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1) The completion of analyses and publication of

results from the "impact parameter selected", single-particle

inclusive experiments v.ave proven to be important. Preliminary

results from the new generation of two-particle correlation

and particle-exclusive measurements, especially those using

streamer chambers, look even more definitive. Also the

measurement of more exotic ejectiles with long mean free

paths in nuclear matter promises tc provide more basic information.

The A°, K and possibly very low energy pions come to mind

here.

2) Calculations : offering real guidance and are

providing explanations of high tr.ergy collisions. The Monte

Carlo and intranuclear cascade calculations that we will

discuss here are especially informative, since a real effort

has been made to relate the^e usually unintelligible monsters

to such concepts as participant nucleon number, baryon density,

temperature, and phase changes. Results of cascade cal-

culations by Gudima and Toneev are presented in Fig. 1, in

a slightly different way than by the authors, having been

modified by Poskanzer. In a phase diagram of effective

temperature vs. baryon density, the central collision of

40 400.5 GeV/u Ar + Ca <s seen to reach 3-4 times the normal

density value. This is a sufficiently high density to form a

pion condensate, even compared to a somewhat pessimistic

calculation. But the time spent at high boson density is
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extremely short, £ 10~ sec, which is comparable to the

most optimistic estimates for the relaxation time of a pion

condensate. Thus it is quite probable that only a vanishingly

small fraction will make the transition to this highly ordered

state. Also the high temperature of the system will diminish

the magnitude of a signature for the pion condensate by

creating disorder and background events. Similar arguments

may be used in discussing density isomers, also a highly ordered

state. An illustration of these phenomena in terms of e(p,T)

is given in Fig. 2. The compression obtained is sufficient,

but the particle emission while in the compressed state

will be an insignificant fraction compared to the

emission from a fireball at later times. Probably the time

— 23

duration of 10 sec would be insufficient for complete

deexcitation to the ground state of the secondary minimum.

Thus the excitation energy is so high, that the system conveys

very little signal about the existence of a secondary minimum

in the lowest state at that density, as discussed by Stock

at the GSI meeting two years ago. All of this is not to say that

the situation for the observation of these effects is impossible.

It merely shows that one may not observe them by measuring

average properties; the events may be rare. It should be noted

that searches for the delayed decay of density isomers, pion

condensates or quark matter have not been performed with

sensitive experiments. Before turning to the task of searching
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for effects due to high density and high temperature, we

will look at the geometrical aspects of high-energy, heavy-ion

collisions.

II. PARTICIPANT SPECTATOR MODEL

It is easiest to visualize the processes that occur in rela-

tivistic heavy-ion collisions in terms of participants which

make hard N-N collisions in the geometrical overlap region of

the two nuclei; while the other nucleons remain undisturbed as

spectators. This is shown schematically in Fig. 3 for the

fireball model which uses this simple geometrical

interpretation as one of the basic assumptions. It has been

shown and continues to be demonstrated that charged-

particle multiplicities and cross sections scale with participant

number for inclusive spectra given by

B"T ' "T~B ;M~B • "T J *

Yariv and Fraenkel have shown that the multiplicities cal-

culated with a cascade model are proportional to the parameter

g. In most comparisons with various models, absolute values of

participant number are within ± 30% of the simple calculation

depending upon definition, with the firestreak model giving ;

(4)higher values and the results of cascade calculations

being low. ' A particularly clever demonstration
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of the consistency of the participant-spectator

(8)
assumption was made by Cugnon et at. with a Monte

Carlo calculation. Figure 4 shows baryon density contours

40
in the reaction plane for the collision of two Ca

nuclei at E T A Q = 1 GeV/nucleon, for an impact parameter of

403.8 fin, the Ca radius. The ordinate is the beam axis and

— 23
there is a matter distribution given in 10 s intervals,

from top to bottom. It can be seen that at early times the

system attains a value over three times the normal density of

about 20 in units used here. For central collisions the maximum

density is 4 p , in fair agreement with the Toneev calculation.

