nucléons" (^ the number of grey prongs in 

emulsion terminology) increases slowly when one goes from p-N tu N-N 

collisions. This result could be seen in Table 1 together with ths fact 

Hereafter N stands for nucleus and n for nucléon. 



that the ratio between the number of recoil nucléons in N-N and p-N 

collisions increases slowly with increasing disintegration of the 

target nucleus whereas the corresponding ratio of ÏÏ± multiplicities 

increases comparatively fast with the disintegration. 

N. <. 1 
n 1SXJ6 7<N<27 

rr~ 
N. > 28 

n 

N (N-N)/ N (p-N) 

KT±Vt-H)/ N 7 r±(p-N) 

1.1+.5 

1 .6+.3 

1.1±.2 

3 .3± .6 

1.5+.1 

6 .5± .7 

1.6±.2 

10 .9+2 .3 

N = The number of grey prongs (40 <. E ,_ ;£ 400 MeV) 
g ** J r e proton 

N = The number of heavy prongs (particles with 6 < 0.7). 

Further explanation in text. From Ref. 2. 

4°) Some very extreme phenomena have been found in heavy ion interactions with a 
3 

Latal disintegration of both nuclei into protons, deuterons, He and a. 

a) the emission of mesons + high energy .protons (in general indistinguishable 

in emulsions) is suppressed into a rapidity interval at least as small as 

the one given by free n-n scattering (Fig. 2). 

b) The momentum transfer to nucléons and above all helium in this kind 

of interaction is often kinematîcally impossible to explain by the 

picture of quasi-elastic n-n or n-alpha cluster scattering [4], 

These are some of the results which formed the basis, when the 

accelerator period definitely began in 1971 with the advent of the Berkeley 

bevatron. 
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Logtg G distributions of shower particles in three large cosmic ray-emulsion stars. 
The curves show distributions of pion from p-p scattering at relevant energy. 
From Ref. 3 

III - ACCELERATOR EXPERIMENTS 

The experiments which have been performed since accelerator beams 
became available could roughly be devided into the two categories : counter 
detector experiments and track detector experiments. The investigations are 
generalLy very different in nature for the two kinds of experiments, but they 
often complete each other nicely. The counter detector experiments are normally 
of inclusive type i.e. one determines the probability for a certain reaction 
channel or the production of a certain particle without correlating this result 
to other parameters like the total multiplicity. A normal set up for such 
an experiment determining fragmentation cross-sections or reaction cross-secticns 
could for instance be scintillators for event trigging, modules of solid state 
detectors for dE/dx measurements and a rigidity determining magnetic field if 
isotopic resolution is wanted. For examination of target fragmentation products, 
the particles are normally stopped in solid state detectors to determine both 
dE/dx and E. The spectrometer has to be somewhat more complicated if pions should 
be studied and thus separated from other Z = 1 fragments. Normally, the magnetic 
field is coupled here with time of flight -, dE/dx -, and Cerenkov detectors. 



Satisfactory statistics are generally attained in the counter detector 

experiments, whereas this is often impossible to get in track detector systems. 

On the other hand, the track detectors are possible to use for event by event 

analysis since they cover a large part of the space, sometimes the complete 4TT 

space. Heavy ion track detector experiments have so far been made with ordinary 

nuclear emulsions, monocrystalline AgCl-layers and plastics but also experiments 

using spark chambers, streamer chambers and bubble chambers are in progress (or 

have recently been started). The technique of combining counter detectors with 

track detectors, which is frequently used nowadays in other fields, for instance 

in the search for charmed particles, has also been discussed for heavy ion 

experiments. 

Finally, I would like to mention two very recent developments, one 

of counter detectors and another of track detectors, which can contribute to a 

new generation of experiments. The first system, developed in Berkeley [5] and 

so far used for shock wave investigations» is a combination of a ÛE-E telescope 

and a multiplicity counter (Fig. 3). The AE-E telescope consists of a Si surface 

barrier detector and a plastic scintillator with a thickness which could be 

varied in accordance with the identification wishes. The multiplicity counter 

consists of 15 plastic scintillators and covers in the present version 1/3 of 

the spherical zone containing emission angles between 15° and 60°. This detector 

is a promising step towards the combination of a fast counter detector and a 4TT 

geometry detector. 