The middle section of Fig. 4 shows the participant spectator

features of the density contours which clearly divide into

three regions. Also, we see a complicating factor for later times

shown in the bottom frame of Fig. 4. The participant matter

expands rapidly, mixing to some extent with the spectator matter,

even in this favorable case of a light symmetric target-

projectile combination. For lower energy asymmetric combinations

such as 400 MeV/u Ne + U, central collisions would surely

evolve inside the heavy target spectator, leading to some

complicated emission patterns and destruction of the target-like

fragment. The decay in free space of a nuclear fireball as

illustrated in Fig. 3 is much too idealized. For the case of
40 40
Ca + Ca, Cugnon, et at. were able to fit the calculated

densities for later interaction times with three gaussian
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distribution functions for the two spectator pieces and the

central overlap participant region. They found that the

number of participant nucleons remains constant in time, and

is only slightly below the geometric calculation as a function

of impact parameter, shown in Fig. 5. This discrepance is

attributed to transparency in the calculations, which is a large

effect, even at small impact parameters. Although transparency

effects are difficult to check experimentally, particle-

exclusive results from the GSI/LBL streamer chamber do

seemingly disagree with the calculations. In Fig. 5 we show

the good agreement between the simple geometric number and the

experimental results from counting charged-particle tracks

and multiplying by the A/Z ratio of the average composite

40system for 0.98 GeV/nucleon Ar + KC1. The method of triggering

the streamer chamber is believed to limit the impact parameter

to b < 2 fm, and in principle could eliminate events with

a high transparency. Quantitatively, this is not believed

to be the case, but a careful comparison with the results

of the calculation of Cugnon, et at. should be made. Another

qualitative argument against high transparency and an argument

for thermalization can be made from the lack of leading

40particles in central collisions of Ar + KC1. Even at the

maximum Bevalac energy of 1.8 GeV/u for Ar, less than 1-5

beam velocity protons per event are observed, on the average,
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for b < 2 fin. Other experimental evidence for a high degree

of thermalization follows from comparisons made for associated

charged-particle multiplicities v ' and radiochemical yield

measurements. These studies suggest a correlation with

the total projectile energy instead of energy per nucleon.

Results from another cascade calculation discussed recently

by Siemens show that very few nucleons escape after one

40 40
collision for 400 MeV/u Ar + Ca and b = 3.8 fm, and on

the average each participant nucleon makes four collisions,

which should approximate a thermal distribution, since according

(12)
to Hufner ' we need approximately three collisions. The point

is also made by Siemens that there is some transverse communication

between nucleons in the participant region and those in the spectator

regions such that, somewhat by chance, the number of participant

nucleons comes out to equal the g-value from the simple calculation.

Instead of attempting to count participant nucleons in

experiments, cross section scaling can be used to demonstrate

the participant concept. Some results from a rather extensive

study of low energy IT emission are shown in Fig. 6 for 400 MeV/u

Ne bombardments on a variety of targets with masses AT.

The integrated cross sections for E = 15-95 MeV (which includes

% 85% of the yield) are shown at e^g = 5?°, approximately 90° in

the N-N center of mass. Due to the low bombarding energy,

most of the pions are emitted at low energies, well below

resonance. Thus it is believed that pion absorption
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is not dominant here. Also hard N-N collisions are necessary

to produce pions so close to threshold which may help the

participant feature. The point here is that models which use

(14)participant geometries such as rows-on-rows or fireball,

firestreak agree with the data, while independent collision

models which should show an A_ or A_, dependence, do not

27agree. All of the calculations are normalized for the Al

target. By assuming a participant geometry and using

relativistic kinematics for the system thus defined,

agreement with many of the gross properties of relativistic

heavy-ion reactions is achieved. The additional assumption

of thermal equilibrium made in the firestreak model

may have some validity, but the omission of transverse

communication between nucleons during the collision

probably is too restrictive, and limits this thermal model in

predictive power only to gross properties such as the pion

cross sections shown here; and then only within a factor of

two in absolute value.