3/0 he 

/£ H 



In Fîg. 4, I show recent developments of nuclear emulsions which inake 
it possible to combine this 4TT detector with a well-defined target. The first 
version has been developed in Lund [6] and is used for horizontal bombardment. 
The problems which have been solved are bow to laminate two ordinary emulsions 
over a grid of thin (10-50 Mm in diimeter) target wires withour having unwanted 
swelling of gels and how to develope this system without having severe distorsions. 
The other emulsion detector , developed in Strasbourg [7], will be used for vertical 
exposures. It consists of two modules of emulsion-glass-emulsion placed on both 
sides of a thin target foil. The glass plates make it possible to have two points 
on the beam and two points on each track with no emulsion distorsions, thus 
obtaining an extremely high precision in angular measurements* This is something 
which is necessary, if precise correlation measurements are to be performed. 

Fig. U 

a) V'ire-loaded nuclear emulsions b) Emulsion system with target foils 



IV - REACTION CROSS-SECTIONS 

A total cross-section including all Coulomb dissociation and coherent 
reactions cannot of course be directly measured with the present detecting 
systems. It is therefore important to make it clear that the reaction cross-
sect icns given in the experimental reports are generally connected to events 
with a mass loss (AA >. 1) of the projectile. 

Above I GeV/nucleon, all predictions indicate that the variation of 
cross-section with beam energy should be «10 Z. In Fig. 5 I present all such 
measured reaction cross-sections [8] normalized to the AA >_ 1 definition as a 
function of A. + A_ Black sphere and overlap functions are fitted to these 
points. What can be said, is that the geometrical black sphere formula 

a R ^ < 3 + A l / V 

j'ives a surprisingly correct description but cannot of course fit the data 
perfectly. 

9 « » 

Fig. 5 

A l / 3 + A 1 / 3 

*1 A2 ' 
a black sphere function (r = 1.25 frr.) and curve II is a fit of an overlap function 
(r = 1.5 tm, b = 1.3). For references see [8], 

Heavy-ion reaction cross sec! ions Curve I is a fit 



A very good representation can however be obtained by one single overlap 
fit formula 2). However, thereby the somewhat "unphysical" values of the parameters 
r (= 1.5 fm.) and b( = 1.3) must be used. One can of course al.o make the 
assumption that the overlap parameters should vary with the masses of the nuclei in 
one way or another. This is in fact the implication of a theoretical approach made 
by Barshay et al. [9] where an impact parameter representation of the scattering 
amplitude is used in Glauber theory together with a geometrical description of the 
nuclei to predict cross-sections. One result of this calculation is that the overlap 
parame 

before this could be confirmed. Tie conclusion which can be made at present is that 
all heavy ion reaction 'ross-sectians, at least for beams from He to Ar, fall 

1/3 1/3 remarkably well on a uni.jue 0 (A. + A_ ) curve indicating that the geometrical 
description is close to the truth. 

A critical point for the overlap representation is that no energy-
dependent term is included. Simplified soft sphere approaches using a semiciassical 
optical point particle-nucleus model with uniform target density distributions 
have been performed [10] to calculate the transparency functions T(r), 

2TT |"[1 - TCr CD] rdr (5) 

and thereby the cross-sections. This treatment gives an energy dependence, shown 
14 64 . in Fig. 6, for the N + Cu reaction, in close conn 

the nucleon-nucleon total cross-section with energy. 

14 64 . . 
in Fig. 6, for the N + Cu reaction, in close connection with the variation of 

rnj—i i 11mi]—r~r r mil]—TTTTTTTT 

1000 10,000 
E/A Energy per Nucléon (MeV) 

The energy dependence of the N -
sphere calculation. From ref. 10. 

Fig. 6 
h Cu reaction cross section according to a soft 
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The experiments which are able to show some light on the energy dependence are 
indeed few. At 1 - 2 GeV'nucleon we know some crosp-sections fairly well [11] but 
at toi/er energies there is to my knowledge only one determination of the reaction 
cross-section for O-Emulfion nucleus reactions at 150-200 MeV/nucleon [12]. If 
ue for a moment also go down in energy to 20 Me"/nucleon, there is an interesting 
recent report on 0 - ~ Pb fragmentation cross-sections [13] from which the 
reaction cross-section has also been estimated. 

The results can be summarized in the following way (Table 2). 

TABLE 2 

Reaction o (E)/o (2.1 GeV/n) E (GeV/n) 

16« - , • 0 - Emulsion 
l 6 o - 2 0 8 P b 

1.10 ± .17 

1.1 : .2 

.15 - .20 

.020 

The ratio between reaction cross sections at energy E and 2.1 GeV/nuclecn. 

Though these results indicate no energy dependence within the limits 
of error for the cross-section in the interval 0.02 < E < 2 GeV/n, we could 
of course not yet tell whether a local o (E) structure exists somewhere between 
the three energies 0.02, 0.2 and 2 GeV/nucleon. I can however mention that the 
emu is ion experiment [12] is under extension to the energy interval 75-100 MeV/nucl 
and chat the preliminary received cross-section is close to the one at 
1SO-200 MeV/nucleon. 

V - BEAM FOMENTATION 

The first systematic studies of beam fragmentation were performed by 
Greiner et al. in Berkeley using a magnetic-spectrometer system [14], Charge 
and mass of fragments emitted with a velocity close to the one of the beam were 
obtained by measuring rigidity, energy loss in solid state detectors and time-
of-iLifctit. All fragments with A/2 between .2 and 3.4 coud be isolated. The 

a P 16 
angular acceptance was .7 . Some important results for C and 0 induced 
reactions are : 



1 - The isotope production cross-sections are to a high degree factorized : 

°BT = Y B Y T ( 5 ) 

(exceptions for hydrogen target and one-nucleon transfer) B, T and F indicate 

a dependence on beam, target and fragment mass, respectively. 

2 - All fragments with Z > 2 are emitted with parallel (P..) and transverse (P.) 

momentum distributions which follow a Gaussian shape : 

dN/d P / / ~ exp (- pj/2a
2) (6) 

with a values between 50 and 200 MeV/c. 

3 - A comparison between cross-sections of mirror fragments shows that the 

neutron rich isotope is always preferred. 

a_ = "proton isotope'' production cross-section. 

The factorisation is a result which could be easily derived from 

simple statistical approaches to N-N collisions. In fact, one can write 

F = F 
°BT YB 

HT 'FT < 7 ) 

F 
ÏB 

This is a formula which describes a compound reaction because I°"HT is simply 

the cross-section for the formation of a compound nucleus whereas y / Jy gives 
F 

'B 

the reactive probability for the compound nucleus to decay in a special channel. 

This :aeans that the target nucleus here acts only as energy injector, a hypothesis 

which is sometimes described as "limiting fragmentation". It should however 

be noticed that y could be fitted with a single target dependence (y ~ A' ) t 

1/3 1/3 but also with a target + beam dependence (y -* A + A,̂  - 1.6) according to 

Ref. 14. Both the Y T - fits suggest however that the fragments are produced in 

reactions where the nuclear surface plays a dominant roll, i.e. in peripheral 

reactiu... This conclusion is important to bear in mind when one discusses the 

universal Gaussian momentum distributions of these fragments. 
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The Gaussian shape could be expected from statistical approaches to heavy ion 
reactions assuming small correlations among nucléon munenta in the nuclei. Such 
lE.jdeLs tell us essentially that the momei.ta of the fragments, in the beam rest 
system, are proportional to the internal Fermi momentum. Both approaches of 
sudden liberation of virtual clusters and approaches of deexcitation of a system 
before or after full thermal equilibrium predict that the width of the momentum 
distributions should be of a parabolic form : 

° 2 = °o *F < AB ' V / ( A B " !> < 7 ) 

The parabolic shape is in qualitatively agreement with results from the 0° - expe
riments. A o value of around 80 MeV/c is normally obtained, but large discrepancies 
are found for many individual be-̂ .r.-fragment combinations. It must however now 
be stressed that some differences from the 0° results have been shown in two 
emulsion investigations [15, 16], both using beams of 0 at 2,1 GeV/nucleon. 
These experiments, in which all relativistic fragments are registered, indicate 
tiiat lighter fragments such as He and Li, sometimes receive a large momentum 
transfer (Fig. 7). This clearly shows that in some reactions, which normally 
also show a high degree of disintegration of both interacting nuclei, other 
mechanisms than the above discussed must be considered. 