III. DETERMINATION OF TEMPERATURES

The validity of the concept of temperature for nuclear

matter excited in relativistic heavy-ion collisions requires

the existence of a local statistical equilibrium. Otherwise
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we observe only transient properties of a system. Gudima,

et at. have investigated the validity of temperature in

describing the momentum distributions by using the results of

cascade calculations. By assuming that a local equilibrium

exists, in order to relate the energy density to a temperature

through the relativistic Boltzmann equation, and averaging over

all of the cascade particles, the temperature was calculated as

a function of reaction time. Then, in turn, the assumption of

a local statistical equilibrium can be checked by the amrunt

of variation of the apparent temperatue with time. Figure 7

shows the results of this procedure for central collisions of

20 238

Ne on a U target for five beam energies. At 250 MeV/u,

the temperature T(t) is nearly constant over the entire

interaction time, and corresponds closely to the temperature

calculated with a thermal model, given by the lowest horizontal

arrow. As the bombarding energy is increased to 2.1 GeV/u,

the region of constant "temperature" vanishes and apparently

the equilibrium assumption becomes less valid. Thus, for

beam energies greater than £ 400 MeV/u, temperature refers

only to an energy density averaged over position and time.

On the experimental side, Nagamiya, Tanihata, et at.

have provided the most extensive study of effective temperature,

T by fitting the exponential tails of proton and TT~ spectra

at 90° cm for a number of target-projectile combinations-

In Fig. 8 we show TQ as a function of projectile energy in
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the laboratory. Open symbols refer to the Ne + NaF reaction

and closed symbols denote asymmetric target-projectile

combinations, 40Ar + 208Pb at 0.8 GeV/u and 12C + 208Pb

at 3.6 GeV/u taken at Dubna. The solid lines are drawn

through the data points for Ne + NaF, for proton and -n

measurements, separately. The T values extracted for

40

Ar + KC1 (not shown) are slightly higher than the values

for 20Ne + NaF, while 40Ar + 208Pb is 25% higher, the opposite

of the predictions of the fireball model. The extra matter
208provided by the Pb target may allow more N-N collisions and

a longer interaction time for the system to come closer to

statistical equilibrium, which we have seen is a marginal

condition at 0.8 GeV/nucleon in Fig. 7. This feature will

be clarified and thermal equilibrium conditions will be better

satisfied when uranium beams become available at the Bevalac.

Several models predict an increase in T with bombarding

energy, similar to that in Fig. 8. These calcualtions use a
(18)wide variety of assumptions such as clean knock-out of nucleons,

hydrodynamics and thermal. To my knowledge, no one

has been able to afford the cost of an intranuclear cascade

calculation with good enough statistics to compare to the

exponential tails of these energy spectra. Also, notice that

the data from Dubna are extremely close to the "limiting

temperature" of hadronic matter, 140 MeV. It will be interesting

to see if this value can be exceeded if higher energy heavy
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ions can be obtained. The existence of a quark phase would

exclude an exponential rise in the hadron mass spactrum and

there would be no limiting temperature. The dashed lines in

Fig. 8 represent calculations recently performed by Hagedorn

and Rafelski using the statistical bootstrap model.

It should be empahsized that this calculation is for temperatures,

and not for the tails of the energy spectra, but the agreement

with the data appears to be as good as with other models.

An attractive feature of this bootstrap model is the natural

explanation for the occurrence of lower pion temperatures than

those for nucleons, as discussed later. We look at this

feature in more detail in Fig. 9, again with the data of

Nagayima as presented in the "blast wave" model of Siemens

(21)and Rasmussen.