Results 3 above, which states that neutron rich isotopes are preferred in 
the final state is somewhat puzzling. The opposite result would in fact be 
natural if the fragments resulted from an evaporation chain or a normal 
stripping process of nucleus with a neutron shell beyond the proton surface. 
Thus, this another ind:^*tion of a violation of the simplest statistical 
reaction models. 

VI - EMISSION OF PARTICLES WITH LOW AND INTERMEDIATE ENERGIES 

If all heavy ion reactions should follow the limiting fragmentation 
hypotheses one « ' expect for the beam velocities discussed hare, a large 
rapidity gap bi . . the target and the projectile fragmentation regions. In 
che emission of particles which are normally described as target fragmentation 
particles, many violations of this assumption are found. 
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100 150 
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Fig. 7 

Transverse momentum distributions of C + N + 0, Li and He fragments (in events 

with one • two respectively three He) emitted in 1 6 0 bombardment of nuclear 

emulsions at 2 GeV/nucleon. From ref. 15. 



The Gaussian momentum curve predicted by the statistical models can 
far instance only explain & 50 % of the emission of protons with E < 400 McV 
in heavy ion collisions at relativistic energies (Fig. 8). 

AgBf cwenls 
CNO «vents 

TRANSVERSE MOMENTUM IMiV/e per nucléon) 

Fig. 8 
Transverse momentum distributions of protons emitted in 0 - CNO and 0-AgBr 

reactions at 2 GeV/nucleon. From ref. 8 

Large discrepancies are in fact also found for heavier target fragments [8]. 
The uld cascade-evaporation model would explain these phenomena as due to second 
order cascade emission of protons or preformed clusters of nucléons. There are 
however data which are impossible to interpret in this way. The increasing 
isotropy of energetic target fragments both with increasing fragment mass and 
increasing beam energy, which has been clearly shown in emulsion experiments 
[4,8], are results of this kind. Some very recently developed models picture 
the heavy ion reactions in a way which seems to be more realistic according to 
such results. Fig. 9 illustrates two ways of treating the problem. The first 
description is the "dirty-cut abrasion-ablation" originally introduced by 
Bowman et al. [17] and later developed by Hufner et al. [18]. 



"c^^-^r o> 

Q^> 

Fig- 9 

a) The dirty-cut abrasion-ablation model 
b) The nuclear fireball model 
Descriptions in text. 

TLt- basic ideas are that the nucléons in the overlap region of the colliding 
nuclei are rapidly sheared away (abration). This step is either treated 
completely geometrically or by Glauber-scattering formalism. The remaining 
projectile matter continues with some excitation energy, this being lost in 
a slow step (~ 10 s) by particle emission (ablation). However, the abration 
cut could not be expected to be "clean", i.e. nuclear friction or nucleon-nucleon 
scattering must be introduced at this stage. Nucleon-nucleon scattering would 
give essentially 90° emission of nucléons 

da .da 
dt = dt Jt=o e (10) 

four-momentum transfer 

i 



which means that ~ 50 % of the nucléons may traverse the projectile residual 

and further damage it before ablation begins. After this intermediate step, 

the ablation process could be treated as evaporation or simply a decrease of 

the surface energy changing the residual nucleus from a highly disturbed form 

to a spherical form. This model has showed good agreement with the production 

cross-sections of comparatively heavy projectile isotopes [18] while no attempts 

to predict the emission of protons or alpha particles have been made. The 

other approach in Fig. 9, made by Westfall et al. [19], is based on the idea 

that the nucléons, swept out from the target and projectile, form a quasi-

"quilibrated fireball which has a certain temperature and may decay as an ideal 

gas. The velocity of this fireball is assumed to be that of the cm. system of the 

nucléons swept out, the temperature being determined by the available energy 

per nucléon. The emission of nucléons are then described from the kinetic 

energy distribution in the fireball rest system. This model seems to be able 

to account very well for experimental d o7dEd£2 proton spectra in the intermediate 

energy region both concerning absolute levels and slope so long as we keep to 

moderately high incident velocities (Fig. 10). 

0 40 80 120 160 0 40 80 120 160 

Fig. 10 

d a/dŒdE spectra of protons 

at 30, 60, 90, 120 and 150° 

emission angle emitted from a 

U-target bombarded with 

various projectiles. The 

sol'.d curves show predictions 

from the nuclear fireball 

model. The dashed curves are 

obtained by a two-fireball 

model. From ref. 19. 

-lob (MeV) 



The authors furthermore claim that the experimental double differential cross 
sections of heavier fragments are easily obtained simply by assuming coalescence 
of nucléons with smalL relative momentum [19]. At relativistic energies, 
(2.1 CeV/n) they must of course assume that the available energy in the overlap 
region is transformed partly into heat and parliy into baryon resonances. In Fig. 
-.L v.in see that in order to get an acceptable fit to experimental data at 
J.I CeV'nucléon, it is also necessary to assume a two-fireball model with one 
firi-b.ill related LO the projectile and the other to the target (for instance for 
Xe-U ; Zf, = 0.14 and 0.91). Thus, the theoretical approaches to heavy ici 

ro! ] isuT.s seem tu be good descriptions of comparatively peripheral events or 
perhaps vil I events at a comparatively low energy. Above 1 GeV/n we have still no 
.̂uJc; which is able zo give a complete description of the emission neither of 
:K:I-U'IMIS nor ntu 1tî-nucleon particles. We could therefore not expect the pion 
enu.ssk':i, which will be discussed next, to be well described. 

VI : - F ION' PRODUCTION 

It nust be said immediately that the experimental picture of pion 
;.!vji.:c r ion is still incomplete and confusing. The question dominating this 
[iilii .-it present is this : "Could the production of pions be completely accounted 
it»r by the very simple assumption that two clouds of weakly correlated nucléons 
interact of must collective phenomena be considered" ? 

Since the radius of the repulsive core of nucléons (r ~ 0.3 - 0.5 fm) 
is smaller than the distance characterized by the mean transverse momentum of 
secondary particles in high energy n-n scattering (d (~ -—-) w 0.6 - 0.7 fm) 
then,- could be a base for the assumption of collective phenomena. There is also 
at least one experiment which gives a clear indication of such effects [20]. 

2 
In this experiment the double differential cross-section -K-.— for _ dftdp 

producing r, by proton and deuteron beams at equal energy has been measured. The 
results indicate that TT are emitted from the d-events with energies much larger 
than what is possible in a nucleon-nucleon reaction even if Fermi motion is 
included. Sometimes the pions have 98 % of the deuteron kinetic energy. Contradic
tory results have however also been reported. Papp et al. [21] have measured double 
differential cross-sections of both TT and T emission, for p, d, a and C 
bombardment on different targets. They have thereby in all cases been able to 
fit an independent nucleon-nucleon model to their results. They have furthermore 

o 1/3 
found that the rt production cross-sections at d = 2.5 follows an A behaviour, 



at least for pion momenta above 1 GeV/c, a result which has been also confirmed 

in N experiments at 2.1 GeV/nucleon [22]. This indicates that the nuclear 

surface plays a dominant role also in pion production. 

With these somewhat conf sing results in mind, we have started an 
12 14 

investigation of the n± production in nuclear emulsions exposed to C, N 

and 0 beams at 2.1 GeV/nucleon [23]. The aim is to compare the TT± multiplicity 

distributions to what could be expected from an elementary nucleon-nucleon model. 

For t!iis purpose, we made a calculation of the number of n-n reactions in 

each reaction step both with Glauber formalism and with a microscopical 

Monte-Carlo calculation. The 7T+ distributions in each reaction step are estimated 

from p-p and n-n cross-section data after the inclusion of Fermi motion in both 

nuclei. Finally, we have to change the TT+ distributions to distributions of 

"emulsion pions", i.e. to the parameter N which we obtain in ihe experiments 

since we cannot in general separate between pions and relativ?stic protons. 