IV. SEARCH FOR HIGH DENSITY EFFECTS

(21)
The blast wave model explains the pion and proton

temperature difference by a collective flow (a radial expansion)

from a compressed fireball. The relatively high-velocity pions

gain little from this collective flow, but the slower protons

receive a fractionally significant enhancement in velocity and

energy. This explanation is considered by some to be evidence

for hydrodynamics by providing an indication of a compression
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effect. However, at the present time, there are at least

four alternative explanations of the T difference, albeit

mostly qualitative in nature:

(18)

1) The clean knock-out model (CKO) of Hatch and Koonin,

which is a single scattering model, predicts a difference in

T for pions and protons, essentially due to differing

kinematics of N-N elastic scattering compared to the inelastic

process going through the A. However the fits to the tails

of the energy spectra are not good, and the bombarding energy

dependence is too flat.
(22)

2) Sano has pointed out that the inclusion of the
(23)

A-resonance in the thermal models, as done by Kapusta,

can modify the pion spectrum, and form a peak at E = 100-140 MeV

giving an apparent steeper slope in the pion spectrum (lower T ) .

A large amount of direct A-produced pions is needed for this

explanation to work. Also, the 0.4 GeV/u data will show, I

believe, that this explanation is incorrect, since this energy

is well below resonance, but the TQ-difference is large (see

Fig. 8 ) .

3) By fitting distributions of p, and p,, from Monte
18)

Carlo calculations, Cugnon, et al. extract effective

temperatures which are lower for pions than for

nucleons. This is attributed to a decoupling of the deltas

and the nucleons away from thermal equilibrium. Again, this

calculation fails to explain the difference in T observed

for the data at 400 MeV/u.
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4) The thermal model of Hagedorn, et al. ' for which

results were presented in Fig. 8, assumes that most of the

energy of the fireball is tied up in baryonic resonances instead

of random kinetic energy. A difference in pion and nucleon

temperatures is not produced by a difference in the kinetic

energy of radial motion. Instead it is a baryonic resonance

mass and chemical potential effect, causing late emission of

pions from a lower temperature system. This is the most

serious challenge to the hydrodynamic explanation, and we await

further calculations from both models. Tn defense of the

"blast wave" picture, however, we should notice that it also gives

(21)
consistent results tur deuterons without changing the flow

velocity determined from the pion-proton temperature difference.

Another possible compression effect which we found some

time ago in the Poskanzer, Gutbrod, Stock collaboration is in

the preferential 90° emission of low energy pions in the

40Ar + 40Ca reaction at 1.05 GeV/u.(13) The u+-inclusive data

are shown in Fig. 10(a) as contours of constant invariant

cross section as a function of p, and rapidity, y (approximately

v, and v,|). The emission pattern is dominated by a maximum

at p, £ 0.5 M^ at 90° c m . (dashed line). This is quite

unlike the p + p •* ir reaction shown in Fig. 10 (b) which

has the forward-backward directed band of yield at p ^200 MeV/c,

the signature of the decay of an isobar at rest in the center

40 40 +

of mass. For the Ar + Ca reaction, the 90° n -emission

persists for central collisions, but disappears if the bom-

barding energy is lowered to 400 MeV/u (Fig. 11). S'milar

effects are seen for IT -inclusive data for Ne + NaF by
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Nakai, at al. * The effect of the Coulomb field of the

participant and spectator matter on the it" emission pattern

was shown to be important in calculations by Libbrecht and

Koonin ' and later by others. These calculations account

for some 90"-focusing of the IT , but all fail to account

for some other important features of the data. Also, most

conclude that it is necessary to assume there is a fireball

40 40
at rest in the center of mass for the 1.05 GeV/u Ar + Ca

reaction. This is necessary in order to explain the peaked

nature of the 90° energy spectra. Figure 12 is the

result of yet another Coulomb trajectory calculation which uses

only three charge centers (no fireball). The level of agreement

with the data is similar to that obtained by others '

The 400 MeV/u data are explained satisfactorily by the calcu-

lation in Pig. 12(b), but the 1.05 GeV/u results, even assuming pure

isobar emission still indicate there is some mechanism not

accounted for here/ such as the squeezing out of strongly

compressed matter, as predicted by hydrodynamic calculations.