MEm 
Ns • < ZB " £ V ( U ) 

dE /dE\ 
N = all particles with -r- < 1.4 I-r-) . (shower particles), 
s dx \dx/mm 

fragment. 

Thus we must introduce the loss of pions and protons m n-n reactions 

which fall below oui' N energy loss criterion and also the correction of N , 
S ïï± 

according to charge exchange reactions. 

A very preliminary comparison between the experimental TT± multiplicities 

and the calculated ones are shown in Fig. 11. From this it seems likely that the 
12 12 great majority of C-CNO and C-AgBr events can be easily explained by the 

independent n-n model. We have however some indications of events with a n± 

multiplicity large enough to exclude the independent n-n hypothesis. We are 

now carefully studying these events in order to search for signals of collective 

phenomena from rapidity distributions, angular correlations etc. So far it seeres 

as if these events always show a very high degree of disintegration of the 

nuclei and furthermore a surprinsingly narrow pseudo-rapidity distribution of 

shower particles (i.e. of n± + relativistic protons). 
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Fig. 11 

12 TT± multiplicity distributions in C-induced reactions in H, CNO and AgBr at 
2 GeV/nucleon. The curves are the distributions to be expected from an independent 
nucleon-nucleon model. From ref. 23. 

If these results will be confirmed we must look for production models 
which include strong nucléon correlations. One model which may be discussed 
in this field is the shock wave model. 
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VIII - SHOCK WAVE PHENOMENA 

The idea of particle emission from the nuclear surface as a result 

of a traversing shock front, which was suggested in 1959 for hadron-nunleus 

collisions [24] but never experimentally verified, has been raised once again 

in the discussion of supersonic heavy ion reactions. The basic problem in the 

shock wave discussion is how to create a density of nuclear matter in the 

reactions much larger than twice the cold density which is obtained in a central 

heavy ion collision also with no mutual n-n interactions. Such superdense matter 

is otherwise only known to exist in a neutronstar, obtained there by gravitational 

compression. Two ways of calculating the density fluctuations in heavy ion reactions 

have so far been used. The first one makes use of the hydrodynamics Df a Bolzmann 

gat or a highly excited Fermi gas. The Hugonîot theory tells us that for two 

infinitive slabs one can have a maximum compression ratio 

C + C 
p / P o a C P - C V ' * < U ) 

P v 

for ideal gases. This theory has also been applied with the boundary conditions 

for a limited system of two colliding nuclei, both in classical and relativistic 

hydrodynamical calculations [24-29]. Also here p/p values close to 4 and thus 

large enough to create shock waves are found. The predictions given to experi

mentalists are that in both angular and energy distributions of particles emitted 

preferably in very central supersonic heavy ion collisions (3- £ 0.2), one 

could expect either very clear signals from sharp shock fronts created by moving 

7i-meson condensate [26] or somewhat more diffuse signals from curved shock waves 

[27]. 

The second way of treating the density problem is by introducing 

(so far classical) statistical microscopic calculations [30-32]. The basic tool 

is to make Monte Carlo simulations of colliding samples of more or less free 

point nucléons. The nucleon-nucleon scattering follows experimentally known 

cross-sections, conservation of energy and momentum, macroscopical conservation 

of angular momer :um etc... The improvement from previous cascade calculations is 

that the positi «n and velocity of each nucléon is known at each time. All 

microscopical calculations seem to be in agreement on the point that the transpa

rency effects of the nuclei are too large to give p/p values, high enough to 



21 -

produce shock waves. They are thus in disagreement with the hydrodynamical picture 
and predict much more smooth forward-peaked angular distributions of particles 
also in central interactions. So far these calculations are essentially classical, but 
since the transparency should be larger at .relativistic energies it is natural 
to believe that the same "negative" density result will be found here. 

The experiments made direct in the search for shock wave phenomena are 
of somewhat different nature [33-37]. Exclusive studies of high multiplicity events 
have been performed in track detector experiments, using AgCl crystals and nuclear 
emulsions. In the most systematic investigation of this kind, He, C and 0 -beams 
with energies from 0.1 - 4 GeV/nucleon are impinging on AgCl monocrystals [33]. 
The do/d6 distributions of all particles with dE/dx > 8.5 (dE/dx) . are measured 
for events where more than 15 prongs (of the above kind) are observed. Some 
selected results are shown in Fig. 12. The authors claim that the sharp peak which 
shifts its position in a characteristic energy-dependent way is the signal of 
Mach Shocks with a propagation velocity 

Vshock " vinc c o s °peak (13) 

They also claim that the peaks are due to the emission of high energy 
He nuclei among thé highly ionising particles. A similar experiment has been made 

2 GeV/nucleon. All stars regarded as central stars are selected (i. 12 prongs with 
• ^ ) • > 

dx mm' 
dE/dx > 1.4(-r—) . ) and first Che angular distributions of all tracks with 

sharp peaks are observed in the da/dfi representation, but the curves are shifted 
with beam energy in a way which agrees qualitatively with the AgCl results. Similar 
results have been obtained in another emulsion experiment [35]. In the Lund 
experiment, high energy He nuclei were isolated, at 2 GeV/nucleon directly by 
measuring range, dE/dx and the change of dE/dx along the tracks and at 0.2 GeV/nucleon 
by making an evaporation background subtraction. The da/dîî spectra of those He 
nuclei (7.5 <. E <. 65 MeV/nucleon) are 'juî fi in Pig. 14. The conclusion is that 
the distributions are shifted from a very anisotropic forward-peaked shape at 
.2 GeV/nucleon to a much more isotropic shape at 2 GeV/nucleon. 
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Fig . 12 

Angular dis tribu t ions of reaction products from different kinds of heavy ion 
collisions where more than 15 particles detectable in AgC1 crystals are found. 
From ref. 33. 
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Fig. 13 

Angular distributions of particles with dE/dx > 16 (dE/dx) . emitted in hieh 
16 m l n 

multiplicity 0 induced reactions in AgBr at 0.2 and 2 GeV/nucleon. From ref. 34. 
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Fig. M 

Angular distributions of non-evaporated He nuclei in the experiments described in 
the text of Fig. 13. From ref. 34. 
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No statistically significant sharp peaks are however observed. These results 
2 

are in qualitative agreement both with the results irom an inclusive d o/dïîdE 

counter i_3lescope measurement of He and He emitted in O-Ag and 0-U collisions 

at 1.05 GeV/nucleon r36] and later "high-multiplicity" experiments witi the 

detector described earlier (Fig. 4) F38]. 

As a summary, one can say that the shock wave approach gives a possible 

explanation of why for instance He nuclei are emitted with large energies backwards 

in the lab, system, in relativistic collisions» but the calculations cannot at 

present explain a central heavy ion collision in detail. 

CONCLUSIONS 

No complete picture of heavy ion reactions at energies far above such 

characteristics as boiling energy, surface energy, binding energy of nucléons 

and speed-of-sound energy has yet been presented. The reasons are of course that 

this area is in an early but very expanding stage theoretically ivA especially 

experimentally. Some pieces in the complex pattern have however been found 

already five years after the advent of the Bevatron. It is for instance obvious 

that a large p rt of the reactions (increasing with the size of the interacting 

nuclei) could be treated as truly peripheral. This means that we have a fast 

step where a very limited number of nucléons are sheared off from the nuclei, 

giving a more of less important fast distorsion to the residual nuclei by second 

order scattering, pion production etc... An excitation energy, large enough to 

initiate further particle emission, is transferred to the residuals which decay 

in a slow (~ 10 s) step following the general statistical decay ideas. 

The great problems arise when one looks at small impact parameter 

reactions. It is an experimental fact that something happens here which makes 

it impossiLle to extend the above picture to large overlap volumes. From what 

has been said earlier in this text, it is at present not possible to say whether 

quite new phenomena like superdense materia occur in such processes or if more 

well known high energy physics like fireball production will be the final answer. 

This is obviously one of the most exciting and stimulating problems which heavy-ion 

physicists must work with in the next generation of experiments. 
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