Intranuclear cascade calculations also fail to account for

the n emission pattern, but results have not been published

which include Coulomb effects. Figure 13 shows the results

of two cascade calculations (histograms) and the firestreak

model (dashed lines) compared to the Ar + Ca data, presented

here as laboratory it energy spectra. The thin-lined

histograms are the calculations performed with the code of
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Fraenkel and Yariv for which the details are published.

The histograms with bolder lines show the results of adding

cascade-cascade interactions. The so called "slow

rearrangement" assumption was used in both calculations.

The n cross sections are lowered £ 2 5-30% s.t most angles,

(28)
which is caused principally by i-recombination K + A •* N + N.

Recently Cugnon, et at. have come to similar conclusions.

A small peak of TT yield is produced at 90° cm when the

results of the second cascade calculation are plotted on a

Y-P. plot (not shown), but the effect is too small and the

cross section maximum occurs at 1-1.5 M instead of 0.5 M .

Coulomb corrections need to be added to this calculation.

For those performing calculations, I include here two rather

interesting cases for TT emission in central collisions of

20Ne + 2 3 8U at 1.05 and 2.1 GeV/nucleon (Fig. 14).

(29)
Recently Stock, et at. have presented experimental data

for low energy protons emitted in central collisions of

20 238

Ne + U, which are believed to be evidence for hydrodynamic

effects. Sidewards-peaked laboratory angular distributions of p,d,t

are observed, (Fig. 15) which can not be explained with a

cascade calculation. We show in Fig. 16 data for deuteron

emission in the 393 MeV/u Ne + U reaction replotted on a

iir^ar scale. Deuterons exhibit a slightly larger amount of

sideward peaking than protons when the spectra are compared

at the same momenta. For the data shown here, the maxima in
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the angular distributions become less pronounced and move to

more forward angles as the deutron momentum increases. These

features are qualitatively reproduced by the hydrodynamic

(18)
calculations of Stocker, et al. shown in Fig. 17, and

are attributed to a collective flow of matter. The applicability

of the nuclsar fluid dynamical model to this nucleus-nucleus

problem is always questioned, but as we saw earlier, at

least at moderate bombarding energies, it does make some sense

to talk about an instantaneous thermal equilibrium, which is

the central assumption of the hydrodynamical models. Also,

the link between cascade calculations and the hydrodynamic

assumption, i.e. the classical equation of motioi calculation by

(32)
Bodmer et al., strongly suggests that collective effects

40 40are operating even in the fairly light system of Ca + Ca.

The hydrodynamic calculations closely approximate these effects,

such as the transverse peaking in the momentum distributions.

In Fig. 18 we have an illustration of a hydrodynamic

calculation for a central collision of a 400 MeV/u Ne ion on

2 38a U target nucleus, for a late stage of the reaction,

t % 10~ sec which demonstrates the large p. transfer.

The solid line is the envelope of the matter at

p % 0.1 baryons fm , and the dotted line encloses the

high temperature region, T > 20 MeV, the participant region.

The arrows show the magnitude and direction of the matter

flow. The sideward-directed velocities correspond to low

energy ejectiles, 20 MeV protons, «hich is surprisingly low for

these high energy reactions. Figure 19 shows the same quantities
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for an intermediate impact parameter, which again demonstrates

a large transverse momentum transfer. There is a spray of

high velocity particles, the remnants of the projectile, and

balancing the momentum, there is a large piece of slowly

moving matter, which we might think will remain bound. T .is

is the so called "bounce-off effect". Indeed, this type of

pattern is clearly seen in the data of Gutbrod, et at. '

where a complete light-particle, heavy fragment correlation

4 20experiment was performed using p, He and Ne projectiles

on heavy targets. The correlation functions obtained are

shown in Fig. 20. The data for one of these cases are replotted

in Fig. 21 showing the azimuthal correlation between fast

charged particles and a fragment with Z > 26 for 4 00 MeV/u

Ne + Au. There is a preferential emission of fast light

particles at 180° from the direction of the heavy residue, i.e.,

in the reaction plane. This clearly shows the direct

relationship between light and heavy fragments, with more than

simple linear momentum conservation being demonstrated here.

One could think of a number of other scenarios, for instance

with a spray of cascade particles being emitted as predicted in

cascade codes in which the heavy fragment would not necessarily

receive a large momentum transfer. Also in the associated

emission of fast particles, which when characterized with

correlation coefficients in a "jet analysis", as performed in

ref. 13 for pion data, a very high degree of clustering is

found, arguing against simple-minded phase-space considerations.
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And it should be emphasized that the ejection of heavy

fragments is not a rare process since it accounts for 5-10%

of the reaction cross section for Z > 13. This is even

more striking when one realizes this is not a peripheral

process, since it always has a high associated charged-

particle multiplicity.

While none of these data shown here prove the validity

of hydrodynamic models, they strongly suggest that compression

effects are responsible for the high p.-associated features

of TT , p, d emission and heavy fragment correlations. These

data offer some real tests for other types of calculations

such as the intranuclear cascades and TDHF. The .ew upcoming

series of experiments will almost certainly be even more

definitive.

V. PHASE CHANGES AND EXOTIC PROBES

One of the most attractive features of the hydrodynaric

model from a practical standpoint is that the object of the

study, the nuclear equation of state, enters directly into

the calculation. But, as has been shown by Nix and collaborators, '

the final results, especially for inclusive spectra, are

rather insensitive to parameters such as the compressibility

constant, or even to the existence of a density isomer.
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However, for the transition to a density isomer, StocV^r,

et at. predict that several observables such as the "bounce-

off" angle or the pion multiplicity may be useful. Figure 22

shows results of a qualitative one-dimensional hydrodynamical

(17 18 35)
calculation for a pion multiplicity excitation function ' '

for three equations of state corresponding to: (a) normal

nuclear matter, (b) a density isomer with a secondary

minimum energy equal to the stable ground state value; and

(c) a deep secondary minimum of 140 MeV, which makes a

larger increase in <M ->. The abrupt increase of pion

production is caused by an increase in the condensation energy,

which results in a higher temperature at the density value

of the isomer. The energy at which the discontinuity occurs

is determined by t^e height of the inner barrier. Unfortunately,

experiments show no effect in the range of 600-1800 MeV/u.

In Fig. 2 3 we show data from the streamer chamber group of

Sandoval, et al. for TT multiplicity as a function of

40incident energy for central collisions of Ar + KCl. This

is the most detailed excitation function taken at the Bevalac,

with particle-exclusive measurements in 200 MeV/u steps of

laboratory energy. Notice the linear dependence, with no

abrupt changes. Thus, either there is no density isomer

with a sufficiently high barrier and deep secondary minimum

to allow observation, or, as discussed earlier, the reaction

does not spend enough time in the compressed state to make a
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significant contribution to the total ir~ yield. Similarly,

Gyulassy( ' suggests that the signature of coherent pion

emission may be weak, due to a low probablity of population,

and thus has escaped observation. Bombarding energies used

in studies have been too high, so that the tails in the

energy spectra from incoherent (thermal) production would

mask the low energy pion peak, which may occur at 1 2 M^.

The use of exotic ejectiles such as K and A" has

begun in recent experiments. Since maximum Bevalac energies

are close to the nucleon-nucleon threshold, the K and A°

are expected to be produced only in the primary, violent

(38)stages of the reaction.. Randrup and Ko have performed

calculations with the linear cascade (rows-on-rows) model

for K , A° production cross sections which already have

proven to be helpful in understanding the data. The predicitions

differ considerably from the thermal models, and at this point

the linear cascade seems to make correct predictions for K

cross section values of Nagamiya, et al. for several target-

projectile combinations at 2.1 GeV/u. The total inclusive

K and A° cross sections are found to be proportional to the

product of the projectile and nucleon numbers, a so-called

"A-B dependence". In Fig. 24 we show the first results of A°

production from the GSI/LBL/ANL streamer chamber group. The

total cross section is approximately 8 mb for a central

collision trigger, b < 2 fm, which corresponds to 180 mb of
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interaction cross section. Increasing this cross section

by the ir-ratio for central vs inelastic trigger conditions

for a A°-inclusive yield, we obtain % 30-35 mb, or over one

thousand times the cross section producing A° with the

p + p->A° + K + p reaction. This is very close to

the A-B scaling predicted by Randrup, et at. and is within

(38)uncertainties of a value of 44 mb from the calculation.

The angular distribution appears to be isotropic in the cm.,

also as predicted, but the momentum spectrum shown in Fig. 24

is not understood at this time. Only about 10 percent of

the events fall below the upper kinematic limit in a p + p

reaction, £ 340 MeV/c. Instead there is a hole in the

spectrum at low momentum. More extensive calculations which

account for Fermi motion and phase space should be performed

and better statistics in the data are needed before one can

draw conclusions about the A° production and whether or not

this momentum spectrum indicates the existence of a new reaction

mechanism. But this is a start on the experiments which use

exotic probes in relativistic heavy-ion collisions.
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FIGURE CAPTIONS

Fig. 1. A phase diagram constructed from the cascade

calculations of Gudima and Toneev for two target-projectile

combinations, 0.5 GeV/u 40Ar + 40Ca and 3.6 GeV/u 1 60 + Ag

for central collisions. The numbers along the trajectories

-23
refer to interaction times in 10 s intervals.

Fig. 2. The nuclear potential energy as a function of

density in units of the normal value p . The relationship

of the equation of state to several commonly discussed

phenomena is shown.

Fig. 3. Illustration of a high energy heavy-ion reaction in

the fireball picture, with clean-cut geometry.

Fig. 4. Density cortours in the reaction plane for the

40 401.0 GeV/u Ca + Ca reaction at an impact parameter of

3.83 fm in snapshots of £ 10~ sec intervals. Densities

are given in units of 1/18 p Ref. 8.

Fig. 5. The number of participant nucleons as a function

of impact parameter b. The points were obtained from a

Monte Carlo calculation, and the solid line from the fireball

model, from -ef. 8. The open point represents an experimental

result from the GSI/LBL streamer chamber.
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Fig. 6. The data points represent T inclusive cross

sections at 50° in the laboratory (£ 90° cm) for 400 MeV/u

Ne bombardments on various targets of mass A . Data for

targets of 2 7Al, 1 0 7' 1 0 9Ag, 1 9 7Au and 2 3 8U are from ref. 13,

and for NaF and Cu from ref. 24. Curves representing

independent particle, rows on rows and firestreak calculations

were normalized for «1, Ref. 13.

Fig. 7. The time dependence of the "temperature" for central

5 *

(1)

20 2 38collisions of Ne + U at laboratory energies from 0.25 to

2.1 GeV/u as calculated with an intranuclear cascade code

Fig. 3. Slope factors T extracted from the exponential

tails of energy spectra for proton and pion spectra '"

Solid lines are drawn through the data for the Ne + NaF

reaction (open points), while solid points represent heavy

target cases. The dashed lines represent temperature values

(20 ̂that were calculated with the statistical bootstrap model

Fig. 9. Proton and pion. speccra at 90° c m . j..>r central

The

(21)

collisions of Ar + KC1 . The curves represent "blast

wave" hydrodynamic calculations
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Fig. 10. Contours of constant Lorentz-invariant pion cross

2 2
sections, (l/r)i z/d:.iZ, in units of b/ (sr GeV /?), as a

function of perpendicular pion momentum and rapidity, ;• ,

4 0 40
(a) Results for 1.0 5-GeV/u Ar + Ca. (b) Constructed

from data for the v + r reaction at 730 MeV.

Both sets of data have been reflected through mid-rapidity,

(d + ^-H)/2, shown by the dashed vertical lines. The areas

within the maximum contours have horizontal shading. The

shadowed edges indicate the limits of the experimental mea-

surements (Ref. 13).

4n 40
Fig. 11. Same as Fig. 10 for 400 MeV/u Ar + Ca, ref. 13.

Fig. 12. Coulomb trajectory calculations which demonstrate

the effect of the moving heavy fragments on " spectra shown

40 40in Fig. 10, 11 for Ar + Ca. Pion emission is assumed to

occur at the time of maximum overlap and impact parameter weighting

is done with the participant-spectator model. The target and

projectile lose no charge and maintain the original velocity,

(a) The undistorted emission pattern (e.g., which would be

observed for v°) is assumed to be one of isobar decay at

rest in the cm. , with pion emission in the interval

p = 160-200 MeV/c, and an angular distribution given by

3 cos G + l . Notice the focusing of yield into a maximum at

90° c m . (b) Due to Fermi-motion smearing at the low bombarding

energy, a uniform distribution was assumed for p = 0-200 MeV/c.

Contours in the region of measurement in Fig. 10, 11 are madfj

with bolder lines. Ref. 13.
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Fig. 13. Pion-inclusive double differential cross sections

40 40 +
in the laboratory system for the reaction Ar + Ca - " + X

at 1.05 GeV/u. The dashed lines represent a firestreak

calculation (3), the thin-lined histograms show the results

of an intranuclear cascade calculation (6) and the bold

histograms show the effect of cascade-cascade interactions

(28) from ref. 13.

Fig. 14. Constant contours of invariant cross section as a

function of p, and y for central collisions of Ne + U,

(a) at 1.05 GeV/u and (b) at 2.1 GeV/u. Since this is an

asymmetric system, data can not be reflected ab̂ -'t mid-rapidity,

Y /2. The cross section maximum at 90° in the NN center of
P

mass, Y /2 in these two cases is greatly enhanced by the

high multiplicity central collision restriction. Ref. 13.

Fig. 15. Laboratory angular distributions of p, d, t with

laboratory momentum cuts for central collisions of 393 MeV/u

20Ne + 2 3 8u reaction. Ref. 29, 30.

Fig. 16. Laboratory angular distributions for deuteron

emission in central collisions 393 MeV/u Ne + U

reaction for velocity bins of 150 MeV/c to 400 MeV/c.
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Fig. 17. Results of hydrodynamic calculations '

20 238
for central and near-central collisions of 393 MeV Ne + U,

showing nucleon emission; In the upper part a rapidity plot

is shown, and the lower half presents laboratory angular

distributions which are in qualitative agreement with the

data in Fig. 15 and 16.

Fig. 18. Density and temperature envelope., and velocity

(19, 35)

20 238
vectors for a central collision of 393 MeV/u Ne f U in a

late stage of the reaction from a hydrodynamic calculation

Fig. 19. Same as Fig. 18, except for an intermediate impact

parameter, demonstrating the "bounce-off" effect.

Fig. 20. Azimuthal correlations between slow fragments of a given

Z and fast light particles. ' A two-particle correlation

function was used, defined as

d2a/dn
R = a

Fig. 21. Azimuthal correlations between heavy fragments

with Z > 26 and fast light particles for the 393 MeV/u

20Ne + 197Au reaction.
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Fig. 22. Hydrodynamic model calculation of the pion

multiplicity as a function of bombarding energy in a heavy-

ion reaction*19' 3 5 ) .

Fig. 23. The ir~ multiplicity for central collisiions as

40a function of bombarding energy for the Ar + KC1 reaction.

Triggering conditions of the streamer chamber are believed

to limit the impact parameter to b < 2 fm.

Fig. 24. The number of A° as a function of momentum in the

NN center of mass. A preliminary calculation which assumes

uniform phase space and accounts for the Fermi momentum

is shown by the dashed curve, by John Harris, GSI/LBL.
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